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ABSTRACT: To address challenges such as low starting torque and inaccurate position estimation in traditional sensorless control methods
for switched reluctance motors (SRMs), this paper proposes a sensorless control strategy suitable for the startup and low-to-medium speed
operation of multiphase SRMs. Firstly, an improved inductance calculation model for the pulse injection region is proposed based on the
electromagnetic characteristics of SRM. Secondly, leveraging the results of the inductance model calculation, a three-phase commutation
rule is designed to enhance the starting capability. Lastly, an adaptive angle tuning (AAT) module is devised to improve the phase
commutation width, and the pulse injection region is optimized through a dynamic inductance threshold method. The efficacy of the
proposed method was validated through simulations conducted on a prototype six-phase 12/10 SRM.

1. INTRODUCTION

owadays, SRMs have garnered considerable attention from
Nresearchers both domestically and internationally due to
their inherent advantages, including simple structure, wide
speed range, high reliability, and strong fault tolerance. As a
result, SRMs are considered favorable competitors in the fu-
ture development of magnet-free motors [1,2]. In recent years,
SRMs have found applications in the fields of electric vehi-
cles [3] and the aerospace industry [4]. The operation of SRMs
relies on real-time rotor position information, which is typically
obtained through the position or velocity sensors. However,
sensor measurements are susceptible to environmental influ-
ences such as high temperatures, high pressures, and humid-
ity, which can affect measurement accuracy and reduce the re-
liability of the control system [5]. Therefore, the research on
sensorless techniques is highly necessary.

In the research on sensorless control, methods based on
lookup tables [6], state observers [7], neural networks [8], and
others have been developed. The implementation of these
methods typically requires a significant amount of sample data
for constructing prior models, involves complex computation
processes, demands high computational capabilities from dig-
ital processors, and necessitates substantial memory alloca-
tion [9]. To unleash processor performance and achieve rapid
estimation of position information, a feature-based position de-
tection method grounded on electromagnetic characteristics has
been proposed [10]. Sensorless techniques based on feature po-
sition detection encompass methods such as current slope esti-
mation [11], inductance slope estimation [12], reluctance es-
timation [13], and inductance threshold estimation [14]. How-
ever, the accuracy of feature position estimation is significantly
affected by magnetic saturation phenomena, and substantial er-
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rors exist in flux integration at low speeds, necessitating further
refinement.

Additionally, with the application of robust control theory
to SRM, sliding mode control has seen further development.
In [15], a sliding mode observer position estimation method
based on an inductance model is proposed, enabling rapid es-
timation of the rotor position. [16] presents an adaptive gain
super twisting sliding mode observer (AGST-SMO) for SRM
drive with an enhanced transient behaviour. In [17], the deriva-
tive of the instantaneous inductance is used as a function error to
improve the estimation accuracy of the sliding mode observer.
Building on this, sliding mode theory has also been applied to
the design of speed controllers to accelerate the system response
time [18, 19].

The variation in flux linkage can reflect positional informa-
tion [20], and this characteristic has been used by some re-
searchers for rotor position estimation. In [21], the rotor posi-
tion is estimated by comparing the phase flux linkage with the
stored motor flux linkage characteristics to obtain symmetrical
rotor information. In [22], a flux linkage model is established
using a polynomial of the flux linkage, and the rotor position in-
formation is discretized for estimation. In [23], a flux linkage
model is developed using Fourier series, and virtual Hall sig-
nals are obtained by real-time comparison with the actual flux
linkage to estimate the rotor position. Flux estimation meth-
ods often require predefined or real-time calculation of digital
models of flux, which imposes significant computational costs
on the controller and adversely affects response capabilities.

