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Improved Efficiency Optimization Control of SRM
Based on Redefined Optimal Turn-On Angle and Its

Corresponding Analytical Formula
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Abstract—The function analysis method based on the optimal
turn-ON angle is one of the most popular efficiency optimization
control strategies for switched reluctance motor (SRM) system, but
it still has certain shortcomings. Under certain conditions, the op-
timal turn-ON angle proposed by existing research is available, but
its analytical formula has either low accuracy or complex solution.
In addition, when the operating condition is changed, resulting in
the rising rate of the phase flux-linkage at full-voltage is less than
the slope of the reference flux-linkage at θm, the optimal turn-ON
angle proposed by the existing research will be unavailable. Hence,
to solve these issues, this article presents an improved efficiency
optimization control method of SRM based on a redefined optimal
turn-ON angle and its corresponding analytical formula. Based
on the flux-linkage analysis, the SRM system is divided into two
modes according to different operating conditions, with each mode
corresponding to different optimal turn-ON angles. In mode Ⅰ, the
optimal turn-ON angle proposed by the existing research is available
and still in used. And this article presents a new analytical formula
for this optimal turn-ON angle, which has high accuracy, convenient
solution, and simple structural form compared to the existing
analytical formulas. In mode Ⅱ, the existing optimal turn-ON angle
is unavailable. Thus, this article redefines a new optimal turn-ON
angle in mode II and also presents its corresponding analytical
formula. The analytical formulas for the two modes are similar in
form and both are deduced based on the flux-linkage calculation.
The simulations and experiments are conducted to verify the effec-
tiveness of the proposed efficiency optimization control strategy.

Index Terms—Analytical formula, efficiency optimization, flux-
linkage, optimal turn-ON angle, switched reluctance motor.
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I. INTRODUCTION

SWITCHED reluctance motors (SRMs) are considered as
the excellent candidates in many engineering applications,

thanks to their low manufacturing cost, high reliability, and
wide speed covering ranges [1], [2], [3]. Considering the special
design and control strategies, SRMs are very suitable for the
low-cost high-performance applications [4]. Low-efficiency op-
eration of SRM leads to larger size, increased weight, and higher
energy consumption [5]. Hence, it is desirable to achieve the
efficient operation of SRM over the entire torque-speed range.

For the efficiency optimization of SRM, there has been an
amount of research, which can be roughly divided into two
categories: the body structure optimization design [6], [7], [8]
and the efficiency optimization control [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], [22], [23]. For
a designed SRM, the latter is often adopted and is mainly
dependent on the firing angle, which is the key factor in the
energy conversion of SRM because it determines the relative
position of the current waveform and the inductance contour
[9]. At present, the efficiency optimization control strategies
based on the optimal firing angle can be approximately classified
as following: experimental testing method [10], [11], artificial
intelligence method [5], [12], [13], online search method [14],
[15], [16], and function analysis method [17], [18], [19], [20],
[21], [22], [23].

Compared with other methods, the function analysis method
is preferred because it avoids the drawbacks of the above meth-
ods and has efficient solution and good dynamic response. In
this method, the optimal turn-ON angle is mainly discussed
to optimize the efficiency of SRM, which is directly obtained
through the analytical formula. And all of these analytical for-
mulas are derived based on one feature: the optimal turn-ON

angle is determined to make the peak of phase current occur at
the initial overlapping position of the stator and rotor (θm) just
right while meeting the demanded reference current, which can
reduce the energy loss (copper losses) and improve the efficiency
of SRM [17].

However, there are still some shortcomings in the function
analysis method. The analytical formula is often established
based on an ideal inductance model, where the inductance in
the low-inductance region is regarded as a constant and the
back electromotive force (back-EMF) is ignored accordingly.
But in the actual model, the inductance in the low-inductance
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region varies nonlinearly and the back-EMF cannot be ignored.
This causes a certain error in the solved optimal turn-ON an-
gle, especially when the speed is increased and the back-EMF
becomes more prominent. For this, some researches have been
conducted. In [18], the rough position of the optimal turn-ON

angle is first found by the analytical formula based on an ideal
inductance model, and then an adaptive control algorithm is
added to fine-tune, which can find the optimal turn-ON angle
gradually. In [19], similarly, the rough position is first found, and
then an angle controller composed by two PI regulator is applied
to eliminate errors, achieving automatic adjustment of turn-ON

angle without the need of parameters or self-tuning techniques.
In [20], [21], [22], and [23], an analytical formula based on
the actual nonlinear inductance model is proposed, which fully
considers the influence of the back-EMF and can directly obtain
the accurate optimal turn-ON angle. These strategies mentioned
in [18], [19], [20], [21], [22], and [23] can achieve good results
under some operating conditions, but they still have certain
drawbacks.

1) In [18], the additional online searching method (adap-
tive algorithm) is required for fine-tuning, which leads
the optimal turn-ON angle cannot be directly obtained
through an analytical formula and will inevitably bring
the disadvantages of online searching method. In [19],
an additional angle controller is required to eliminate
error, where the optimal turn-ON angle is also not directly
obtained by an analytical formula. In addition, the peak of
phase current needs to be repeatedly detected and forced
to occur at θm just right, which requires a shaft encoder
for continuous monitoring. In [20], [21], [22], and [23],
the optimal turn-ON angle can be directly obtained by an
analytical formula, but its solution is rather complicated,
which is acquired by solving the time-domain current with
a first-order nonhomogeneous differential equation. And
the analytical form is quite complex, where both the phase
inductance and its derivative value in the low-inductance
region are simultaneously required for solving.

2) Through the study, it is found that the existing optimal
turn-ON angle based on the abovementioned feature (the
peak of phase current occurs at θm just right) only holds
under certain conditions. When the operating condition is
changed, resulting in the rising rate of phase flux-linkage
at full-voltage less than the slope of reference flux-linkage
at θm, this feature will be invalid and the existing optimal
turn-ON angle will be unavailable (the details are described
in Section III).

Motivated by these, this article presents an improved effi-
ciency optimization control method based on a redefined op-
timal turn-ON angle and its corresponding analytical formula.
The abovementioned feature is further studied based on the
flux-linkage analysis, and the SRM system is divided into two
modes according to different operating conditions, with each
mode corresponding to different optimal turn-ON angles. In
mode Ⅰ, the abovementioned feature and the optimal turn-ON

angle proposed by the existing research are available, but the
existing analytical formulas have either low accuracy or complex
solution. Thus, this article presents a new analytical formula for

this optimal turn-ON angle in mode Ⅰ, being with high accuracy,
simple structural form, and convenient solution. In mode Ⅱ, the
aforementioned feature and the existing optimal turn-ON angle
are unavailable. Thus, this paper redefines a new optimal turn-ON

angle in mode II and also presents its corresponding analytical
formula. The analytical formulas for the two modes are similar in
form and both are deduced based on the flux-linkage calculation.

