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Abstract—To predict the dynamic performance or realize
advanced control for switched reluctance machines (SRMs), knowl-
edge of the flux-linkage characteristics is essential. These charac-
teristics can be determined by a magnetic equivalent circuit (MEC),
a finite-element method (FEM), or measurements. The MEC and
FEM results are usually not accurate, while results from measure-
ments are accurate, but very expensive and time-consuming. In
this paper, a new calibration strategy is proposed to quickly ob-
tain flux-linkage characteristics with low effort. First, flux-linkage
samples at aligned and unaligned positions are obtained from fast
measurement. Then, a reluctance calibration strategy is utilized
to calibrate the airgap and iron reluctance parameters with mea-
surement values. The calibration results are compared with com-
plete measurement results, and good agreements can be found,
which verifies the feasibility and accuracy of the proposed strat-
egy. Furthermore, a simulation model is built in MATLAB with
the calibration results, and dynamic performances at different
speeds and control strategies are simulated and compared with
experiments for further validation. In addition, the applicabil-
ity of the proposed method to the variation of some parameters,
such as material, airgap, and winding placement, and different
topologies is discussed as well. The presented strategy can serve
as a low-effort way to obtain accurate flux-linkage characteristics
of SRMs.

Index Terms—Finite-element method (FEM), flux-linkage char-
acteristics, measurement, modeling, switched reluctance machine
(SRM).

I. INTRODUCTION

SWITCHED reluctance machines (SRMs) have been attract-
ing more and more attention from researchers and industry

due to their low cost and performance advantages such as simple
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and rugged structure, wide speed range, and high temperature
endurance [1], [2]. Especially, in recent years, the growing price
of rare-earth permanent magnets has made the cost advantage
more prominent [3].

The flux-linkage characteristics are very critical for the per-
formance prediction [4] and advanced control of the SRMs [5].
Several methods have been proposed to obtain the flux-linkage
characteristics of SRMs, which can be mainly divided into three
categories: magnetic equivalent circuit (MEC), finite-element
method (FEM), and measurement. The MEC approach can de-
termine the flux-linkage profile quickly, but its accuracy heavily
depends on assumptions and simplifications. The FEM is more
accurate than the MEC due to finer magnetic section division.
However, it does not consider the changes of material proper-
ties and geometries during the process of manufacturing [6]. To
more accurately obtain the flux-linkage characteristics of SRMs,
the measurement method is preferred.

There are mainly two kinds of experimental measurement
methods, namely, direct methods and indirect methods. The di-
rect methods employ a flux sensor placed on a stator pole to mea-
sure flux [7]. Due to installation difficulties and unsatisfactory
accuracy caused by leakage flux, this direct method is seldom
used. In the indirect methods, an ac power supply [8] or a dc pulse
current [6], [9] is applied to excite the phase winding, and the
phase voltage and current are recorded to calculate the flux link-
age. The ac excitation methods can eliminate the residual flux
of the core material to achieve higher measurement accuracy,
but they need an extra sinusoidal voltage source. The dc exci-
tation methods only employ a standard machine converter and
can also obtain satisfactory measurement results, which makes
these methods more popular.

Traditional indirect methods require rotor clamping devices
to fix the rotor to a certain position during the measurement pro-
cess, which increases the complexity and cost. More importantly,
rotor clamping is not applicable if SRMs are already in service.
Recently, some measurement methods without rotor clamping
devices are reported. In [10], a stationary test and rotary test
combined measurement method is presented. The stationary test
determines the flux linkage at the aligned position, while the ro-
tary test measures flux linkage under different current levels
when the machine is driven at low and nearly constant speed.
The final flux-linkage characteristics are obtained by fitting the
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rotary test results to stationary test results at the aligned position.
This method only requires a standard drive test bench and can
be performed faster than traditional indirect methods. However,
it is still time-consuming to obtain the entire flux-linkage char-
acteristics completely by the described measurement approach.
In [11], flux-linkage characteristics at unaligned position, mid
position, and aligned position are obtained by simultaneously ex-
citing all phases at one phase-aligned position for a four-phase
8/6-pole SRM. Then, a second-order Fourier series is used to
obtain all the flux-linkage characteristics. This method is fast
and convenient, but the accuracy of measurement is reduced be-
cause of mutual inductances. Besides, the second-order Fourier
series model exhibits inherent errors especially in the magnetic
saturation area. In [12] and [13], a torque-balanced measurement
approach is proposed to measure four position flux-linkage char-
acteristics for a three-phase 12/8 machine. However, the mea-
surement accuracy of flux-linkage characteristics at 15◦ position
is affected by excitation forms. In long flux path excitation form,
measurement errors are quite significant. In [14], an analytical
model is proposed based on scaling of reluctance characteristics
to describe the relationship among rotor position, reluctance, and
phase current. Flux-linkage characteristics at four positions or
two positions obtained from torque-balanced measurement are
employed to calibrate the analytical model. The four-position
method can achieve a good accuracy, but its measurements are
somewhat complicated, while the two-position method is less
accurate.