The pulse injection method [24] is widely applied in position
estimation during the startup and low-to-medium speed phases
of SRMs. In [25], a method based on idle phase injection and
current amplitude comparison is proposed to achieve position
estimation during startup and low-speed states. However, in
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this method, the pulse injection region is fixed. Typically, a
fixed injection pulse region can lead to additional switching
losses and a delay in the demagnetization time of the wind-
ings, which should be minimized whenever possible. In [26], a
comparative analysis of different methods and regions for pulse
injection is conducted to determine the appropriate pulse sig-
nal. In [27], a dual inductance threshold positioning method
based on pulse injection is proposed, utilizing the zero-crossing
point of the inductance slope to determine the aligned posi-
tion. However, the method lacks consideration for the impact
of magnetic saturation phenomena on position estimation, re-
sulting in less accuracy during startup and under high-load con-
ditions. Ref. [28] improves a sensorless control method under
startup and high-load conditions by considering the effects of
magnetic saturation. It achieves unsaturated inductance recon-
struction and performs inductance coordinate transformation to
obtain position information. However, this method does not ac-
count for the influence of winding switching angles, and single-
phase startup schemes may not offer significant starting torque.
To address the sensorless high-speed operation of SRMs, the
reluctance estimation method [29] and inductance decoupling
method [30] have been used to reconstruct rotor information at
high speeds.

The adjustment of winding switching angles is essential for
optimizing torque performance, and it should be continuously
adapted according to changes in operating conditions. In [31],
an analysis of the responsiveness of the commutation angle to
the excitation current is conducted, indicating that the turn-on
angle should advance with increasing speed to prevent phase
current loss of control. In [32], a general theory of optimal
turn-on angle for average torque control is introduced. In [33],
torque generation capability is enhanced through adjustments
to the SRM commutation strategy. Additionally, [34] proposes
a torque error regulator based on proportional coefficient ad-
justment and the phase current detector to dynamically adjust
the winding switching angles. However, this approach does not
take into account the inherent electromagnetic characteristics
of SRMs, which is clearly unsuitable when applying sensorless
technologies.

Drawing inspiration from the aforementioned research, this
paper proposes a sensorless control strategy for the startup and
low-to-medium speed operation of a six-phase SRM based on
the pulse injection method. The aim is to enhance position es-
timation accuracy and motor startup capability. By adjusting
the winding switching angles online and optimizing the pulse
injection region, sensorless control of the six-phase SRM is
achieved.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces the proposed sensorless startup strategy. Sec-
tion 3 analyzes the adaptive angle tuning process and stream-
lines the pulse injection region. Section 4 presents the simula-
tion results, and Section 5 summarizes the entire paper.

2. PROPOSED SENSORLESS STARTUP METHOD

Generally, SRMs require high torque during startup. Therefore,
the torque output capability at startup and accurate initial posi-
tion estimation are key focuses of research on sensorless control
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for SRMs. In this section, we utilize the pulse injection method
for initial position estimation and propose a sensorless startup
strategy based on the inductance threshold of characteristic po-
sitions. This strategy facilitates the transition from startup to
low-speed operation.

2.1. Unsaturated Inductance Calculation Model

In general, power units for SRMs commonly use asymmet-
ric half-bridge (AHB) circuits rather than H-bridge circuits.
This choice is because each phase winding of an SRM is
controlled independently, requiring only unidirectional current
flow to create a magnetic field that aligns the rotor. From
cost and efficiency perspectives, AHB circuits use fewer switch
devices, thereby reducing costs. Compared to H-bridge cir-
cuits which control bidirectional current, AHB circuits result
in lower switching and conduction losses, simplifying thermal
management.

(a)

T

FIGURE 1. Asymmetric half-bridge equivalent circuit. (a) Excitation
state. (b) Demagnetization state.

Figure 1(a) illustrates the equivalent circuit of the AHB in the
excitation state, where both switches in the circuit are simulta-
neously closed to form a loop. Fig. 1(b) depicts the equiva-
lent circuit of the AHB in the demagnetization state, where the
switches are open, and a loop is formed through the diodes.
During the excitation and demagnetization periods of the phase
windings, the voltage balance equations can be represented as:

dp(i, 0
Udc —2Vpr = Rion + M (1)
dt
) do(i, 0
—Uge —2Vp = RZUff-i- %) )

where Uge, Rpn, i, 0, Vi, Vp, and (i, 0) represent the DC
bus voltage, the equivalent resistance of the phase winding,
phase current, rotor position, conduction voltage drop across
the switch, conduction voltage drop across the diode, and flux
linkage, respectively. The time derivative of the flux linkage
can be decomposed into partial derivatives with respect to an-
gle and phase current, as follows:

do(i,0) _ 0p(i,0) — Op(i,0) di
a0 YT e @ )

The partial derivative with respect to angle in (3) represents
the back electromotive force (EMF), which counteracts the DC
bus voltage. The partial derivative with respect to the current
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TABLE 1. Rules of the initial phase commutation.

