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Letters
Elimination of Mutual Flux Effect on Rotor Position Estimation of Switched
Reluctance Motor Drives Considering Magnetic Saturation
Jin Ye, Student Member, IEEE, Berker Bilgin, Member, IEEE, and Ali Emadi, Fellow, IEEE

Abstract—In this letter, an approach to eliminate the mutual flux
effect on the rotor position estimation of switched reluctance motor drives without a priori knowledge of mutual flux is proposed,
while operating in both linear and saturated magnetic regions.
Considering magnetic saturation, the incremental-inductance estimation using the phase current slope difference method can be
classified into three modes: Modes I–III. At positive-current-slope
and negative-current-slope sampling point of one phase, the sign
of current slope of the other phase changes in Modes I and II,
but does not change in Mode III. Theoretically, the incrementalinductance estimation error introduced by the mutual flux is both
rotor position and phase current dependent, which is ±1% to
±7% for the studied motor in Modes I and II. However, in Mode
III, the mutual flux effect does not exist. Therefore, two methods are
proposed to ensure that the incremental-inductance estimation is
working in Mode III exclusively. The first one is variable-sampling
incremental-inductance estimation for the outgoing phase and the
other is the variable-hysteresis-band current control for the incoming phase. Simulation and experimental results show that the
proposed method improves position estimation accuracy by 2° compared with the conventional method without variable-sampling and
variable-hysteresis-band current control.
Index Terms—Magnetic saturation, mutual flux, rotor position
estimation, switched reluctance motor (SRM) drives.

I. INTRODUCTION
OSITION sensorless control of a switched reluctance motor (SRM) is gaining interest in recent years in low-cost motor drives [1]–[10]. Most approaches are focused on estimating
the flux linkage, inductance or electromagnetic force, which are
rotor position dependent. The mutual flux effect has been widely
included in equivalent circuit modeling of the SRM [11]–[13];
however, the mutual flux effect has not been fully considered in
the rotor position estimation. In [14] and [15], the mutual flux effect on the flux linkage estimation of the SRM is studied and then
the mutual flux is simulated or measured in advance to calibrate
the estimated flux linkage. By considering the mutual flux, rotor
position estimation accuracy is improved. However, the mutual
flux simulation or measurement may not be accurate due to
noise or manufacturing imperfections. Also, flux-linkage-based
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rotor position estimation methods suffer from the low accuracy
at low speed. In [16], an approach to eliminate the mutual flux
effect on the rotor position estimation is presented without a
priori knowledge of mutual flux of SRM. Self-inductance is estimated by the current slope difference method and this method
is capable of working at the wide speed range, but the operation
is limited to linear magnetic region only.
In this letter, without dependence on mutual flux profiles,
two methods are proposed to eliminate the mutual flux effect
on the rotor position estimation of SRM drives working in
both linear and magnetic saturation regions: 1) variable sampling for the outgoing-phase incremental-inductance estimation; and 2) variable-hysteresis-band current control for the
incoming-phase incremental-inductance estimation. Considering the mutual coupling and magnetic saturation, instead of selfinductance, the incremental inductance is estimated, by using the
phase current slope difference method. Then, theoretical analysis of the incremental-inductance estimation error introduced by
the mutual flux is provided. Three operational modes are defined
for incremental-inductance estimation. In Modes I and II, at
the positive-current-slope and negative-current slope sampling
point of one phase, the sign of the current slope of the other phase
is different. In Mode III, the sign of the current slope of the other
phase is the same. According to magnetic characteristics of the
studied SRM, in Modes I and II, the mutual flux introduces ±1%
to ±7% incremental-inductance estimation error depending on
the phase current and rotor position, while in Mode III, the mutual flux effect does not exist. Therefore, the variable-sampling
method is proposed for the outgoing-phase incrementalinductance estimation to ensure that the operation in Mode III is
maintained. Due to limitations of the variable-sampling method
applied incoming-phase incremental-inductance estimation, the
variable-hysteresis-band current controller is proposed for
incoming-phase incremental-inductance estimation. With the
proposed methods, the mutual flux effect on the incrementalinductance estimation of the SRM can be eliminated. With estimated incremental inductance and measured phase current, the
rotor position can be estimated in saturated magnetic region or
linear magnetic region. Simulation and experimental results are
provided to verify the performance of the proposed rotor position estimation methods working in saturated magnetic region.
II. DYNAMIC MODEL OF THE SRM CONSIDERING MUTUAL
FLUX AND MAGNETIC SATURATION
During commutation, the incoming and outgoing phases
are represented as kth and (k–1)th phases, respectively. Phase
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voltage equations are derived as follows:
∂λk
∂t
∂λk −1
vk −1 = Rik −1 +
(1)
∂t
where vk , ik , and λk are the phase voltage, current, and flux
linkage of kth phase, respectively.
The flux linkage can be represented as follows:
 



