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Magnetic characteristics of the SRM can be monitored directly in the detection of
commutation instants. However, the mutual inductance effect between the adjacent
phases is prominent for the switched reluctance motor when the adjacent phases are
energized simultaneously. Consequently, mutual coupling will distort the response current
profile of the injection voltage phase, thereby affecting position estimation precision. In
order to acquire a precise estimation and accommodate it for the SRM drive system,
it is necessary to take into consideration the modifications for the sensor-less scheme.
This study presents a unique rotor position estimation approach to eliminate the mutual
inductance effect by using the phase current slope difference method. The sensor-less
scheme is achieved by setting a low and a high threshold, and a series of voltage pulses
are injected in the idle phase alternately, synchronizing with the chopping current control.
Without prior knowledge of mutual inductance and any additional position sensor, a
precisely estimated rotor position is achieved. A dynamic model of a 12/8 SRM model is
established to evaluate its validity, and both simulation results and experimental evaluation
indicate that the proposed sensor-less control can be accomplished with an adequate
precision used in a variety of applications.

Keywords: double-convex motor, precision control, sensor-less control, rotor position, mutual inductance

1 INTRODUCTION

The switched reluctance motor (SRM) is of great potential to be widely used in applications
such as electric vehicles, household appliances, aerospace, and other fields because of its simple
structure, strong fault-tolerant ability, and flexible control characteristic (Torkaman and Afjei, 2013;
Sato et al., 2016; Chang et al., 2015; Sun et al., 2020; Mynar et al., 2020). Good performance for SRM
operation depends greatly on real-time rotor position, which should be synchronous with the
commutation of the phase (Bu and Xu, 2001; Khalil et al., 2005; Hudson et al., 2008; Cai and
Deng, 2012; Betin et al., 2014; Cai and Deng, 2015; Cai et al., 2020; Gan et al., 2020).

However, the application of position sensors such as hall sensors and encoder
increases the complexity and reduces the reliability of the system, which excludes the
motor from many specific applications (Hu etal,2015). Appropriate control parameter
turn-on and turn-off is essential to the position control of the SRM drive system.
Therefore, it is essential for researchers to develop a practical sensor-less position detection
technique, which is a key necessity for the development of the SRM drive system.
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In recent years, scholars have put forward a series of sensor-
less position estimation schemes, including pulse injection
method, inductance-based approach, and Artificial Intelligence,
on which the rotor position depends in terms of inductance,
flux linkage, or electromagnetic force, all related to rotor
position (Mese and Torrey,2002; Cheok and Ertugrul,2000;
Gan et al,, 2016; Hu et al., 2015).

When the identified winding inductance is developed
to set the commutation shift angle, based on the observed
speed, winding current command, and observed inductance,
the inductance model-based strategy is promoted by
Gaoetal. (2004), and the implementation of relationships
between phase current, phase incremental inductance, and
rotor position is accomplished to estimate the position for the
low-speed operation, and the method is not affected by the
magnetic characteristics of the SRM. When the sensor-less
control with a super-high speed of 20,000 rpm is achieved by
adaptively tuning the general nonlinear magnetizing model
(GNMM) with minimum input data, the high-accuracy rotor
position is accomplished (Xu and Wang, 2002). A rotor position
estimation approach using only one current sensor is achieved by
Gan et al. (2016), with decoupled excitation current, separated
bus current, and extracted rotor position from the excitation
current. The method is suitable for both low-speed and high-
speed operation, in which the current-chopping-control mode
and voltage-pulse-control mode are used, respectively. The
corresponding characteristic between rotor position and the
magnetic status is fully investigated by Fahimi et al. (2005). The
proposed structure modification of the sensor-less scheme is
contributed to the application of four-quadrant operation.

The precision of most rotor position estimation methods
aforementioned depends on the accuracy of the characteristic of
flux linkage or inductance, which is likely to decrease with the
mutual flux of the adjacent conduction phase.