Region | 11

I v A% VI

Driving phase E,F,A F A,B

A,B,C B,C,D C,D,E D,EF

consists of the slope of the -i curve and the current derivative.
Typically, the slope of ¢-i curve is defined as the incremental
inductance, denoted as:

N
Luc(i,6) = 2220 4

It is important to note that the incremental inductance
Lin(i,0) may not always be identical to the self-inductance
L(%,0). In [35], the inductance is analyzed by dividing it into
unsaturated and saturated regions, leading to the conclusion
that L;,. equals L only in the unsaturated region of the
inductance. Therefore, certain sensorless position estimation
strategies based on the L inductance model may exhibit sig-

nificant position estimation errors under magnetic saturation
conditions. The back EMF can be further expressed as:

0p(i.0) | _ . OLinc(i6)

00 o0 )

In this study, the startup state consists of two parts: static
initial position estimation and high-frequency pulse injection
before startup stabilization. In this process, the values of w and
1 are very small, even zero. Therefore, the contribution of back
EMF during the startup stage is relatively low and can be omit-
ted for computational simplicity.

Based on the analysis of (1) to (5), the calculation model for
incremental inductance can be expressed as:

Udge — 2V — Rigy

Linc .,0 = .
(3,6) dijdt ;
 —Us—2Vp — Riy ©)
Line(3,0) = dijdt

2.2. Static Initial Drive Phase Estimation

The stator and rotor of the SRM have a double-salient pole
structure, and the inductance is highly nonlinear with respect

(2) : (b) (©

FIGURE 2. The characteristic positions within one cycle. (a) The non-
overlapping position. (b) The beginning of the overlapping position.
(c) The overlapping position.

to the rotor position. The rotor position during operation is typ-
ically categorized into three forms as illustrated in Fig. 2. Atthe
non-overlapping position, the inductance slope is small, and the
phase current is established rapidly. As the rotor approaches the
beginning of the overlapping position, the inductance begins to
increase, reaching its maximum value when the rotor reaches
the overlapping position. The unsaturated inductance charac-
teristics can be obtained through static experiments, with phase
A as the reference phase, as shown in Fig. 3(a).

The excitation generated by the high-frequency pulse injec-
tion method is not sufficient to induce magnetic saturation in
the windings, thus resulting in unsaturated inductance. This
method is typically used to estimate the initial static phase that
is first energized. The inductance distribution of the six-phase
SRM is illustrated in Fig. 3(a). The excitation sequence is A-
B-C-D-E-F, with a phase separation of 60 electrical degrees.
Before starting, high-frequency pulse driving signals are simul-
taneously applied to all six phases. According to (6), the incre-
mental inductance for each phase can be obtained as L x, where
X =A,B,C,D,E, F. Compared to three-phase and four-phase
SRMs, the inductance distribution of six-phase SRM is more
densely distributed within one electrical cycle, which increases
the difficulty of estimating the initial drive phase. Therefore,
this study modifies the control strategy of the six-phase 12/10
SRM to a dual three-phase SRM control strategy. Based on the
distribution characteristics of each phase, it is divided into two
control groups, namely Group I (A, C, E) and Group II (B, D,
F), as shown in Fig. 3(b).

Below is an example estimation of the incremental induc-
tance comparison for Group 1. If Ly > Lg, phase C is selected
as the initial conducting phase; if Lg > Lc, phase A is selected
as the conducting phase; if Lc > La, phase E is selected as
the conducting phase. Based on the comparison results of the
incremental inductance of each phase, one electrical cycle can
be divided into regions I-VI, thus completing the selection of
conducting phases in different regions. The control strategy of
Group II is similar to Group 1. Based on this, we have devised
Table 1 to display the selection results of the initial drive phase.