II. MATHEMATICAL MODEL OF SRM AND THE OPTIMAL

TURN-ON ANGLE

A. Mathematical Model of SRM System

For the SRM system, the voltage equation for each phase can
be expressed by phase flux-linkage and phase current

Uk = Rk · ik +
dψk(θ, ik)

dt
(1)

where the Uk is the k-phase winding terminal voltage, Rk is the
resistance of k-phase winding, ik is the k-phase current,ψk is the
flux-linkage of k-phase, and θ is the rotor position. At constant
speed, the phase voltage equation can be rewritten as

Uk = Rk · ik +
∂ψk(θ, ik)

∂ik

dik
dt

+
∂ψk(θ, ik)

∂θ

dθ

dt

= Rk · ik + Lk(θ, ik)
dik
dt

+ w
∂Lk(θ, ik)

∂θ
ik

= Rk · ik + Lk(θ, ik)
dik
dt

+ er (2)

where Lk is the incremental inductance of k-phase winding, ω
is the rotational speed, and er is the back-EMF. If the saturation
of SRM is not considered, (2) can be simplified as

Uk = Rk · ik + Lk(θ)
dik
dt

+ w
dLk(θ)

dθ
ik. (3)

The output torque of SRM is synthesized by the electromag-
netic torque of each phase and can be derived as

Te =

3∑
k=1

Tek =

3∑
k=1

1

2
ik

2 ∂Lk(ik, θ)

∂θ
(4)

where Te is the output torque and Tek is the electromagnetic
torque of k-phase.

The efficiency of motor represents its ability to convert the
electrical energy into the mechanical energy. Among the numer-
ous efficiency optimization strategies, the maximum torque per
ampere (MTPA) control is developed to maximize the torque-
ampere ratio of the motor [24]. The MTPA can be achieved
by reducing the phase current while keeping the output torque
constant. Reducing the phase current helps the reduction of
copper losses within the motor windings, thereby optimizing
the efficiency of motor. Among them, the average output torque
can be derived by integrating (4) over a cycle as

TAVG =
1

θsk

∫ θsk

0

Te (θ) dθ. (5)
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Fig. 1. Typical SRM drive waveforms with the current chopping controlled.

And the rms of phase current can be expressed as

Irms =

√√√√√∫ θsk
0

3∑
k=1

ik
2 (θ) dθ

θsk
. (6)

Thus, the torque-ampere ratio of the motor can be represented
by the ratio of TAVG and Irms as

TAVG

Irms
=

1
θsk

∫ θsk
0 Te (θ) dθ√

∫ θsk
0

3∑

k=1

ik
2(θ)dθ

θsk

. (7)

For a certain load condition, the average output torque TAVG

is essentially constant, thus, the torque-ampere ratio can be
improved by reducing the Irms, which in turn diminishes the
copper losses and optimizes the efficiency of SRM.

B. Optimal Turn-On Angle of SRM and Related Research

The firing angle determines the relative position of the current
waveform and inductance contour, which significantly affects
the energy conversion of SRM. The analytical formulas of the
optimal turn-ON angle are proposed in [17], [18], [19], [20],
[21], [22], [23], and [24]. They are all derived based on one
feature: the optimal turn-ON angle is selected to make the peak
of phase current Ipeak (i.e., the reference current Iref in current
chopping mode) occur at θm just right, as shown in Fig. 1, where
an actual nonlinear inductance model is considered. LA,ψA, uA,
iA is the inductance, flux-linkage, current, and voltage profiles
of A-phase winding, respectively. (θa, Lmax) is the completely
aligned position, (θua, Lmin) is the completely unaligned posi-
tion, (θm, Lm) is the position where the stator and rotor poles start
to overlap. θ on is the turn-ON angle, θ off is the turn-OFF angle,
θopt is the optimal turn-ON angle, θo1 is the interval between
θ on and θm, θdwell is the conduction interval of SRM.

If the turn-ON angle is later than this defined optimal turn-ON

angle (θopt), the phase current may continue to rise when the
rotor enters an increasing inductance slope region, which does
not make full use of the high torque output area, resulting in
a decrease in SRM efficiency. Even at high speed, the phase

Fig. 2. Actual nonlinear inductance with phase current.

current may not reach the reference current, causing the ab-
normal operation of SRM. Contrarily, if the turn-ON angle is
earlier than this optimal turn-ON angle, the interval θo1 will be
expanded. According to the characteristics of low-inductance
region and (4), the phase current conducting in this interval
makes no contribution to the output torque, but increasing the
copper loss and reducing the efficiency of SRM.

Based on the above analysis, the analytical formula of the
optimal turn-ON angle is proposed in [17]. An ideal linear
inductance model is considered, where the inductance value
in the low-inductance region is regarded as a constant, and
the back-EMF (er) in (3) is ignored accordingly. The winding
voltage drop can be ignored owing to

Rk ∗ ik << dψk(θ, ik)

dt
. (8)

At this time, according to (3), the phase current can increase
linearly in the low-inductance region. Meanwhile, the reference
current Iref is required to occur at θm just right, so the optimal
turn-ON angle θopt can be obtained as

θopt = θm − θo1 = θm − w ∗ Lmin ∗ Iref
Udc

(9)

where the Udc is the terminal voltage of dc bus.
The form is simple and the solution is convenient in (9).

However, in the actual inductance model, the inductance value
in the low-inductance region is not constant, as shown in Fig. 2,
which is obtained by FEA and can be described as the pseu-
dotrapezoidal inductance profile due to the fringing effect [3].
Thus, the back-EMF er cannot be ignored and will bring a certain
error in (9). Especially at high speed, the back-EMF is more
prominent and will result in a huge solving error.

In [21], focusing on the actual nonlinear inductance model, a
relatively accurate analytical formula is proposed, which fully
considers the influence of back-EMF. The time-domain phase
current is acquired by solving the first-order nonhomogeneous
differential equation in (3) and is expressed as

ik(t) =
Udc

Rk + w ∗ dLk(θ)
dθ

+

(
I0 − Udc

Rk + w ∗ dLk(θ)
dθ

)
∗ e−

Rk+w∗ dLk(θ)

dθ
Lk(θ)

∗t
.

(10)



DING et al.: IMPROVED EFFICIENCY OPTIMIZATION CONTROL OF SRM BASED ON REDEFINED OPTIMAL TURN-ON ANGLE 16511

The initial current I0 is equal to zero and the winding voltage
drop is ignored, then the optimal turn-ON angle θopt can be obtain
as

θopt = θm +
Lk(θ)

dLk(θ)/dθ
∗ ln

(
1− w∗Iref∗dLk(θ)/dθ

Udc

)
.