Mk ,k −1
Lk ,k
ik
λk
=
(2)
λk −1
Mk −1,k Lk −1,k −1
ik −1
vk = Rik +

where Lk ,k and Lk −1 , k −1 are the self-inductances of the kth and
(k–1)th phases, respectively, and M k , k −1 and M k −1 , k are the
mutual inductances.
Considering magnetic saturation, the self-inductance is a
function of the rotor position and current. Substituting (2) into
(1), the phase voltage equations can be derived as follows:




ik
vk
=R
vk −1
ik −1
⎤
⎡

 di k
Linc k
Minc k ,k −1 ⎣ dt ⎦
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di k −1
Minc k −1,k Linc k −1,
dt
⎡ ∂ Lk ,k
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∂θ

∂ M k , k −1
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⎦ ik
ik −1

(3)
Fig. 1.

where θ and ωm are rotor position and angular speed, respectively; incremental inductance and incremental mutual inductance can be denoted as follows:
dLk ,k
Linc k = Lk ,k + ik
; Linc k −1
dik
= Lk −1,k −1 + ik −1
Minc

k ,k −1

= Mk ,k −1 + ik −1

dLk −1,k −1
dik −1

dMk ,k −1
.
dik −1

(5)

+ Minc

Phase current is controlled by a hysteresis controller. By considering the mutual flux effect and magnetic saturation, the kth
phase voltage equation is derived as (6) and (7) when kth phase
switches are ON and OFF, respectively
Udc = Rik + Linc
+ Minc

(6)

k

where tk on and tk oﬀ are time instants when the kth phase
switches are ON and OFF, respectively, dik (t k o n )/dt and
dik (tk oﬀ )/dt are the kth phase current slopes at tk on and
tk oﬀ , respectively, and Udc is the dc-link voltage.
The switching period is short enough, and therefore, the variation of the mechanical speed, inductance, back electromotive
force, and resistance can be neglected. Subtracting (6) by (7),
the kth phase incremental inductance can be estimated as (8) by
considering the mutual inductance and magnetic saturation

Linc
III. MUTUAL FLUX EFFECT ON INDUCTANCE ESTIMATION

dik (tk oﬀ ) ∂Lk ,k
+
ik ωm
dt
∂θ
dik −1 (tk oﬀ ) ∂Mk ,k −1
+
ik −1 ωm (7)
k ,k −1
dt
∂θ

−Udc = Rik + Linc

(4)

Finite-element analysis (FEA) of the studied motor was conducted using JMAG software [17]. The incremental inductance
and mutual inductance are shown in Fig. 1. As shown in Fig. 1(a),
incremental inductance is both phase current and rotor position
dependent. Therefore, by estimating incremental inductance and
measuring the phase current, the rotor position can be estimated by using incremental-inductance-rotor position-current
characteristics.

dik (tk on ) ∂Lk ,k
+
ik ωm
k
dt
∂θ
dik −1 (tk on ) ∂Mk ,k −1
+
ik −1 ωm
k ,k −1
dt
∂θ

FEA inductance profiles of 12/8 SRM.

k m

=

2Udc − Minc


k ,k −1
di k (t k
dt

di k −1 (t k
dt

on )

−

on )

di k (t k
dt

−
o ff

)

di k −1 (t k
dt

o ff

)

.

(8)
If the mutual inductance is neglected, incremental inductance
can be estimated as follows:
Linc

k

=

2U dc
di k (t k
dt

on )

−

di k (t k
dt

o ff

)

.