2.3. Implementation of High Starting Torque Strategy

Typically, during motor startup, significant output torque is
required to overcome inertia, static friction, and load torque.
Therefore, after determining the initial drive phase and com-
mutating it, the phase windings are rapidly energized, causing
the phase current to exceed the threshold of magnetic satura-
tion, leading the phase into a saturated state. At this moment,
there exists a significant discrepancy between the actual induc-
tance and unsaturated inductance, as illustrated in Fig. 4. Dur-
ing position estimation, it is advisable to avoid using saturated
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FIGURE 3. The unsaturated inductance characteristics of six phases. (a) Initial state. (b) Grouped state.

inductance due to its strong nonlinear response to current. After
designing the initial phase drive, the strategy is to continuously
maintain pulse injection on the idle phases. During the initial
phase drive process, position information is estimated using the
unsaturated inductance of the idle phases. Once the initial drive
phase reaches the rotor overlapping position, it is turned off,
and after demagnetization, pulse signals are input for position
estimation. It is important to note that in order to maintain con-
tinuous inductance, pulse signals should be injected once the
current in the switched-off phase falls below the saturation cur-
rent threshold.

Figure 4 illustrates the relationship between phase commuta-
tion rules and unsaturated inductance during startup, with sim-
ilar strategies applied to Group II. Under this strategy, the six-
phase SRM maintains at least three-phase conduction, provid-
ing significant startup torque.

3. POSITION ESTIMATION METHOD BASED ON DY-
NAMIC INDUCTANCE THRESHOLD

The switching instants of the winding affect the control perfor-
mance of the speed regulation system. Selecting appropriate
angle values can reduce the back EMF effect and improve cur-
rent tracking performance and torque performance. Therefore,
during the control process, the winding is not always conducted
for half a period, and reasonable adjustments need to be made
according to the operating conditions. This section introduces a
dynamic inductance threshold estimation method based on an-
gle adaptivity, further enhancing the performance of the sen-
sorless system.

3.1. Adaptive Switching Angle Planning

In general, advancing the turn-on angle has a weak magnetic
field effect, which can reduce the impact of reverse electro-
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FIGURE 4. The unsaturated inductance characteristics of six phases.

motive force and achieve rapid excitation [19]. The selection
of the turn-off angle should consider the impact of negative
torque, ensuring that the demagnetization process concludes
before reaching the rotor overlapping position. Therefore, com-
pared to the startup state, the actual inductance curve during
mid-to-low-speed operation will change, as shown in Fig. 5.
The timing of winding commutation needs to take into account
the changes in operating conditions.

For each phase, the commutation timing within one electrical
cycle should follow the same angle rule. The design process of
the adaptive commutation angle strategy includes the following
steps:

a. The Selection Rule of Turn-on Angle: Real-time adjust-
ment of the commutation angle is achieved through reference
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FIGURE 5. Phase inductance characteristic under excitation current. (a)
Chopped current control method. (b) Angular position control method.

current detection methods. The phase voltage equation during
the excitation stage can be further derived in the form of (7).

OLine(i, ) di

Udc = 2VT + Ri + iw,ef 0 + Lavg w,(?f@

(7

where wy.r is the reference speed of the SRM, and L, is the
average inductance value of the non-overlapping region.

In practical applications, the phase windings can be rapidly
excited in the bottom region of the inductance, with the current
rising to the reference value. The inductance slope in this re-
gion is very small, and the inductance can be approximated as
a constant, i.e., %“57“0(1"9) ~ 0. (7) can be further expressed as:

di

Use = Ri =2V = Lavg s 25 ®)

The reference current value is used to calculate the electrical
angle traversed by the winding during the excitation process.
The boundary of the bottom inductance region is set to the left
and right symmetric regions with a distance of 6,1 — 65 from
the point 6. The relationship between the current and rotation
angle calculated from (8) is as follows:

eon = ercff - (9)

Lavg Wref <ll’1 U - QVT )
R U—-2Vr —Ri
Increasing the load implies a need for larger phase currents,

meaning that the confirmation process for the commutation an-

gle takes into account both the speed and load factors. The lead-
ing commutation angle can be calculated as:

Al = 0a — Oon (10)