(11)
Considering the actual inductance model and the influence

of back-EMF, an accurate optimal turn-ON angle is obtained
by (11). However, its solution is rather complicated, which is
obtained by solving the phase current in time-domain with a first-
order nonhomogeneous differential equation. And compared
with (9), its analytical form is more cumbersome, where the
phase inductance and its derivative in the low-inductance region
are simultaneously required. Besides, through the study, it is
found that the solved optimal turn-ON angle will be unavailable
under certain operating conditions.

Whether the solved error is large in (9), or the solution and
form are complex in (11), it is because both of them obtain the
optimal turn-ON angle from the perspective of phase current. But,
as shown in (10), the phase current varies nonlinearly, which
makes it difficult to solve the optimal turn-ON angle through
phase current.

III. PROPOSED OPTIMAL TURN-ON ANGLE AND ITS

CORRESPONDING ANALYTICAL FORMULA

A. Redefinition of the Optimal Turn-On Angle

The optimal turn-ON angle proposed by the existing research
(as shown in Fig. 1) and its analysis seem reasonable, where the
turn-ON angle is selected to make the peak of phase current occur
at θm just right. However, the process of determining the optimal
turn-ON angle lacks the quantitative analysis. There is a doubt
whether there really exists a turn-ON angle that can successfully
make the peak of ik(θ) occur at θm just right, while meeting the
demanded reference current Iref. Thus, a further research based
on the flux-linkage analysis is conducted.

In a closed-loop control SRM system, the load and the refer-
ence speed of SRM are usually used to depict an operating point.
For a certain operating point, the demanded reference current
Iref can be directly obtained through speed loop and basically
remains constant. Besides, it is noted from Fig. 2 that the
influence of phase current on the phase inductance significantly
differs around θm. The magnetic saturation effect is prominent
after θm, and the current has little impact on phase inductance
before θm. Thus, the phase inductance in the low-inductance
region can be regarded as a function of rotor position only, which
is expressed as Lk(θ).

For a specific position and current, the k-phase flux-linkage
can be expressed as

ψk (θ, ik) = Lk (θ, ik) ∗ ik. (12)

Thus, for a certain operating point, assuming that the reference
current Iref flows throughout the entire low-inductance region,
the reference flux-linkage in the entire low-inductance region
can be expressed as

ψref (θ, Iref) = Lk (θ, Iref) ∗Iref = Lk (θ) ∗Iref (13)

Fig. 3. Reference flux-linkage ψref (θ, Iref) in low-inductance region.

where the ψref (θ, Iref) is the reference flux-linkage and the
second equation holds because the phase inductance in the low-
inductance region is only a function of rotor position.

The contour of the ψref (θ, Iref) in the low-inductance region
is shown in Fig. 3. The tangent at θm on the curve ψref (θ, Iref)
is acquired as the red line. By substituting (13), the slope of this
tangent can be expressed as

ktm =
dψref (θ, Iref)

dθ

∣∣∣∣
θ=θm

= Iref ∗ dLk (θ)

dθ

∣∣∣∣
θ=θm

. (14)

The voltage equation for each phase can be expressed by the
phase flux-linkage in (1). Similarly, the winding voltage drop is
much smaller than the dψk(θ, ik)/dt and is ignored. At a constant
and nonzero speed, (1) can be expressed as

dψk (θ, ik)

dθ
=

Uk

w
(15)

where the Uk is the k-phase winding terminal voltage and the
change rate of ψk (θ, ik) only depends on the Uk and w. Thus,
at a constant speed, the ψk (θ, ik) can be determined by simply
integrating the terminal voltage Uk. Before the phase current
ik(θ) reaches its reference current Iref, i.e., in the interval θo1,
the phase winding is in excitation state without chopping, thus,
the winding voltage Uk is always equal to the +Udc. It means
that when the SRM is in the steady-state operation, the phase
flux-linkageψk (θ, ik) will grow linearly before the ik(θ) reaches
the Iref, and its rising rate can be expressed as

kact =
+Udc

w
. (16)

The rising rate kact is fixed for a certain operating point. At
this time, if this rising rate of the phase flux-linkage at full-
voltage is larger than the slope of the tangent at θm, i.e., the kact
and ktm satisfy

kact =
+Udc

w
≥ ktm = Iref ∗ dLk (θ)

dθ

∣∣∣∣
θ=θm

(17)

where the kact is the rising rate of the ψk(θ, ik) at full-voltage
and the ktm is the slope of the tangent at θm on the curve ψref

(θ, Iref), it is feasible to make the peak of phase current occur
at θm just right, and it is available to find the optimal turn-ON

angle proposed by the existing research. As shown in Fig. 4, the
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Fig. 4. Reference flux-linkage ψref (θ, Iref) intersects with the phase flux-
linkage ψk (θ, ik) at θm when kact> = ktm.

optimal turn-ON angle θopt is determined to make the ψk(θ, ik)
intersect with the curve ψref (θ, Iref) at θm, thereby the ik(θ) can
continuously grows and reaches the Iref at θm just right.

However, if the rising rate of the phase flux-linkage at full-
voltage is less than the slope of the tangent at θm, i.e., the kact
and ktm satisfying

kact =
+Udc

w
< ktm = Iref ∗ dLk (θ)

dθ

∣∣∣∣
θ=θm

(18)

and the peak of phase current is required to occur at θm just right,
as the green line shown in Fig. 5(a), another intersection between
the ψk(θ, ik) and the ψref(θ, Iref) will be generated. The position
of this intersection is defined as θp1, and the turn-ON angle is
defined as θon˙1. This turn-ON angle can indeed make theψk(θm,
ik) equal to the ψref (θm, Iref), and the ik(θ) can reach the Iref
at θm. However, the presence of another intersection θp1 means
the phase current ik(θ) has early reached the Iref at θp1. After
the θp1, the winding is in the excitation state with the chopping,
and the terminal voltage is no longer constant at+Udc. The ik(θ)
will remain at the Iref, and the ψk (θ, ik) will follow the contour
of the ψref (θ, Iref) in the interval [θp1, θm].

Obviously, the turn-ON angle θon˙1 is not the optimal one,
because the generated large phase current in the interval [θp1,
θm] makes less contribution to the output torque of SRM, but
increasing the copper loss and reducing the efficiency of SRM.
At this time, the turn-ON angle should be considered to delay.
During this process, the kact is unchanged, which only depends
on the speed w and the terminal voltage Udc.