Torque ripple is the primary problem in the application of the
SRM. To solve the problem, the torque sharing function (TSF)
(Xue et al., 2009); Ye et al., 2015b) is widely used to reduce the
torque ripples in the torque control. The commutation angle is
significant for the TSF scheme, especially when the motor is
operated at a low speed. It is necessary to consider the mutual
flux in the estimation of the rotor position. Literature about
mutual flux on sensor-less control schemes is still limited. Mutual
coupling characteristics of two-phase excitation flux-linkage are
obtained by using the finite-element analysis technique given by
Farshad et al., (2005). Considering the magnetic coupling effects,
the flux-linkage characteristics of the adjacent phase are predicted
based on the implemented model.

The position estimated error produced by the effect of mutual
inductance is found in the study by Kuai et al. (2017), and the
mutual inductance characteristics under both the single-phase
excitation and two-phase excitation situations are analyzed. The
flux linkage-difference-based method is adopted to reduce the
effect of mutual inductance and improve the accuracy of the
estimation position. A novel strategy considering the mutual
flux effect and magnetic saturation on the estimation position
is developed in the study by Ye et al., (2015a). Three modes are
classified and analyzed, and the estimation error caused by the

position is +1% and +7% by the current. By using the proposed
mode III, the error produced by the mutual flux effect disappears,
and 2° is improved in terms of estimation position by combining
the variable-hysteresis-band current control method.

A comparison between Ye’s research and the proposed study
is performed as below. In Ye’s research, the rotor information
is extracted from the excitation current, and the analysis of the
mutual flux effect is made between the conducting phase. The
primary difference between the proposed method based on the
injection pulses method and the effect of the excitation current
on the response current of the injection voltage pulse is fully
investigated, the chopping current is synchronized with the pulse
injection, which is taken as a synchronous current chopping
method, and the effect of the mutual flux effect can be eliminated
and the estimated accuracy is highly improved.

The organization of this article is shown as follows. Section 2
shows the principle of SRM position estimation considering
mutual inductance; issues related to the elimination of the mutual
inductance are demonstrated in Section 4; the evaluation of
the proposed estimation approach and a comparative analysis
between proposed and traditional estimation is given for a 5.5-
kW SRM is present in V. The contribution is summarized as
follows.

(1) Mutual inductance effect between the adjacent phases is
eliminated.

(2) Position estimation precision is improved with the high
accuracy of inductance information.

(3) A prior knowledge of mutual inductance and any additional
position sensor is eliminated and high control performance
is achieved.

2 PRINCIPLE OF SRM CIRCUIT EQUATION
CONSIDERING MUTUAL INDUCTANCE

In this study, the rotor position is continuously estimated by
injecting high-frequency pulses into the idle phase. In the two-
phase simultaneous excitation field, the excitation phases are
represented by A and B phases. The phase voltage equation is
expressed as follows:

d
v.=Ri + s
dt 1
- o)
s y
Vy = Rly + E
Mode: v,, i,, and y_are phase voltage, phase current, and flux

linkage of X phase, respectively; v,, i,, and y, are the phase voltage
of Y phase, phase current, and flux linkage, respectively; and R is
phase resistance.

Considering the effect of interphase mutual inductance, the
flux linkage equation of A and B phases is

{wx =V ¥, @

V/y = Wy,y + 1//y,x
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FIGURE 1| Three-phase 12/8 pole SRM flux density distribution map.
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FIGURE 2 | Inductance curve of three-phase 12/8 pole SRM.(A)
Self-inductance curve profile. (B) Mutual inductance.

In the formula, v, and y,  are self-inductance flux linkage
of A and B phases, respectively, and y, and y,, are mutual
inductance flux linkage.