It is important to note that the leading value of the commu-
tation angle should be set with a boundary to avoid overshoot.
b. The Selection Rule of Turn-off Angle: At the overlap-
ping position, the unsaturated inductance slope crosses zero
in the negative direction. According to the characteristics of
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SRMs, the output torque is positively correlated with the in-
ductance slope, meaning that the positive or negative slope will
result in corresponding positive or negative torque. Near the
overlapping position, there exists a region where the inductance
changes relatively slowly, as indicated by the areas labeled 6,2
and 6,5 in Fig. 5. Generally when selecting the turn-off angle,
consideration should be given to ensuring that the current can
decrease to a certain value within the indicated region. This
helps avoid issues such as reduced torque utilization due to
excessive leading adjustment and deteriorated torque perfor-
mance due to excessive lag adjustment, which could arise from
large leading or lagging angles [36].

In the optimization process of the turn-off angle, this study
adopts the current endpoint detection method proposed by [34],
which adjusts the commutation angle adaptively based on the
operating conditions. The process is as follows: First is the
phase current detection at 6,.5. To fully utilize the torque gen-
eration capability of the region with a large inductance slope,
the phase current at position 6,2 should not drop to zero. Tak-
ing into account the motor speed and the current at the off time,
the adjustment angle at the off time is calculated. The relation-
ship between the lag angle and (4, w) is similar to an inversely
proportional function, and let:

k1
Wref Z.off

Abygr = (11)

where Af,; is the angle of a delayed turn-off, k; a positive
coefficient, and i, the current at the turn-off time.

Next is detecting the current at 0,.3. If the current is greater
than zero, indicating that the demagnetization current exists in
the negative inductance slope region, the commutation angle
should be advanced at this time to avoid the generation of neg-
ative torque. To accelerate the demagnetization process, the
leading angle should be chosen as a function that is positively
correlated with (7, w), and let:

(12)
where A, is the angle of advanced off, and &, is a negative
proportionality coefficient.

Finally, the adjustment angle of the commutation angle can
be calculated as:

Aboz = kowrertof

A&fo: Aﬁaﬁy + Aaqﬂz (13)

c. Analysis of the Applicability of the Sensorless Method
Proposed Under Determined Conduction Width: Based on
the previous description, a conclusion can be drawn that the
application of the adaptive commutation strategy results in a
reduction in the conduction width of the phase winding within
one cycle. Fig. 6 illustrates the conduction rules for Group I un-
der the proposed adaptive threshold strategy, with the control
of Group II being consistent with Group I. The turn-on angle
is set around the non-overlapping position, where the calcula-
tion of inductance coincides with the unsaturated inductance
characteristics. This is applicable to the sensorless conduction
strategy proposed in the second section and does not introduce
errors. Moreover, compared to the conduction strategy during
the startup state, the turn-off angle is advanced during adaptive
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FIGURE 6. Group I conduction rule under the action of the proposed
method.
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FIGURE 8. Control block diagram in low-to-medium speed operation mode.

adjustment. This allows the estimated phase receiving pulse
input to obtain a wider range of unsaturated inductance. There-
fore, dynamic inductance thresholds can be chosen over a wider
range to achieve a more flexible conduction strategy.

3.2. Idle Phase Pulse Injection Method Optimization

Based on the sensorless conduction strategy designed earlier,
targeted optimizations are made to the traditional pulse injec-
tion method. In the process of dynamic inductance threshold
regulation, the contributing pulse injection region is followed
by changes and only needs to be excited in the partially idle
stage. The injection of pulses in non-contributing areas not only
leads to losses due to the frequent conduction of switching de-
vices but also introduces certain negative torque, thereby reduc-
ing torque performance. Therefore, by setting boundaries for
the leading edge of the turn-on angle and adjusting the bound-
aries for the turn-off angle, we apply the pulse injection method
selectively in characteristic regions to achieve the estimation of
unsaturated inductance. The advantage of this approach lies in
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its ability to provide the unsaturated inductance characteristics
required for position estimation while effectively avoiding the
system losses caused by high-frequency pulses. The implemen-
tation process is shown in Fig. 7.