(9)

Therefore, incremental-inductance estimation error due to
mutual flux can be derived as follows:
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Illustration of three modes during kth phase inductance estimation.

errk = (Linc
=

k m

−Minc

− Linc k )/Linc

k ,k −1
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di k −1 (t k
dt
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k m
on )

di k −1 (t k
dt

Fig. 3.

−
on )

di k −1 (t k
dt

−

o ff

di k −1 (t k
dt

Incremental-inductance estimation error of phase A due to mutual flux.

)
o ff

)

.
(10)

In order to analyze the incremental-inductance estimation
error due to the mutual flux, three modes are defined during kth
phase incremental-inductance estimation as shown in Fig. 2:
Modes I–III. Since the incremental inductance of the incoming
phase (kth phase) is much lower, kth phase current slope is much
higher than (k–1)th phase. Upper and lower current references
of kth phase are denoted as ik up and ik low , respectively, and
upper and lower current references of (k–1)th phase are denoted
as ik −1 u p and ik −1 l o w , respectively. The positive-current slope
and negative-current slope of kth phase are sampled at tk on(III)
and tk oﬀ (III) in Mode III, t kon(II) and t kon(II) in Mode II,
and t kon(I) and tk oﬀ (I) in Mode I, respectively.
By considering the magnetic saturation, the incrementalinductance estimation error due to the mutual flux can be derived
as (11) and (12), shown at the bottom of the page, in Modes I
and II, respectively [16]. In Mode III, at tk on(III) and tk oﬀ (III) ,
(k–1)th phase current slope has the same sign (either both negative or positive). Therefore, the mutual flux effect does not exist
in Mode III
Comparing (11) and (12), the absolute value of incrementalinductance estimation error in Mode I is slightly higher than
that in Mode II. Based on the magnetic characteristics of the
studied SRM shown in Fig. 1, the absolute value of incrementalinductance estimation error of phase A due to mutual flux from
phase C in Mode I is shown in Fig. 3. Considering the magnetic saturation, incremental-inductance estimation error due
to mutual flux is both rotor position and current dependent. As
shown in Fig. 4, the mutual flux from phase C introduces around
maximum 7% and minimum 1% error in phase A incrementalinductance estimation.

errk (I) =

errk (II) =

Fig. 4. Illustration of incremental-inductance estimation of (k–1)th phase using the proposed variable-sampling scheme.

IV. PROPOSED METHODS TO ELIMINATE MUTUAL
FLUX EFFECT
Based on the error analysis in the last section, the mutual flux
introduces a maximum ±7% incremental-inductance estimation
error in Modes I and II, while the mutual flux effect does not exist in Mode III. Two methods will be proposed, which forces the
incremental-inductance estimation to operate in Mode III exclusively: the variable-sampling method for the outgoing phase
and variable-hysteresis-band current control for the incoming
phase.
A. Proposed Variable-Sampling Scheme for Outgoing-Phase
Incremental-Inductance Estimation
Illustration of the variable-sampling scheme for (k–1)th phase
(outgoing phase) is shown in Fig. 4. The positive phase current
slope of (k–1)th phase is sampled at time instants tk −1(I) on and
tk −1(II) on , which are fixed. During commutation, the sign of
kth phase current slope is changed several times during (k–1)th
phase self-inductance estimation. Therefore, in Mode I or II,
the (k–1)th phase negative-phase-current-slope sampling point
tk −1(I) oﬀ can be adjusted to ensure kth phase current slope
at tk −1(I) oﬀ and tk −1(I) on have the same signs. Therefore,
−Minc

Linc

k −1

+ Minc

k ,k −1
(L i n c k −1 −M i n c k , k −1 )
k ,k −1 (L i n c k −M i n c k , k −1 )

− Minc

(11)
k ,k −1

Minc

Linc

k −1

+

k ,k −1
L i n c k −1 +M i n c k , k −1
Minc k ,k −1 L i n c k −M i n c k , k −1

+ Minc

(12)
k ,k −1
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Illustration of the proposed variable-hysteresis-band current controller.