If the turn-ON angle is delayed to θ on˙2, as shown in Fig. 5(b),
there is no intersection between the ψk (θ, ik) and ψref (θ, Iref).
It means that the ψk (θ, ik) can never reach the ψref (θ, Iref), and
the phase current ik(θ) cannot reach the Iref accordingly, even
if the winding voltage always remains at +Udc. The current
chopping will not occur, thus, the ik(θ) can continuously grow
and naturally reach its peak current near θm, according to (2). At
this time, the SRM cannot generate sufficient output torque and
cannot reach the reference speed, though the ik(θ) can naturally
reach its peak value near θm. Apparently, the turn-ON angle is
over delayed and is not the optimal one.

As shown in Fig. 5(c), the turn-ON angle is delayed to only
one intersection generated between the ψk (θ, ik) and the ψref

Fig. 5. Reference flux-linkage ψref (θ, Iref) and the phase flux-linkage ψk (θ,
ik) when kact<ktm. (a) Excessively advanced turn-ON angle. (b) Excessively
delayed turn-ON angle. (c) Optimal turn-ON angle.

(θ, Iref), i.e., the curve ψk (θ, ik) is tangent to the ψref (θ, Iref).
The position of this intersection is defined as θx, and the turn-ON

angle is defined as θ on˙3. The turn-ON angle can make the ψk

(θx, ik) equal to the ψref (θx, Iref), and the ik (θ) can reach the
Iref at θx accordingly. If the turn-ON angle of SRM is earlier than
θ on˙3, the situation will be transformed into Fig. 5(a), where the
ik(θ) will reach the Iref in advance and cause an energy loss in
the interval [θp1, θx]. If the turn-ON angle of SRM is later than
θ on˙3, the situation will be transformed into Fig. 5(b), where the
ik(θ) can never reach the Iref. The turn-ON angle θ on˙3 satisfies

θon_1 < θon_3 < θon_2 (19)

which can reduce the energy loss as much as possible while
meeting the demanded reference current Iref. Thus, the turn-ON

angle θ on˙3 can be considered as the optimal turn-ON angle θopt.
Based on the above analysis, when the kact and ktm satisfy

(17), it is available to find the optimal turn-ON angle proposed
by the existing research, as shown in Fig. 4. At this time, the
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SRM system is defined as mode Ⅰ. When the kact and ktm satisfy
(18), it is unavailable to find the turn-ON angle that can make the
peak of the phase current occur at θm just right while meeting
the demanded reference current Iref, as shown in Fig. 5(a) and
(b). At this time, the SRM system is defined as mode Ⅱ. And
through the study, the peak of the phase current is best to occur
at θx, i.e., the curve ψk (θ, ik) is tangent to the ψref (θ, Iref) at
θx, as shown in Fig. 5(c). The θx satisfies

dψref (θ, Iref)

dθ

∣∣∣∣
θ=θx

= Iref ∗ dLk (θ)

dθ

∣∣∣∣
θ=θx

=
+Udc

w
= kact.

(20)
The kact in (16) and the ktm in (14) depend on the designed

SRM body and the working condition. For a designed SRM at
a certain operating point, the kact and the ktm are determined.
Both of them could firstly be solved through (16) and (14), and
then the mode of SRM can be judged by comparing them. From a
qualitative perspective, for a specific SRM, the kact only depends
on the reference speed w and is inversely correlated with it,
while the ktm only depends on the reference current Iref and is
positively correlated with it. The kact will be decreased when
the reference speed is increased and the ktm will be increased
when the load of SRM is increased. In other words, the kact<ktm
will be easier to be achieved and the proposed control strategy is
more inclined to shifts to mode Ⅱwhen the load or the reference
speed of SRM is increased.

B. Proposed Analytical Formula of Optimal Turn-On Angle

According to the above analysis, corresponding analytical
formula of the optimal turn-ON angle should be developed to deal
with these two modes. Before that, it is necessary to determine
the mode of the SRM system at a certain operating point. The
mode judgement of the SRM system depends on the kact and
ktm. For the kact, which is solved by (16), the +Udc is fixed
and the w can be directly acquired through the position sensor.
As for the ktm, the reference current Iref in (14) can be directly
acquired by speed loop. And the dLk(θm)/dθ in (14) depends
on the structure of SRM and is fixed. Once the dLk(θm)/dθ is
acquired in advance, the kact and ktm can be obtained in real time
and the mode of SRM can be quickly determined for a certain
operating point.

To judge the mode of SRM system and solve the optimal
turn-ON angle later, the dLk(θ)/dθ in the low-inductance region
should be obtained in advance. As mentioned in Fig. 2, the phase
inductance in this region is only a function of rotor position,
which can be expressed as the Lk(θ). The Lk(θ) can be acquired
by FEA at first, and then the function fitting is applied to get the
Lk(θ) and dLk(θ)/dθ.

As shown in Fig. 6, the function fitting is applied for the Lk(θ)
in the low-inductance region. After comprehensively consider-
ing the number of solved parameters and the accuracy of function
fitting, the following function is adopted:

Lk (θ) = a ∗ eb∗θ + c ∗ ed∗θ (21)

where a, b, c, d are fitting parameters. The dLk(θ)/dθ can be
obtained by differentiating (21). Once the dLk(θm)/dθ is known

Fig. 6. Function fitting for Lk(θ).

and the mode is determined, the corresponding analytical for-
mula of the optimal turn-ON angle should be employed.

When the SRM system enters the mode Ⅰ, i.e., the kact and
ktm satisfy (17), there is an optimal turn-ON angle that can make
the peak of phase current occur at θm just right. The existing
analytical formulas (9) and (11) can be used to acquire the
optimal turn-ON angle, but they have either low accuracy or
complex solution and form. For this, a new analytical formula
based on the flux-linkage calculation is proposed for mode Ⅰ.

According to (10), the phase current ik(θ) grows nonlinearly
before reaching the Iref, so it is difficult to solve the optimal
turn-ON angle through the ik(θ). However, as mentioned in
(16), the phase flux-linkage ψk (θ, ik) grows linearly at a rate
of +Udc/w before the ik(θ) reaches the Iref. And before the
winding is excited, the initial current I0 and initial flux-linkage
ψ0 are equal to zero. Thus, once the phase flux-linkage at θm is
acquired, according to (15), the interval θo1 can be obtained as

θo1 = θm − θon =
w ∗ [ψk(θm, ik)− ψ0]

Udc
=
w ∗ ψk(θm, ik)

Udc
(22)

where the θo1 is the interval between θ on and θm, the ψk (θm,
ik) is the phase flux-linkage at θm.

As depicted in Fig. 4, the curve ψk (θ, ik) intersects with the
ψref (θ, Iref) at θm. It means that the ik (θ) can reach the Iref at
θm just right. Thus, the ψk (θm, ik) can be further expressed as

ψk (θm, ik) = ψk (θm, Iref ) = Lk (θm, Iref ) ∗ Iref . (23)

By substituting (23) into (22), the optimal turn-ON angle in
mode Ⅰ can be obtained as

θopt = θon = θm − θo1 = θm − w ∗ Lk (θm, Iref ) ∗ Iref
Udc

.