Given the anticipation of the leading-on angle reaching the
set leading-on boundary value, the starting angle for pulse in-
jection should precede the leading-on boundary by a certain de-
gree to avoid the occurrence of missing calculations for Lyy.
The unsaturated inductance pre-estimation region is illustrated
in the yellow area as depicted in Fig. 7, while the pulse injec-
tion region is indicated by the purple-highlighted area. Here,
(Lun, L) represents the dynamic thresholds associated with
(gon: anjf)-

4. VERIFICATION

To validate the effectiveness of the proposed method for sen-
sorless control, simulations were conducted based on prototype
data from a six-phase 12/10 SRM. Fig. 8 illustrates the con-
trol logic of the proposed sensorless method at medium-to-low
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(a)

(b)

FIGURE 9. Prototype. (a) Motor housing. (b) Rotor. (c) Stator winding.
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FIGURE 10. Static inductance and current under high frequency pulse injection. (a) Phase inductance. (b) Phase current.

speeds. In the simulation model, current and voltage values are
input into the flux and inductance estimation modules, which
calculate the inductance, average inductance, and flux linkage.
Angle values are reconstructed from the simulated inductance
curves, and speed values are obtained by differentiating the an-
gle. The adaptive angle calculation module and current hys-
teresis control module jointly generate the drive signals for the
six-phase power converter. Additionally, the data such as mo-
tor flux characteristics and torque characteristics obtained from
finite element analysis software are utilized in constructing the
motor body module.

Figure 9 illustrates the physical prototype of the machine.
The motor parameters are listed in Table 2.

TABLE 2. Parameters of the SRM.

Items Values
Number of phases 6
Number of stator poles 12
Number of rotor poles 10
Number of turns 15
Outer diameter (mm) 130
Air Gap (mm) 0.4

For the proposed sensorless strategy, determining the startup
phase of the motor when it is static is a crucial step. There-
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fore, a static phase estimation condition is designed. In the
initial stage, high-frequency voltage pulses are applied to the
six-phase windings, and according to (6), the unsaturated in-
ductance values for the current position are obtained. The sim-
ulation results are depicted in Fig. 10. Fig. 10(a) illustrates the
six-phase inductance values at static positions, while Fig. 10(b)
portrays the current waveforms of the six-phase windings under
the influence of high-frequency voltage.

The initial rotor position during the simulation is set to the
aligned position of phase A (180°). The unsaturated induc-
tance characteristics of each phase at the 180° position can be
obtained from Fig. 3(a). It can be seen that the inductance rela-
tionship at this position is: Ly > Lg = Ly > Lc = Lg > Lp.
During the simulation, high-frequency voltage pulses were ap-
plied to the six phases, and the unsaturated inductance results
calculated using (6) are shown in Fig. 10(a). From the simu-
lation results, it can be observed that L, has the largest value;
Lg and Ly have approximately equal values and nearly over-
lap in the simulation result graph; similarly, L¢ and Lg are ap-
proximately a single line; Lp has the smallest value. It can be
seen that at the initial position (180°), the inductance magnitude
relationship obtained through simulation calculations is consis-
tent with the inductance characteristics shown in Fig. 3(a). This
proves the effectiveness of the inductance calculation method
proposed in this paper and the accuracy of the static position
estimation.

Figure 11 shows the inductance estimation and signal exci-
tation results for the start-up phase and low-to-medium speed
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phase. In Fig. 11(a), the speed stabilizes at 260 r/min, and the
measured current and voltage are used to calculate the induc-
tance over the entire cycle, which is divided into the conduction
zone inductance and pulse injection zone inductance. The de-
termination of the opening signal for the corresponding phase
is based on the threshold of the inductance in the pulse injection
zone. Taking phase A as an example, the pulse is injected from
the high inductance threshold point to the conduction of phase
E, as shown in the figure. Similarly, Fig. 11(b) presents the
simulation results of the sensorless strategy at low-to-medium
speed, with the speed stabilized at 1200 r/min. The inductance
curve for the pulse injection zone is provided, and the high in-
ductance threshold point of phase A yields the conduction pulse
for phase E.