the outgoing-phase incremental-inductance estimation is always
operating in Mode III by using this scheme. Since the phase
current slope of kth phase (incoming phase) is much higher than
(k–1)th phase, the sign of (k–1)th phase current slope is changed
only once or not changed at all. Therefore, the variable-sampling
scheme cannot be applied to the incoming-phase incrementalinductance estimation.
B. Proposed Variable-Hysteresis-Band Current Control
for Incoming-Phase Incremental-Inductance Estimation
Fig. 5 illustrates the principle of the proposed variablehysteresis-band current control during the kth phase estimation.
The basic concept of the variable-hysteresis-band current control method is to make sure that the switching state of (k–1)th
phase is unchanged during the time intervals tk on(II) -tk oﬀ (II)
and tk on(I) -tk oﬀ (I) . Therefore, the sign of (k–1)th phase current
slope is unchanged in these intervals. When the incrementalinductance estimation of kth phase is completed at tk o n ( I I ) and
tk o f f ( I ) , switches of (k–1)th phase are turned off or on according
to the error between (k–1)th phase current and its reference.
Since the sign of (k–1)th phase current remains unchanged during the sampling interval, the kth phase incremental-inductance
estimation is working in Mode III exclusively.
V. SIMULATION VERIFICATION
With the estimated incremental-inductance and measured
phase current, the rotor position can be obtained. The proposed position estimation method is compared to the method
without variable hysteresis band and variable sampling by simulations. Linear torque sharing function [18] is used to generate
the current reference. Turn-on angle θon , turn-off angle θoﬀ ,
and overlapping angle θov of linear TSF are set to 5°, 20°, and
2.5°, respectively. DC-link voltage is 300 V. The sampling time
tsam ple is set to 5 μs and current hysteresis band is set to 0.5 A.
The incremental-inductance estimation error and rotor position
estimation error are denoted as
errL =

Lreal − Le
; errθ = θreal − θe
Lreal

(13)

where Lreal and Le are real and estimated inductance, respectively, and θreal and θe are real position and estimated position,
respectively.

Fig. 6. Simulation results of rotor position estimation (T re f = 3 N · m,
Speed = 1500 r/min). (a) Rotor position estimation method without variable
hysteresis band and sampling. (b) Proposed rotor position estimation.

The torque reference is set to 3 N · m. Fig. 6 shows simulation results of the proposed rotor position estimation with and
without variable hysteresis band and sampling at 1500 r/min.
As shown in Fig. 6, due to magnetic saturation, incremental
inductance varies with rotor position and phase current. Since
phase current is not constant, the SRM is operating either in
saturated magnetic region or linear magnetic region. Therefore,
both incremental inductance and phase current are necessary
for estimating the rotor position. The maximum incrementalinductance estimation error without variable hysteresis band
and sampling is ±7%, which matches theoretical analysis given
in Fig. 4. Due to incremental-inductance estimation error, the
maximum real-time rotor position estimation error is around
±2.0°. By using the proposed variable-hysteresis-band current
controller and variable-sampling self-inductance estimation, the
maximum inductance estimation error is decreased to ±0.7%.
As a result, the maximum real-time rotor position estimation
error are decreased to +0.5°. Therefore, the proposed rotor
position estimation method demonstrates around 2° accuracy
improvement by eliminating the mutual flux effect on rotor
position estimation of the SRM.
VI. EXPERIMENTAL VERIFICATION
The proposed variable-hysteresis-band current control and
variable-sampling position estimation methods are compared
to the position estimation methods without variable hysteresis
band and sampling experimentally on a 2.3 kW, 6000 r/min,
three-phase 12/8 SRM. Current hysteresis band is set to 0.5 A
and dc-link voltage is set to 300 V. Field-programmable gate
array EP3C25Q240 is used for digital implementation of the
rotor position estimation methods.
The torque reference is set to 3 N · m and the speed is
1500 r/min. From the experimental results shown in Fig. 7,
it can be noticed that real-time rotor position estimation error
has positive bias. This is because the selected digital-to-analog
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and the other is variable-hysteresis-band current control for the
incoming phase. With accurately estimated incremental inductance and measured phase current, rotor position can be better
estimated. The proposed method is verified by both simulation
and experimental results with a 2.3 kW, 6000 r/min, three-phase
12/8 SRM. Both simulation results and experimental results
show that the proposed method improves around 2° rotor position estimation accuracy compared with the methods neglecting
the mutual flux.
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