In this paper, a new indirect method for flux-linkage acquisi-
tion for the SRM is proposed. Based on measured flux-linkage
characteristics at aligned and unaligned positions, a reluctance
calibration strategy is proposed to calibrate FEM simulation re-
sults. With low-effort calibration, results can be good enough to
predict dynamic performance and control of the machine. Com-
pared with the existing literature research efforts, the proposed
method has the following features.

1) Compared with the rotor clamping method, the proposed
method eliminates the rotor clamping devices, which ef-
fectively reduces the time for design, construction, and
testing of the measurement platform.

2) Compared with the methods that obtain the entire flux-
linkage characteristics only by measurement, the pro-
posed method only needs to measure the flux-linkage data
at two rotor positions, which reduces the experimental
effort.

3) Compared with the FEM simulations, the proposed
method has a better accuracy and is robust to parameter
variations.

The rest of this paper is organized as follows. The measure-
ments of flux-linkage characteristics at aligned and unaligned
positions are described in Section II. Section III presents the pro-
posed reluctance calibrated method with detailed analysis and
preliminary verification. In Section IV, the effectiveness of the
method is further verified through the static and dynamic exper-
iments with a three-phase 18/12-pole SRM prototype. Section V
discusses the robustness of the proposed method with the varia-
tion of several uncertain factors and the applicability to different
topologies. Section VI concludes this paper.

Fig. 1. Measured flux-linkage characteristic of the SRM prototype at the
aligned position.

II. MEASUREMENT OF FLUX-LINKAGE CHARACTERISTICS AT

ALIGNED AND UNALIGNED POSITIONS

Among all the flux-linkage characteristics, flux-linkage char-
acteristics at aligned and unaligned positions are the most im-
portant, which determines the average torque output capability.
They are measured in this paper without rotor clamping devices.
The measurement is implemented on a three-phase 18/12 SRM
prototype. It is a 35-kW machine for a small electric car [15].
More specific data can refer to SRM1 in Table I in the appendix.

A. Flux Linkage at the Aligned Position

The measurement of flux linkage at the aligned position of the
SRM prototype has been presented in [10]. It is briefly concluded
in this paper as the following processes.

1) A high-current pulse, e.g., rated current, for a few seconds
is applied to one phase of the machine to make it rotate to
the aligned position.

2) A pulsed dc voltage is simultaneously applied to one
phase, and the phase current and phase voltage are
recorded by a digital storage oscilloscope.

3) Based on the recorded phase voltage and current data, the
flux linkage can be calculated as

ψ(i) =

∫ t

0

(u(t)−Ri(t))dt (1)

where t is the sample time and ψ, u, i, andR are the phase
flux linkage, voltage, current, and resistance, respectively.

4) The final flux-linkage trajectory can be plotted upon phase
current, as shown in Fig. 1.

B. Flux Linkage at the Unaligned Position

Although the flux linkage at the unaligned position can be
measured by the torque-balanced method proposed in [12]
and [13], a more convenient way is to calculate the unaligned
inductance from dynamic current waveform.

The phase voltage equation of an SRM can be written as

u = Ri+ L
di

dt
+ iω

dL

dθ
(2)
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Fig. 2. Measured current and voltage waveforms under the single-pulse control
mode.

Fig. 3. Schematic diagram of dynamic waveform withθfree under single-pulse
control.

where L is the phase inductance and ω and θ are the machine
rotor angular speed and position, respectively.