(24)
The θm depends on the structure of SRM, which is fixed and

known. The Iref depends on the operating point and is directly
obtained by the speed loop. Thus in (24), only the parameter
Lk (θm, Iref) needs to be acquired. The phase inductance in the
low-inductance region is only a function of rotor position, so the
Lk (θm, Iref) is fixed under various operating points and can be
written as a constant Lm. Hence, the analytical formula of the
optimal turn-ON angle in mode Ⅰ can be further written as

θopt = θm − θo1 = θm − w ∗ Lm ∗ Iref
Udc

(25)

where Lm is the phase inductance at θm and is a constant, which
can be acquired through (21).
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Compared with (9), the proposed analytical formula in (25)
has a similar analytical form. Except the parameter Iref, only the
parameter Lmin is required in (9) and only the Lm is required
in (25). But a more accurate optimal turn-ON angle is obtained
by (25), which is derived from (1), with the consideration of the
back-EMF and the actual nonlinear inductance model.

Compared with (11), the proposed analytical formula in (25)
has a simple analytical form and a convenient solution, which
utilizes the calculation of the linear phase flux-linkage to quickly
obtain the optimal turn-ON angle, avoiding the complex calcu-
lation of the nonlinear time-domain phase current. In addition,
only the parameter Lm is required in (25), but in (11), both
the phase inductance value and its derivative value in the low-
inductance region are required.

In general, the proposed analytical formula (25) in mode Ⅰ
has a high accuracy and can deal with the various operating
conditions. In addition, its form is simple and its solution is
convenient, being with only one parameter required.

When the SRM system satisfies (18) and enters the modeⅡ, it
is unavailable to find the turn-ON angle that can make the peak of
phase current occur at θm just right while meeting the demanded
current Iref. Instead, as analyzed in Fig. 5(c), the peak of the ik(θ)
is best to occur at θx, which satisfies (20). For a certain operating
point, the Iref and kact are both known. In addition, the phase
inductance and its derivative in the low-inductance region are
monotonic functions. Thus, by solving the inverse function of
(20), the θx can be acquired as

θx = f−1 (k)
∣∣
k=kact

, f(θ) =
dLk(θ)

dθ
∗ Iref (26)

where Lk(θ) can be fitted by (21). Once the θx is acquired, the
inductance value Lk(θx) can also be obtained through (21).

Similar to (22), the winding voltage remains constant at the
+Udc before the θx, thus, the ψk (θ, ik) can grow linearly at a
rate of +Udc/w before the θx. Once the phase flux-linkage at the
θx is acquired, according to (15), the interval θo2 can be as

θo2 = θx − θon =
w ∗ [ψk(θx, ik)− ψ0]

+Udc
=
w ∗ ψk(θx, ik)

+Udc
(27)

where the θo2 is the interval between θ on and θx, the ψk (θx,
ik) is the phase flux-linkage at θx.

As depicted in Fig. 5(c), the curve ψk (θ, ik) is tangent to the
ψref (θ, Iref) at θx. It means that the ik (θ) reaches the Iref at θx
just right. Thus, the ψk (θx, ik) can be further expressed as

ψk (θx, ik) = ψk (θx, Iref ) = Lk (θx, Iref ) ∗ Iref . (28)

By substituting (28) into (27), the optimal turn-ON angle for
mode Ⅱ can be obtained as

θopt = θon = θx − θo2 = θx − w ∗ Lk (θx, Iref ) ∗ Iref
Udc

. (29)

The Lk (θx, Iref) is also a function of rotor position only since
the θx is still less than the θm. Once the θx is determined, the
Lk (θx, Iref) is certain and can be written as a constant Lx as
well. Thus, the analytical formula of the optimal turn-ON angle

Fig. 7. Control block diagram of optimal turn-ON angle for SRM system.

TABLE I
SPECIFICATIONS PARAMETERS OF SRM

in mode ⅠI can be further written as

θopt = θx − θo2 = θx − w ∗ Lx ∗ Iref
Udc

(30)

where Lx is the phase inductance at θx and is a constant, which
can also be acquired through (21).

The analytical form of (30) is the same as that of (25), and
the deduction process are similar. Both of them are derived
based on the flux-linkage calculation. The only difference is
the intersection changes from θm in (25) to θx in (30). Once
satisfying (17), the analytical formula in (30) can transform into
(25). Therefore, the two analytical formulas for these two modes
can be regarded as one analytical formula to a certain extent. But
one more step is adopted to find the θx through (26) in mode Ⅱ.
The whole control block diagram of the optimal turn-ON angle
for the SRM system is shown in Fig. 7.

IV. SIMULATION RESULTS AND ANALYSIS

To validate the effectiveness of the proposed optimal turn-ON

angle and its corresponding analytical formula, the simulation
is studied in the MATLAB/Simulink. And the conventional
analytical formulas (9) and (11) are established to make a
comparison. The parameters of SRM are shown in Table I and
the following angles are expressed in mechanical angles. The
completely unaligned position of the SRM (θua) is defined as the
0-degree position, where the phase inductance is at the minimum
value, as shown in Fig. 1. The initial overlapping position (θm)
is equal to 7.5 degree (°), which is obtained according to the
structure of the SRM. The conduction interval (θdwell) is fixed
at 12.5°, which is selected with a comprehensive consideration
after conducting a lot of simulations and experiments under
various working conditions. According to (7), under same load,
the Irms in different method are used to make a comparison. In
addition, the efficiency (η) of the SRM is also recorded to verify
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Fig. 8. Simulation results of variable speed with the optimal turn-ON angle
obtained by the proposed analytical formula. (a) N from 600 r/min to 1000 r/min,
from 1000 r/min to 1500 r/min. (b) Local enlarged ψk(θ,ik) and ik(θ) at
600 r/min. (c) Local enlarged ψk(θ,ik) and ik(θ) at 1500 r/min.

the effectiveness of the proposed method. The η is determined
by the ratio of output power to input power, where the output
power is the product of the motor’s speed and torque, and the
input power is the output power of the dc power supply.

In Fig. 8, the variable speed simulation is conducted with
the optimal turn-ON angle obtained by the proposed analytical
formula. As shown in Fig. 8(a), the load is fixed at 2 N.m and
the reference speed (N) is set to 600 r/min before t = 2 s. In this
operating point, the kact and ktm satisfy (17) and the SRM enters
the mode Ⅰ. The optimal turn-ON angle obtained by (25) satisfies
θopt = 6.09° and the position where the ik(θ) reaches the Iref just
right satisfies θIref = 7.59°. As shown in Fig. 8(b), the optimal
turn-ON angle can make the ψk (θ, ik) reach the ψref (θ, Iref)
near θm, and the ik(θ) can reach the Iref near θm accordingly.
Meanwhile, the rms of phase current satisfies Irms = 1.93 A and
the efficiency of the SRM satisfies η = 94.1%.