The magnetic flux linkage can be expressed by the function of
inductance and current, so eq. 2 can be expressed as

M [fwy ﬁ“] HE ()

V’A = Lx,x . (4)
L and L,

ox, _are self-inductance of A and B phases
respectively; M, and M, are mutual phase mutual inductance
of y and x phase, respectively. When eq.3 is substituted
by eq. 1, the self-inductance saturation is neglected, and the

phase voltage equation with mutual inductance is taken into
account

q [ dlx
v ] [1 ] [ Lxx Minc 5% E
| —R| ™|+ X x> ;
[Vy Ly Minfy)x Ly,ym ] @
L dt
dL,, oM, ]
do 00 L
+w, aMy’x i o _iy . (5)
20 ]

 and w,, are motor rotor position angle and angular velocity,
respectively.M;, andecy’x are mutual increment inductance of
A phase and B phase, which can be expressed as

. aw
M, =M, + lya_iy

3. (6)
Mincy,x =M, + lxa_ix

In order to improve output torque and restrain torque
ripple, the motor is always in the working state of two-phase
simultaneous conduction. The excitation in the three-phase
similar derivation, available at the same time considering mutual
inductance of three-phase excitation phase voltage equation, is

@
v, i ctliit i
v, | =R z:y +D d_;' +w,] z:y . (7)
z I % I
dt
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FIGURE 3 | Flow diagram of the working mode for three-phase 12/8 pole SRM.

The matrix inductance and inductance varies with the rotor
position changes, and the expression is

Lx,xfm Mincfx,y Mincfx,z
D= M, . Ly)yim My | (8)
Mincfz,x Minc,z,y Lz,z,m

1ckiup

Ick dn

N
Ude

FIGURE 4 | Schematic diagram of the synchronous current chopping
method.

de,xfm aMX D4 aMx Z
do a0 a0
jo| oM, dL,, oM, ©
a0 do a0
oM, oM,, dL_,,
a0 a0 do

3 PROPOSED APPROACH OF THE
SENSOR-LESS CONTROL SRM POSITION
ESTIMATION CONSIDERING MUTUAL
INDUCTANCE

3.1 Analysis of the Influence of Mutual

Inductance on Self-Inductance Estimation
This study uses the jmag software on a three-phase 12/8 pole
switched reluctance motor by finite element analysis.

The flux density distribution map of single-phase excitation
and two-phase excitation for a 12/8 SRM is described in
Figures 1A,B respectively. Compared with the single-phase
excitation mode, the two-phase excitation mode is defined as
the short magnetic excitation, and magnetic circuits are mutual
influence. In Figure 2A, when an individual phase is conducted,
one can note that as the excitation current increases, the
phenomenon of self-inductance curve saturation will appear.
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FIGURE 5 | Control flow chart of the synchronous current chopping method.
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FIGURE 6 | Schematic diagram of three-phase self-inductance partitions.

TABLE 1 | Self-inductance sub-region logic.

Self-inductance size Location partition Position estimation phase

Lo <Lioworlgg > Lpgn | C
Lo < LjgyorLy 4 > Lh,-gh ] B
Lgg <LiworLec > Lygn 1l A

As described in Figure 2B, when the adjacent phases
are energized simultaneously, mutual inductance appears. It
indicates that the absolute value of mutual inductance increases
with increasing energized current and the value approaches

8.61% compared with that of self-inductance. Following this, the
influence of mutual inductance on self-inductance estimation
and position estimation is analyzed. To minimize the effect of
mutual inductance, the situation when the voltage pulses are
injected synchronously with the sequence of conducting phases
should be considered.

This study adopts the pulse injection relationship between
phase inductance and rotor position to realize rotor position
estimation; therefore, real-time pulse injection phase inductance
must be obtained, taking a power converter using a three-
phase 12/8 asymmetrical half-bridge circuit switched reluctance
motor as an example. First, the following two assumptions are
made:

(1) In the pulse injection phase, the switch works in the hard
switching mode, that is, the switch of one phase bridge arm
is only fully open and fully closed in two states;

(2) The self-saturation of the pulse injection phase can be
neglected since the pulse injection frequency is very high
and the corresponding pulse current amplitude is very small.