At the unaligned position and low speed, the back electromo-
tive force (back EMF) of the machine iωdL/dθ can be elimi-
nated from (2). Hence, the inductance at unaligned position can
be deduced as

L =
u−Ri

di
dt

. (3)

Fig. 2 shows the measured current and voltage waveforms
with turn-ON angle θon = 0 oel, freewheeling angle θfree =
3.5 oel, and turn-OFF angle θoff = 160 oel at 1000 r/min. The
SRM works as a motor under the single-pulse control mode. θfree
is adjusted to achieve the targeted speed. The definition of θfree
can refer to Fig. 3. It is the angle where the phase voltage begins
to drop zero. In this case, the positive phase excitation only lasts
3.5 oel, which is very narrow. The narrow excitation has two ben-
efits: 1) there is no overlap between different phase excitations,
so the mutual coupling could be avoided; and 2) the magnitude
of the phase current is also limited, which can reduce the cop-
per loss. Similar to the measurement at the aligned position, the
narrow excitation and low speed operation also cause small tem-
perature rise. Therefore, the phase resistance is near to the value
measured at the aligned position. The current change rate di/dt
can be estimated with the least squares method (LSM), which is

Fig. 4. Curve-fitting result with the LSM.

Fig. 5. Measured flux-linkage characteristics of the SRM prototype at the
unaligned position.

given as

di

dt
=

∑n
k=1(tk − 1

n

∑n
k=1 tk)(ik − 1

n

∑n
k=1 ik)∑n

k=1(tk − 1
n

∑n
k=1 tk)

2 (4)

where tk and ik are the instantaneous time and current, respec-
tively, and n is the number of samples.

The curve-fitting result with the LSM is presented in Fig. 4.
The curve fitting begins at 2μs when the voltage rises to the nom-
inated value and ends at 14 μs where the rotor position is about
1 oel with the sampling interval 0.2 μs. The di/dt in Fig. 4 is
calculated to be 4057.2 A/ms. Then, the inductance at unaligned
positionLu can be obtained by (3), and it is 0.084 mH. Assuming
no saturation at the unaligned position, the flux-linkage trajec-
tory at the unaligned position can be plotted with Lu, which is
shown in Fig. 5.

III. RELUCTANCE CALIBRATION STRATEGY

The flux-linkage characteristics obtained by the two-
dimensional (2-D) FEM analysis and measurement in Section II
are compared in Fig. 6. It can be found that the errors occur at
both aligned and unaligned positions. Before magnetic satura-
tion, the FEM curve is up to 20% higher than the measured one at
the aligned position, while it is about 5% lower at the unaligned
position. The errors of flux linkage between the FEM and the
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Fig. 6. Flux-linkage characteristics of the SRM prototype obtained by the 2-D
FEM with NO20. (a) Flux-linkage characteristics. (b) Relative errors.

measurement can be owed to the inaccurate of reluctance char-
acteristics. To obtain more accurate flux-linkage characteristics,
a reluctance calibration strategy is proposed in this section.

A. Basic Reluctance Theory in SRMs

According to the MEC, the reluctance of the SRM R can
be defined as the ratio of the magnetic motive force Θ and the
magnetic flux φ. Based on the electromagnetic theory, Θ and
φ can be derived from the phase current and flux linkage, re-
spectively. Hence, reluctance can be obtained from flux-linkage
characteristics, which is given as

R =
Θ

φ
=
N2I

ψ
(5)

where N is the number of turns.
More specifically, the reluctance of the SRM consists of two

parts: airgap reluctance and iron core reluctance. The airgap
reluctance Rg corresponds to the airgap between the stator and
rotor poles, and it can be calculated from the airgap inductance
as

Rg =
N2

Lg
(6)

whereLg is the airgap inductance, which is approximately equal
to the machine unsaturated inductance.

Fig. 7. Reluctance separation at the aligned position.

Rg can also be estimated from the geometry parameters as

Rg =
lg
μ0S

(7)

where lg, μ0, and S denote the mean effective length of air-
gap, the air magnetic permeability, and the cross-sectional area,
respectively.

Iron core reluctance Ri corresponds to the stator and rotor
ferromagnetic poles and yokes. It can be either calculated by
subtracting Rg from the whole reluctance R or by magnetic
circuit equation (8), as

Ri =
li

μ0μrS
(8)

where li and μr denote average flux path in the ferromagnetic
material and relative permeability of ferromagnetic material, re-
spectively.

Before magnetic saturation, the relative permeability of fer-
romagnetic material μr is very large. Ri is usually neglected to
facilitate calculating Rg. After magnetic saturation, μr reduces
quickly with the increase of phase current. Therefore, the iron
core reluctance Ri cannot be neglected any more, and it can be
separated by subtracting Rg from the total reluctance R.