At the moment t = 2 s, the N is changed from 600 r/min to
1000 r/min. When the speed is in a stable state, the SRM is still
in mode Ⅰ. The θopt is equal to 5.15°, which can also make the
ik(θ) reach the Iref near θm (θIref = 7.46°). The Irms and the η
in this operating point satisfy Irms = 2.01 A and η = 95.7%.

At the moment t = 2.15 s, the N is changed from 1000 r/min
to 1500 r/min. When the SRM is in a stable state, the kact and
ktm satisfy (18) and the SRM enters the mode Ⅱ. The turn-ON

angle that makes the θIref occur at θm just right cannot be found.
Instead, the redefined optimal turn-ON angle obtained by (30)
satisfies θopt = 2.86°. And the ik(θ) satisfies θIref = 6.6°, which
is close to the solved θx (6.53°) by (26). As shown in Fig. 8(c),
the θopt can make the ψk (θ, ik) reach ψref (θ, Iref) near θx, and
the ik(θ) can reach Iref near θx. Under this operating point, the
Irms is equal to 2.35 A and the η is equal to 98.5%. It can be seen
that when the N is increased, the rising speed of ik(θ) will slow
down, causing the interval θo1 obtained by (22) to enlarge and

Fig. 9. Simulation results of variable load with the optimal turn-ON angle
obtained by the proposed analytical formula. (a) Variable load from 1 N.m to
2.5 N.m, from 2.5 N.m to 4 N.m. (b) Local enlargedψk(θ,ik) and ik(θ) at 1 N.m.
(c) Local enlarged ψk(θ,ik) and ik(θ) at 4 N.m.

the θopt obtained by (25) to advance. Meanwhile, it should be
noted that the peak current is slightly higher than the reference
current, which is mainly caused by the hysteresis regulator.

In Fig. 9, the variable load simulation is conducted with
the optimal turn-ON angle obtained by the proposed analytical
formula. As shown in Fig. 9(a), the N is fixed at 1000 r/min
and the load is set to 1 N.m before t = 2 s. The kact and ktm
satisfy (17) and the SRM system enters the mode Ⅰ. The optimal
turn-ON angle obtained by (25) satisfies θopt = 6.11° and the
ik(θ) satisfies θIref = 7.61°. As the local enlarged images shown
in Fig. 9(b), the θopt can make the ψk(θ, ik) reach the ψref (θ,
Iref) near θm, and the ik(θ) can reach Iref near θm. The Irms

and the η in this operating point satisfy Irms = 1.37 A and η =
96.3%.

At the moment t= 2 s, the load of SRM is changed to 2.5 N.m.
The kact and ktm satisfy (17) and the SRM is still in mode I. The
θopt is equal to 4.53°, which also makes the ik(θ) reach the Iref
near θm (θIref = 7.45°). The Irms and the η in this operating
point satisfy Irms = 2.33 A and η = 94.9%.

At the moment t = 2.15 s, the load of SRM is changed to
4 N.m. The redefined optimal turn-ON angle obtained by (30)
satisfies θopt = 3.1°. The ik(θ) satisfies θIref = 6.73°, which is
close to the solved θx (6.61°) by (26). As shown in Fig. 9(c), the
optimal turn-ON angle can make theψk (θ, ik) reachψref (θ, Iref)
near θx, and the ik(θ) can reach Iref near θx. The Irms and the η
in this operating point satisfy Irms = 3.45 A and η = 90%. It is
seen that when the load is enlarged, the Iref will be increased,
causing the interval θo2 obtained by (27) to enlarge and the θopt
obtained by (30) to advance.

For comparison, under the same operating conditions, the
simulations are conducted based on the turn-ON angle obtained
by the conventional analytical formulas (9) and (11).

In Fig. 10(a), the simulation of variable speed is conducted
with the analytical formula (9) adopted. When the speed is stable
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Fig. 10. Simulation results of variable speed with the optimal turn-ON
angle obtained by the conventional analytical formula. (a) Obtained by (9).
(b) Obtained by (11).

at 600 r/min, these results are acquired as: θ on = 6.77°, θIref =
9.65°, Irms = 2.04 A and η = 91.8%. When the speed is stable
at 1000 r/min, these results are acquired as: θ on = 5.55°, θIref
= 12.1°, Irms = 2.14 A and η = 94.2%. These turn-ON angles
make the ik(θ) reach the Iref at a position exceeding θm and
cannot achieve the MTPA of SRM. When the N is changed to
1500 r/min, these results are acquired as: θ on = 3.25°, θIpeak =
7°, Irms= 2.43 A, and η= 97%. The solved turn-ON angle is over
delayed, which makes the SRM enter the situation mentioned
in Fig. 5(b) and the ik(θ) can never reach Iref. At this time,
the current chopping will not occur, and the ik(θ) can continu-
ously grow and naturally reach its peak near θm. But the SRM
still cannot generate sufficient torque and reach the reference
speed N.

In Fig. 10(b), the simulation of variable speed is conducted
with the analytical formula (11) adopted. When the speed is
stable at 600 r/min, these results are acquired as: θ on = 6.09°,
θIref = 7.6°, Irms = 1.93 A, and η = 94.1%. When the speed is
stable at 1000 r/min, these results are acquired as: θ on = 5.14°,
θIref = 7.44°, Irms = 2.02 A, and η = 95.6%. These results are
basically consistent with those obtained by the proposed analyti-
cal formula and the solved turn-ON angle can successfully make
the ik(θ) reach Iref near θm, which aligns with the theoretical
analysis for the SRM in Mode I. When the speed is stable at
1500 r/min, the simulation results are acquired as: θ on = 2.43°,
θIref= 5.37°, Irms= 2.47 A, and η= 96.6%. This solved turn-ON

angle makes the ik(θ) reach Iref in advance, because another
intersection (θp1) between the ψk (θ, ik) and the ψref (θ, Iref) is
generated, as the situation mentioned in Fig. 5(a). At this time,
the generated large phase current in the interval [θp1, θm] will
cause an energy loss and reduce the efficiency of SRM.

Fig. 11. Simulation results of variable load with the turn-ON angle obtained
by the conventional analytical formulas. (a) Obtained by (9). (b) Obtained
by (11).