(3) Based on the aforementioned conditions, the two-phase
conduction state of the SRM is shown in Figure 3,
and in the pulse injection phase, the switching tube is
switched on and off, and the voltage equations can be
expressed as

di (t on) dL
. P \'p— pop_rm
Ue=Ri,+L,, , 7 + 70 1, W,

dicl (tp_on) aMp,cl .

iq0,, (10)

+ Minc_p,cl dt + ae
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di, (tp—oﬁ ) dL,,

-Ug=Ri,+L,, 7 + 20 1w,
di, (t, 5) M
c _off pcl
+ M, + i,w,. 11
inc_p,cl dt ae cl™m ( )

Since the switching period is very short, the current,
inductance, and angular speed change is very small. Therefore, it

is possible to ignore the changes in the winding resistance, voltage
drop, and back EMF during a switching period:
2Udc-M AS

inc_p,cl cl

L
PPm
AS,

(12)

The difference of the current slope between C1 and p in A and
B is obtained by the following formula:

() i)
dt a

AS,, = (13)
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dip (tpfon) dip(tpfoﬁ )
ASy = ——— - (14)

When the mutual inductance is neglected, the inductance can
be obtained by the lower form:

20,
= —. 15
D.p ASP ( )

Therefore, the self-inductance estimation error of the pulse
injection phase caused by single-phase mutual inductance can be

calculated by the lower model:

(LP>PJ” - LP,P) _Minc_p,cl Ascl
E,= = . (16)
? L 2U, - M, ,As

‘pp_m incp,cl cl

In order to reduce the torque ripple of the motor, the SRM
is always in the state of two-phase conduction at the same time
of phase change. After similar deduction, the self-inductance
estimation error caused by the mutual inductance during the
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two-phase conduction is obtained:

-M

inc_p,cl

As, —M

inc_p,c2

As,—M

As,,

E .
As,,

a 2Udc_Mi

17)

ncp,cl inc_p,c2

Mode: C2 represents the two-phase conduction phase, and the
current slope difference for the C2 phase can be obtained by the
lower form:

dicy(ty.0n)  dia(t,..1)
dt - dt

As,, = . (18)

3.2 Eliminating the Influence of Mutual

Inductance in the Drive System

Based on the aforementioned error analysis, this study presents a
method for eliminating the mutual inductance of the conduction
phase. Its principle and control flow are shown in Figures 4,5,
respectively. Icl is defined as the actual current at the conducting
phase, and ick_up and ick_dn represent threshold values. The
power transistor is switched on when the PWMinj is set at a
high level, and Enchop stands for enabling signal. The chopping
current is synchronized with the pulse injection, which is taken
as a synchronous current chopping method.

3.3 Three-phase Inductance Partitioning
Strategy

The prototype of a three-phase 12/8 structure switched reluctance
motor, a motor induction period of 45, a self-cycle is divided
into three partitions, each partition has a decline that is sensitive
to the change of phase inductance monotonously, and the phase
inductance with angle, as shown in Figure 6, using the phase of
the partition position estimation. The position of each division in
the two-phase estimation of self-partition end-position values at
Ly, and Ly, as the top and bottom threshold of self-inductance
threshold partition logic can be shown in Table 1, respectively.

3.4 An Estimation Strategy for Initial
Position

The traditional method of initial position estimation usually
adopts the method of injecting high-frequency pulse at the same
time, ignoring the influence of mutual inductance.

ﬁ lagnetic powder brake ==
erter .

Y 7 A
) T 5°% (Brake resistor

Switchgghictance,

) e = >y
torque tran uc‘erﬁ FX

- i b Oscilloscope
N —

FIGURE 11 | Hardware of the experimental system.