As an example, Fig. 7 shows the separation of airgap and
iron core reluctance at the aligned position. The total reluctance
in Fig. 7 (black curve) can be calculated from the simulated
flux-linkage characteristics with (5). With the analytical method
in [16], the airgap and unsaturated iron core reluctance can be
estimated, which are 1.43e6H−1 and 2.99e4H−1, respectively.
The unsaturated iron core reluctance is only about 2% of the
airgap reluctance. Therefore, it is reasonable to neglect the iron
core reluctance before saturation. The airgap reluctance (red
curve) will not vary with the phase current. By subtracting the
airgap reluctance from the total reluctance, it is easy to obtain
the iron core reluctance (green curve). Similarly, the airgap and
iron core reluctance at other positions can also be obtained by
neglecting the unsaturated iron core reluctance.

B. Airgap Reluctance Calibration

The airgap inductance is widely known as a nonlinear function
of rotor position θ, and it will not change with the variation of
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Fig. 8. Airgap inductance and reluctance as function of rotor position.

the phase current i. A typical curve of airgap inductance and
reluctance in one electric period is given in Fig. 8. In this figure,
θu is the unaligned position, θa is the aligned position, θ1 is
the position where the rotor pole and the stator pole begin to
overlap, θ2 is the position where the back edge of the rotor pole
and stator pole begin to overlap, and Lug, L1g, L2g, and Lag are
the inductance values at θu, θ1, θ2, and θa, respectively. Rug,
R1g, R2g, and Rag are the corresponding reluctance. θ1 and θ2
can be calculated by the following equations [17]:

θ1 = θa − βr + βs
2

(9)

θ2 = θa − βr − βs
2

(10)

where βs and βr are the pole arc of the stator and rotor,
respectively.

As can be seen in Fig. 8, the inductance curve consists of two
nonlinear regions that are connected through a linear curve. The
inductance between θ1 and θ2 can be expressed as

Lg(θ) =
L1g − L2g

θ1 − θ2
(θ − θ1) + L1g

=
L1g − L2g

θ1 − θ2
θ +

L1gθ2 − L2gθ1
θ2 − θ1

. (11)

Substituting (7) into (11) gives

N2

Rg(θ)
=

N2

R1g
− N2

R2g

θ1 − θ2
θ +

N2

R1g
θ2 − N2

R2g
θ1

θ2 − θ1

= N2

(
R1g −R2g

R1gR2g(θ2 − θ1)
θ +

R2gθ2 −R1gθ1
R1gR2g(θ2 − θ1)

)
.

(12)

Let

a =
R1g −R2g

R1gR2g(θ2 − θ1)
(13)

h =
R2gθ2 −R1gθ1
R1gR2g(θ2 − θ1)

. (14)

Fig. 9. Airgap reluctance comparison of the SRM prototype with the mea-
sured, original FEM, and calibrated data.

Then, the airgap reluctance can be represented as

Rg(θ) =
1

aθ + h
(θ1 ≤ θ ≤ θ2). (15)

From (7), it can be seen thatRg is determined by lg and S. In
the process of manufacturing, the area of machine poles can be
guaranteed, and it will not differ a lot. Thus,Swill keep constant.
However, the airgap length usually has a relatively significant
variation compared to S. Thus, in this paper, S between FEM
simulation and measurement results is assumed to be the same,
and we assume that the error of reluctance comes from lg. In
this paper, the ratio between lg,mea and lg,sim is assumed to be
constant in regions I and III; then, the measured airgap reluctance
at unaligned and aligned positions can be used to calibrate the
reluctance in these two regions, respectively. The formula is
shown as

Rg,Cali.(θ) =
Rug,Mea.

Rug,Sim.
Rg,Sim., θu ≤ θ ≤ θ1 (16)

Rg,Cali.(θ) =
Rag,Mea.

Rag,Sim.
Rg,Sim., θ2 ≤ θ ≤ θa (17)

where Rg,Sim., Rg,Mea., and Rg,Cali. are FEM simulated,
measured, and calibrated reluctance, respectively. Rug,Mea.,
Rug,Sim., Rag,Mea., and Rag,Sim. are the corresponding values
at θu and θa, respectively.

Fig. 9 presents the airgap reluctance curves of the SRM proto-
type with the measured, original FEM simulated, and calibrated
data. The measured data are from the measurement in [10]. From
this figure, we can see that the errors between the measurement
and the FEM can be effectively reduced by the proposed cal-
ibration method, which preliminary proves the validity of the
proposed airgap reluctance calibration method.