Below is the simulation of the conditions from static detec-
tion of the startup phase to the initiation of startup. The re-
sults are depicted in Fig. 12, illustrating the waveforms of the
six-phase currents and the changes in the conduction signals of
phases C and D. Static startup phase confirmation is conducted
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from Os to 1s. At 1s, the startup is enabled. According to the
static startup rules in Table 1, it can be observed that initially,
phases B, C, and D are excited. Therefore, at any given moment
during the startup phase, at least three phases are conducted, en-
suring the ability for high torque startup. During the excitation
signal identification, the six phases are treated as dual three-
phase for control purposes. Taking phase C as an example in
Group I, the conduction signal of phase C is shown, and the
same principle applies to phases A and E. In Group II, phase D
is exemplified.

Through a set of comparative experiments, we validate the
superior high-torque startup capability of the proposed method.
In Fig. 13, with the same input voltage and load torque, the
startup capabilities are demonstrated by comparing the speed
performance of the two methods. It can be observed that the
proposed method stabilizes at approximately 220 r/min, which
is higher than the speed of 130 r/min achieved by the traditional
dual-phase startup method. Moreover, the proposed method
exhibits better stability. Fig. 14 presents the construction re-
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FIGURE 13. The comparison of starting ability of the two methods under
the same voltage and load.
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posed method.
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FIGURE 15. Comparison of the results of two pulse injection methods. (a) Traditional method. (b) Optimization method.

TABLE 3. Comparison between the proposed method and the traditional method.

Methods Prior Computation Application Magnetic Adjustable
model data complexity stages saturation effect conduction width
Method of [21] Yes Yes Full speed Yes No
Method of [22] Yes Yes Full speed Yes No
Method of [23] Yes Yes Full speed Yes Yes
Method of [26] No No Low speed No No
Method of [27] No No Full speed Yes No
Method of [28] No Yes Low speed No No
Proposed method No No Medium-low speed No Yes

sults of the full electrical angle of phase A based on inductance
threshold identification.

Simulation scenarios are designed to validate the effective-
ness of the idle-phase pulse injection optimization method.
Fig. 15(a) depicts the simulation results of the traditional
idle-phase pulse injection method, where A6, represents the

leading-on angle obtained using the adaptive angle tuning
method, and A6,y is the leading-off angle for early winding
cutoff to prevent undesired negative torque. Fig. 15(b) presents
the simulation results of the optimized idle-phase pulse injec-
tion method. It can be observed that, based on the adaptive
angle tuning, the pulse injection region has been adjusted
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effectively, reducing the pulse injection time and mitigating
the switch losses caused by frequent conduction. Furthermore,
the modified pulse injection region still encompasses the
required inductance threshold, ensuring that the excitation
pulses for other phases remain unaffected.

For the initial position detection, start-up phase, and
medium-low-speed operation, a complete simulation process
is shown in Fig. 16. It presents the rotor speed curve and
phase current curves for phases (A, C, E) and similar current
situations for phases (B, D, F). During this process, the start
signal is enabled at 0.3s. At 0.8s, the system switches to a
medium-low-speed strategy with a set speed of 1000 r/min.
Finally, at 1.3 s, a speed step change is applied, increasing
the set speed to 1500 r/min. From the simulation results, it
is evident that the system can smoothly follow the reference
speed command and achieve stability.

1500r/min

1000r/min

HMUIWIHHUIU\\;\M

Z20 | Phase-E |

I

510

SN

0 0.3 0.6 0.9 12 1.5 1.8
Time(s)

FIGURE 16. Complete speed regulation process of the proposed
method.

The systematic comparison of the proposed method with the
typical traditional sensorless starting methods is presented in
Table 3.

5. CONCLUSION

This paper proposes a sensorless control strategy applicable
during startup and low-to-medium speed operation. By for-
mulating a conduction strategy for the static startup, the high-
torque startup capability is enhanced. Moreover, based on the
electromagnetic characteristics of the SRM, an adaptive an-
gle adjustment module is designed to optimize the conduction
width of phases, fully maximizing the excitation capability of
the phases and effectively avoiding the occurrence of negative
torque. Considering the influence of the AHB circuit and the
voltage drop across the windings, the unsaturated inductance
calculation model is improved to enhance the accuracy of in-
ductance calculation. The effectiveness and accuracy of the
proposed method are validated through simulation on a 6-phase
12/10 SRM prototype.
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