In order to eliminate the influence of injected mutual
inductance, when the SRM is in a static state or with an initial
speed state, this study adopts the method of injecting pulses
into the three-phase winding of the SRM in turn to obtain the
three-phase self-inductance in turn. According to the three-phase
self-inductance and self-inductance relationship in Table 1, the
top threshold L, and the bottom threshold L, are used to
determine the initial position estimation phase, thereby obtaining
the initial rotor position.

3.5 Position Estimation Strategy for Driver

Operation

During normal driving operation, high-frequency pulses are
injected into the non-conducting phase in turn, and the injection
interval is the mechanical angle, and there is no interval in
which two phases are injected at the same time, so the influence
of the injection mutual inductance on the self-inductance
estimation of the injected phase is eliminated. The specific
process of the algorithm is as follows: first, the initial position
is estimated by the initial position estimation strategy, and
then the initial position estimation phase and the conduction
phase are judged. After starting, the estimated injection phase
self-inductance bottom threshold L, and self-inductance top
threshold L, are compared and the position estimation phase is
switched.

4 SIMULATION AND EXPERIMENT

4.1 Simulation Verification

In order to verify the aforementioned theory, this study uses
the JMAG-RT software to establish a Simulink simulation model
of the SRM prototype considering the mutual inductance, and
based on the motor model, the simulation and verification of
the position sensor-less control scheme with and without the
proposed method are carried out in Simulink. In the simulation,
the pulse injection frequency is 3.3 kHz, the duty cycle is 33%,
and the bus voltage is 200 V. In the simulation without using the
method in this study, the current chopping frequency is fixed
at 4 KHz. During normal driving operation, pulses are injected
in the non-conducting region except for the conduction-related
discontinuous current interval.

When the motor is in a light-load state (the given current
is 25 A), the simulation waveforms of the control scheme using
the method in this study and the control scheme not using
the method in this study are shown in Figure 7 and Figure 8,
respectively. It can be seen that the maximum position errors of
the two schemes are distributed at the junction of the inductance
partition. Among them, the maximum angle error of the control
scheme without the method proposed in this study is about 3.9°,
while the maximum position error of the control scheme is about
1.55°. Therefore, the rotor position angle estimated by this scheme
is more accurate under light-load conditions.

When the motor is under heavy load (the given current is
45 A), the simulation waveform is as shown in Figure9 and
Figure 10. The maximum angle error of the control scheme
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without the method proposed in this study is about 3.4°, while the
maximum position error of the control scheme is about 1.55°, and
the maximum position error is also distributed at the junction of
the inductor partition. Therefore, this scheme can also estimate
the rotor position more accurately under heavy load conditions,
and its accuracy is higher than that of the control scheme without
the method proposed in this study.

4.2 Experimental Verification

The experimental motor is a switched reluctance motor with
a three-phase 12/8-pole structure, the digital controller is
TMS320F28335 from TI, and the power circuit part adopts
a traditional asymmetric half-bridge structure. A four-pole-
wound resolver is used as a position sensor to easily compare
the estimated position with the actual position, with a pulse
injection frequency of 3.3 kHz, a duty cycle of 33%, and an
open angle. Figure 11 is a physical diagram of the experimental
system.

Figures 12A,B show the experimental waveforms of the actual
position, estimated position, and position estimation error of the
rotor with and without the proposed scheme when the given
current is 25 A and the rotational speed is about 200 rpm. It can be
seen that the maximum position estimation error of the proposed
scheme is about 3.1°, while the maximum position estimation
error of the proposed scheme is about 5.1°.

Figures 13A,B show the experimental waveforms of the actual
position, estimated position, and position estimation error with
and without the proposed scheme when the given current is 45 A.
It can be seen that the maximum position estimation error with
the proposed scheme is about 3.6°, and the maximum position
estimation error without the proposed scheme is about 4.5°.

It can be seen from the aforementioned experimental
waveforms that the experimental results are consistent
with those of theoretical analysis. Compared with the
scheme without the method proposed in this study, the
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