C. Iron Core Reluctance Calibration

Differently fromRg,Ri will also change along with the vari-
ation of phase current due to magnetic saturation[14]. It is a
nonlinear function of both the rotor position and the phase cur-
rent, and the typical curve of iron reluctance can refer to the
FEM simulation results (solid line) in Fig. 10.

From (8), it can be seen that Ri is determined by li, Si, and
μr. The li and Si depend on machine geometry parameters. A
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Fig. 10. Iron reluctance comparison of the SRM prototype with the measured,
original FEM, and calibrated data.

Fig. 11. Simplified flux path of a two-phase 4/2 pole SRM.

simplified model of flux path in ferromagnetic material at the
aligned position is shown in Fig. 11 [18]. As seen in this figure,
these linked geometry parameters are main indexes of machine
design, which can be guaranteed by manufactures to be within
certain limits. However, the electromagnetic properties of elec-
trical steel usually change during the manufacturing process of
electrical machines [12]. Thus, μr should be calibrated. At the
aligned position, it can be calibrated by

μr,Cali =
Rai,Sim

Rai,Mea
μr (18)

where Rai,Sim and Rai,Mea are simulated and measured iron
reluctance at θa, respectively. μr,Cali is the calibrated relative
permeability.

To simplify the analysis, μr is assumed to be independent
with the rotor position, and it only depends on the phase current.
Based on this assumption, the simulated iron reluctance can be
calibrated by

Ri,Cali(θ) =
μr

μr,Cali
Ri,Sim(θ) =

Rai,Mea

Rai,Sim
Ri,Sim(θ). (19)

Fig. 10 compares the iron core reluctance curves of the SRM
prototype with the measured, original FEM simulated, and cal-
ibrated data. It can be seen that good agreements can be found
after 60 oel. The error is relatively big before 30 oel. These errors
may be caused by measurement errors at the unaligned position
in [10]. Besides, the assumption that μr is independent with

Fig. 12. Entire flux-linkage characteristics from the proposed method.

rotor position will also cause errors at low position area because
the saturation degree quite differs with that at the aligned posi-
tion. It should be noted that these errors at low position area will
not cause too big error in the final calculation of flux linkage.
This is mainly because the iron reluctance in this region is much
smaller than the airgap reluctance, which can be easily seen by
comparing Figs. 9 and 10.

After obtaining the calibrated airgap and iron core reluctance,
their sum is namely the total calibrated reluctance, which is
shown as

RCali = Rg,Cali +Ri,Cali. (20)

Finally, the final calibrated flux linkage can be calculated by

ψCali =
N2i

RCali
. (21)

The final entire flux-linkage waveform from the proposed
calibrated method is given in Fig. 12.

The calibration process can be concluded as follows:
1) calibrateRg,Cali.(θ) in regions I and III with (16) and (17);
2) calculate coefficients a and h with (13) and (14), and

calibrate Rg,Cali.(θ) in region II with (15);
3) calculate Ri,Cali. with (19) for all current levels;
4) calculate Rg,Cali. and ψCali with (20) and (21).

IV. EVALUATION WITH THE EXPERIMENT

To verify the feasibility and accuracy of the proposed method,
the calibrated results should be compared with those from the
experiment in detail. Both static and dynamic experimental
results are compared in this section.

A. Evaluation With Static Measurement

Fig. 13 compares the entire flux-linkage characteristics ob-
tained by the proposed calibrated method, FEM simulation, and
the measurement method in [10]. Good agreements can be found
in general except data at an extremely high current level at un-
aligned position. These errors could be caused by the inaccurate
measurement in [10].
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Fig. 13. Flux-linkage characteristics comparisons between the measured, cal-
ibrated, and simulated data. (a) Flux-linkage characteristics. (b) Relative errors.

Fig. 14. MRE comparison between FEM simulation and calibrated data.

To quantitatively evaluate the accuracy of the proposed cali-
brated calculation method in detail, the maximum relative error
(MRE) is adopted, which is defined in (22). In this paper, the
FEM simulation and calibrated data are regarded as the esti-
mated data, and the measurement data are the actual data. The
MRE comparison results of the FEM simulation and the pro-
posed calibrated method are given in Fig. 14. The accuracy of
FEM simulation results is unsatisfactory, especially at low cur-
rent levels. Through calibration, the accuracy has been signifi-
cantly improved. The vast majority of MREs are less than 5%,
and the biggest one is about 6%

MRE =
180oel
max
θ=0oel

∣∣∣∣ψe − ψa

ψa

∣∣∣∣ (22)

Fig. 15. Photograph of the experimental platform [15].

whereψe andψa are the estimated and actual flux-linkage values,
respectively.