In Fig. 11, the simulation of variable load is conducted with
the conventional analytical formulas. In Fig. 11(a), the turn-ON

angle obtained by (9) is adopted. When the load of SRM is equal
to 1 N.m or 2.5 N.m, the solved turn-ON angle makes the ik(θ)
reach Iref at a position exceeding θm and cannot achieve the
MTPA of SRM. When the load is adjusted to 4 N.m, the turn-ON

angle makes the SRM enter the situation depicted in Fig. 5(b),
where the ik(θ) can never reach Iref and the SRM cannot reach the
N. In Fig. 11(b), the turn-ON angle obtained by (11) is adopted.
When the load is equal to 1 N.m or 2.5 N.m, the solved turn-ON

angle is basically consistent with that obtained by the proposed
analytical formula, and the ik (θ) can reach Iref near θm. When
the load is adjusted to 4 N.m, the solved turn-ON angle makes
the ik(θ) reach Iref in advance and causes an energy loss, as the
situation depicted in Fig. 5(a).

Under various operating conditions, the above simulation
results are compared and listed in the Table II. All in all,
the turn-ON angle obtained by (9) is over delayed due to the
ignorance of back-EMF. The solved angle will make the ik(θ)
reach Iref at a position exceeding θm and cannot achieve the
MTPA control of SRM. Moreover, it is easy to fall into the
situation in Fig. 5(b) and the SRM cannot operate normally. The
optimal turn-ON angle obtained by (11) can be accurate in mode
I, but it has complex solution and form. Besides, when the SRM
enters the mode II, it is easy to fall into the situation in Fig. 5(a),
where the ik(θ) will reach Iref in advance and cause an energy
loss. By the proposed analytical formula, the solved turn-ON

angle can make the ik(θ) reach Iref at θm or θx with a low error
under any operating conditions, and the efficiency of the SRM
can be improved owing to the reduction of copper losses. From
the Table II, compared to the conventional methods, the Irms is
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TABLE II
SIMULATION RESULTS COMPARISON

Fig. 12. Experiment platform.

less and the η is higher in the proposed analytical formula for
a certain working point, which means a more accurate optimal
turn-ON angle is solved. In addition, it can be observed that the
SRM is more likely to shifts to mode Ⅱ when the load or the
reference speed of SRM is increased, which is consistent with
the above theoretical analysis.

V. EXPERIMENTAL RESULTS ANALYSIS

To further validate the effectiveness of the proposed opti-
mal turn-ON angle and its corresponding analytical formula,
an experimental platform is established, as shown in Fig. 12.
Similarly, the conventional analytical formulas (9) and (11) are
utilized to make a comparison. The parameters of SRM are listed
in Table I and the setting parameters are the same as those in
the simulation. The asymmetric half-bridge power converter is

Fig. 13. Experimental results of variable speed with the optimal turn-ON angle
obtained by proposed analytical formula.

adopted and the terminal voltage of dc bus (Udc) is set to the
rated voltage of SRM (220 V). A magnetic powder brake with
an accuracy of 0.127 N.m/div is selected as the load, which can
be adjusted by the brake controller. The phase current signals
and the position signals of SRM are acquired by the current
sample circuit and the position sensor, respectively. All of these
signals are sent to the YXSP6000 controller for processing and
generating all control commands.

The results of variable speed experiment with the turn-ON

angle obtained by the proposed analytical formula are shown
in Fig. 13. The load is fixed at 2 N.m and the reference speed
(N) is changed from 600 r/min to 1000 r/min, from 1000 r/min
to 1500 r/min. At 600 r/min and 1000 r/min, the kact and ktm
satisfy (17) and the SRM is in mode Ⅰ. When the speed is
stable at 600 r/min, the optimal turn-ON angle obtained by (25)
satisfies θopt = 6.20° and the position where the ik(θ) reaches
Iref just right satisfies θIref = 7.55°. When the speed is stable at
1000 r/min, the optimal turn-ON angle obtained by (25) satisfies
θopt = 4.87° and the ik(θ) satisfies θIref = 7.46°. These obtained
turn-ON angles can successfully make the ik(θ) reach the Iref
near θm. In addition, at 600 r/min, the Irms and η are 2.02 A
and 90.4%, respectively, and at 1000 r/min, they are 2.28 A and
92.5%, respectively. When the N continues to increase and the
speed is stable at 1500 r/min, the SRM enters modeⅡ as the kact
drops and the SRM satisfies (18). It can be seen from the enlarged
phase current image that there is almost no current chopping in
SRM, which aligns with the theoretical analysis in Mode II. The
optimal turn-ON angle obtained by (30) satisfies θopt = 2.55°
and the ik(θ) satisfies θIref = 6.71°. The Irms and the η in this
operating point satisfy Irms = 2.61 A and η = 94.2%.

For comparison, variable speed experiments are conducted
based on the turn-ON angle obtained by conventional analytical
formulas (9) and (11) under the same operating conditions.

The results of variable speed experiment with the turn-ON

angle obtained by (9) are shown in Fig. 14. The load is fixed at
2 N.m and the N is changed from 600 r/min to 1000 r/min, from
1000 r/min to 1500 r/min. When the speed is stable at 600 r/min,
the experiment results are acquired as: θ on = 6.68°, θIref =
8.47°, Irms= 2.07 A, and η= 89.5%. When the speed is stable at
1000 r/min, the experiment results are acquired as: θ on = 5.38°,
θIref = 10.45°, Irms = 2.37 A, and η = 91.2%. Obviously, these
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Fig. 14. Experimental results of variable speed with the turn-ON angle ob-
tained by (9).

Fig. 15. Experimental results of variable speed with the turn-ON angle ob-
tained by (11).

obtained turn-ON angles are over delayed, which make the ik(θ)
reach Iref at a position exceeding θm and cannot achieve the
MTPA of SRM. When the speed is low, the error of the optimal
turn-ON angle is small. But when the speed increases, the error
enlarges rapidly and the efficiency drops sharply. When the N is
increased to 1500 r/min, the results are acquired as follows: θ on

= 4.13°, θIpeak = 7.22°, Irms = 3 A, and η = 92.1%. In this
operating point, it can be seen from the local enlarged images
that the obtained turn-ON angle cannot make the ik(θ) reach Iref,
and the speed of SRM cannot stably reach the reference speed,
causing the abnormal operation of SRM, as the situation depicted
in Fig. 5(b).

The results of variable speed experiment with the turn-ON

angle obtained by (11) are shown in Fig. 15. The N is changed
from 600 r/min to 1000 r/min, from 1000 r/min to 1500 r/min,
with the load fixed at 2 N.m. When the speed is stable at
600 r/min, the experiment results are acquired as: θ on = 6.22°,
θIref = 7.6°, Irms = 2.03 A, and η = 90.3%. When the speed
is stable at 1000 r/min, the experiment results are acquired as:
θ on = 4.84°, θIref = 7.43°, Irms = 2.29 A, and η = 92.4%. In
these two operating points, as the theoretical analysis in Mode I,
these obtained turn-ON angles are basically consistent with those
obtained by the proposed formula, and the ik(θ) can successfully
reach Iref near θm. When the N continues to increase and the
speed is stable at 1500 r/min, the experiment results are acquired
as: θ on = 2.04°, θIref = 5.48°, Irms = 2.86 A, and η = 93.3%.