B. Evaluation With Dynamic Performance

The static measurement results can evaluate flux-linkage char-
acteristics at all current and position levels, but measurement
itself has inevitable errors. To more comprehensively verify the
proposed calibrated method, it should be further verified with
dynamic performances. Fig. 15 shows the photograph of the ex-
perimental platform. The machine is measured and simulated for
three operating points at different speeds and control strategies.
These simulations are performed in MATLAB/Simulink. For
each operation point, three simulations are performed with the
measured, original FEM simulation, and calibrated data, respec-
tively. The corresponding dynamic waveforms of phase current
are given in Fig. 16. Fig. 16(a)–(c) are operated in the single-
pulse mode, and Fig. 16(d) is operated in the current-chopping
mode. Compared with simulations with FEM data, the simula-
tions with calibrated data have better agreements with measure-
ment results at all the investigated speeds, which further verifies
the feasibility and effectiveness of the proposed method.

In this paper, errors of current are relatively small except for
the high speed in Fig. 16(c). Therefore, the error under this condi-
tion should be carefully considered. Fig. 17 shows the equivalent
circuit of phase winding. As can be seen from this figure, the
errors might come from the variation of phase resistance RCu,
iron loss resistance Riron, and phase inductance L. The eddy
current loss is not considered in the simulation model. There-
fore,RCu is underestimated compared with the measured value.
The underestimation ofRCu will cause that the simulated phase
current is larger than the measured one.

The iron loss resistance is neglected in the simulation model.
The iron loss current in Fig. 17 can be calculated by

iiron =
u−RCuitot

Riron
≈ u

Riron

≈
⎧⎨
⎩

Vdc
Riron

, θon ≤ θ < θfree

0, θfree ≤ θ < θoff

− Vdc
Riron

, θoff ≤ θ < θon + 360oel.
(23)

The voltage drop in the phase resistance and transistors is ne-
glected to simplify the analysis in (23). From this equation, it
can be concluded that Riron results in a bigger measured phase
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Fig. 16. Phase current waveform comparison of the dynamic simulation and
experimental results. (a) Pmech = 19.5 kW, n = 3500 r/min, Vdc = 345 V,
θon = 0 oel, θfree = 36 oel, and θoff = 160 oel. (b) Pmech = 42.9 kW, n =
6000 r/min, Vdc = 345 V, θon = 0 oel, θfree = 82 oel, and θoff = 150 oel.
(c) Pmech = 53.7 kW, n = 10 000 r/min, Vdc = 345 V, θon = −20 oel, θfree
= 130 oel, and θoff = 160 oel. (d) Pmech = 34 kW, n = 6000 r/min, Vdc =
345 V, θon = −8 oel, θfree = 110 oel, and θoff = 130 oel.

Fig. 17. Equivalent circuit of phase winding considering iron loss.

Fig. 18. Back EMF comparison of the dynamic simulation and experimental
results when Pmech = 42.9 kW, n = 6000 r/min, Vdc = 345 V, θon = 0 oel,
θfree = 82 oel, and θoff = 150 oel.

current value during turn-ON period and a lower value after the
turn-OFF angle.

The mutual coupling is not considered in the simulation
model. Due to mutual coupling between phases, the flux path
in the multiphase excitation model is shorter than that in the
single-phase excitation model. So, the inductance in measure-
ment during the multiphase excitation period can be larger than
the simulation model, which results in a lower current value.
Similar errors can also be found in [19].

The back EMF iωdL/dθ is related to the rate of change in
the flux linkage with respect to the rotor position, and a small
variation in the flux linkage probably result in significant dif-
ference in the back EMF waveforms. In Fig. 18, the back EMF
waveforms under the motoring mode from different methods are
compared. It should be noted that the back EMF waveform can-
not be measured directly, and it is also calculated with iωdL/dθ
for the measurement result in Fig. 18. From the figure, a good
agreement can be found between the result from the proposed
method and the experiment, which is as good as that of the mea-
surement method and better than that of FEM simulation results.
This further verifies the accuracy of the flux-linkage character-
istics obtained with the proposed method.