Fig. 16. Experimental results of variable load with the turn-ON angle obtained
by the proposed analytical formula.

Fig. 17. Experimental results of variable load with the turn-ON angle obtained
by (9).

The solved turn-ON angle makes the ik(θ) reach Iref in advance
and causes an energy loss in vain, as the situation depicted in
Fig. 5(a).

The results of variable load experiment with the turn-ON

angle obtained by the proposed analytical formula are shown
in Fig. 16. The N is fixed at 1000 r/min and the load are 1 N.m,
2.5 N.m, and 4 N.m, respectively. The results of steady-state
operation stage are recorded and the dynamic stage are ignored,
as that is not our focus and takes up a large space of the figure.
When the load of SRM is set to 1 N.m or 2.5 N.m, the SRM
system enters mode Ⅰ. The obtained optimal turn-ON angle at
1 N.m satisfies θopt = 5.8° and the ik(θ) can reach the Iref
near θm (θIref = 7.47°). The obtained optimal turn-ON angle
at 2.5 N.m satisfies θopt = 4.3° and the ik(θ) can also reach
the Iref near θm (θIref = 7.45°). At 1 N.m, the Irms and η are
1.72 A and 93.6%, respectively, and at 2.5 N.m, they are 2.54 A
and 92.1%, respectively. When the load is adjusted to 4 N.m,
the SRM system enters mode Ⅱ. As the local enlarged current
waveform shown, there is almost no current chopping in SRM as
well. The turn-ON angle obtained by (30) satisfies θopt = 2.84°
and the ik(θ) satisfies θIref = 6.81°. At this time, the Irms and η
are 3.68 A and 87.8%, respectively.

Similarly, for comparison, the variable load experiment with
the turn-ON angle obtained by (9) is conducted and shown in
Fig. 17. The N is fixed at 1000 r/min and the load are 1 N.m,
2.5 N.m, and 4 N.m, respectively. When the load of SRM is set
to 1 N.m or 2.5 N.m, the solved turn-ON angle makes the ik(θ)
reach Iref at a position exceeding θm and cannot achieve the
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Fig. 18. Experimental results of variable load with the turn-ON angle obtained
by (11).

TABLE III
EXPERIMENTAL RESULTS COMPARISON

MTPA of SRM. When the load is adjusted to 4 N.m, the turn-ON

angle makes the SRM enter the situation depicted in Fig. 5(b),
where the ik(θ) cannot reach Iref and the SRM fails to operate
normally, as the local enlarged waveform shown.

In Fig. 18, the variable load experiment with the turn-ON angle
obtained by (11) is conducted. The N is fixed at 1000 r/min and
the load are 1 N.m, 2.5 N.m, and 4 N.m, respectively. When the
load is equal to 1 N.m or 2.5 N.m, the solved turn-ON angle is
basically consistent with that obtained by the proposed analytical
formula, and the ik (θ) can reach Iref near θm. When the load
is adjusted to 4 N.m, the results are acquired as: θ on = 2.58°,
θIref = 5.66°, Irms = 3.77 A, and η= 86.9%. The solved turn-ON

angle makes the ik(θ) reach Iref in advance and causes an energy
loss, as the situation depicted in Fig.5(a).

The experimental results based on the turn-ON angle obtained
by the proposed analytical formula and conventional methods
are compared and are listed in the Table III. Same conclusion

can be drawn: the turn-ON angle obtained by (9) is over delayed,
which cannot achieve the MTPA control of SRM and even
causing the abnormal operation of SRM when it falls into the
situation in Fig. 5(b). The turn-ON angle obtained by (11) can
also find the optimal turn-ON angle in mode I, but it has complex
solution and form. Besides, it is easy to fall into the situation
in Fig. 5(a) when the working condition is changed and the
SRM enters mode II. At this time, the ik(θ) will reach Iref in
advance and cause an energy loss. By the proposed analytical
formula, the obtained turn-ON angle can make the ik(θ) reach Iref
at θm or θx with low error under any operating conditions, and
reduce the energy loss as much as possible. From the Table III,
compared to the conventional methods, the Irms is less and the η
is higher in the proposed analytical formula for a certain working
point, which means a more accurate optimal turn-ON angle is
solved. And it also shows that the SRM system is more likely
to shifts to mode Ⅱ when the load or the reference speed of
SRM is increased. In addition, it can be seen from the Table II
and the Table III that there is a certain difference between the
simulation results and the experiment results, which is primarily
due to the difference between the actual SRM model and the
simulated SRM model built. And the factors such as iron loss,
mechanical loss are ignored in the simulation, which also causes
the difference of the results. In addition, calculation accuracy,
measurement errors, and environmental factors will all affect the
simulation and experimental results differently.

VI. CONCLUSION

Focusing on the drawbacks of the optimal turn-ON angle of
SRM and its analytical formula in the existing research, this arti-
cle presents an improved efficiency optimization control method
of SRM based on a redefined optimal turn-ON angle and its
corresponding analytical formula. On the basis of flux-linkage
analysis, the SRM system is divided into two modes according to
different operating conditions, with each mode corresponding to
different optimal turn-ON angles. Through theoretical analysis,
simulations and experiments verification, the following conclu-
sions are drawn.

1) The SRM enters mode I when the kact and ktm satisfy
(17), where the existing optimal turn-ON angle is available.
But the existing analytical formula of this optimal turn-ON

angle has either low accuracy or complex solution. The
presented analytical formula in this article can obtain this
optimal turn-ON angle with low error, thereby reducing
the energy loss and improving the efficiency of SRM.
Meanwhile, its solution is convenient and its form is
simple, which avoids the complex calculation of nonlinear
phase current and utilizes the linear flux-linkage in θo1 to
quickly obtain the optimal turn-ON angle.

2) The SRM enters mode II when the kact and ktm satisfy
(18), where the existing optimal turn-ON angle is unavail-
able as it either causes an energy loss in vain or prevents
the SRM from operating normally. The redefined optimal
turn-ON angle for mode II in this article makes the peak of
the ik(θ) occur at θx, which can reduce the energy loss as
much as possible. The corresponding analytical formula
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for mode II is also presented in this article, which can
solve the redefined optimal turn-ON angle accurately. In
addition, the analytical formulas for the two modes are
similar in form, and both are deduced based on the fast
flux-linkage calculation.
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