V. DISCUSSION

To evaluate the robustness and applicability of the proposed
method, the effects of some factors, such as materials, airgap
length, winding placement, and SRM topologies, are discussed
in this section.
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Fig. 19. Comparison of the measured, calibrated, and FEM simulated results
when material is M330A. (a) Flux-linkage characteristics. (b) Relative errors.

A. Materials

As mentioned before, the electromagnetic properties of ferro-
magnetic materials will change during the process of manufac-
turing. In the previous section, it has been preliminarily proved
that the proposed method can calibrate the change of electro-
magnetic properties. However, the material might be even un-
known in some cases. In this section, the proposed method is
further used to test the calibrated results with a wrong material
(M330A). Fig. 19 compares the measured, calibrated, and FEM
simulated results and the MRE with M330A. As seen in Fig. 19,
the calibrated results can also match well with measured results
and only slightly different with the calibrated results in Fig. 13,
which indicates that the proposed method is robust with material
changes.

B. Airgap

The machine electromagnetic characteristics are very sensi-
tive to the length of airgap. The length of airgap provided by
the manufacturer is 0.5 mm. However, it often has an inevitable
change during the process of manufacturing and arrangement.
The variation of airgap is mainly shown on the unsaturated in-
ductance at the aligned position, which can be easily observed
in Fig. 6. From (6) and (7), we can conclude that the unsaturated
inductance at the aligned position is inversely proportional to
airgap. Hence, the calibrated airgap can be calculated, which is
0.6 mm in this paper.

Fig. 20. Comparison of the measured, calibrated, and FEM simulated results
when airgap is 0.6 mm. (a) Flux-linkage characteristics. (b) Relative errors.

Fig. 21. Two types of winding placement. (a) Type I. (b) Type II.

Fig. 20 compares the measured, calibrated, and FEM sim-
ulated results and MRE with the calibrated airgap (0.6 mm).
Both FEM simulated and calibrated results match better with
measured results when the calibrated airgap is used. It can be
concluded that the airgap variation plays an importance role in
the final calibrated results. To achieve better calibrated results,
the airgap should be calibrated first.

C. Winding Placement

For the high-speed application, winding placement can be
one of uncertain factors in the FEM simulation, because the slot
has to leave enough space from the airgap to reduce eddy cop-
per losses, and researchers usually cannot get exact placement
information. Fig. 21 shows two different types of winding place-
ment. Type I is 2.45 mm to airgap, which is the one adopted in
the previous simulations, and type II is 12.45 mm to airgap. The
relative permeability of copper is slightly smaller than that of
air, which causes the airgap reluctance (the copper reluctance is
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Fig. 22. Comparison of the measured, calibrated, and FEM simulated results
when the winding is 12.45 mm to the airgap. (a) Flux-linkage characteristics.
(b) Relative errors.

equivalent to the airgap reluctance in this paper) of type II to be
smaller than that of type I. Therefore, type II machine has higher
inductance and flux linkage. These effects can be more clearly
observed at the unaligned position, where most of the flux flows
through the slides of the stator pole. The calibrated results of
type II are given in Fig. 22. Though winding placement changes
the flux linkage a lot, the calibrated results can still match the
experiment results very well.

D. SRM Topologies

There are several topologies of SRM differentiated by phase
number and combinations of the stator and rotor poles. The ap-
plicability of the proposed method to different SRM topologies
should be discussed.

The measurement of flux-linkage characteristics at aligned
and unaligned positions is the basis of the proposed method. For
all kinds of machines, the rotor will rotate to the aligned position
with high current pulses. Then, the flux-linkage characteristics
can be measured by the pulse dc voltage injection. The esti-
mation of unsaturated inductance at the unaligned position is
performed through the analysis of dynamic voltage and current
waveforms. It does not rely on the machine structure, either.

Theoretically, the proposed calibration method can reduce the
errors uncertain factors of FEM simulations caused by the air-
gap, material properties, and winding placement changes dur-
ing the manufacturing for all kinds of machines. During the

Fig. 23. Flux-linkage characteristics comparisons between the measured, cal-
ibrated, and simulated data. (a) Flux-linkage characteristics. (b) Relative errors.

theoretical derivation, the topologies of the SRM are not speci-
fied. As an example, Fig. 23 shows the comparison of the simu-
lated, calibrated, and measured flux-linkage samples results of a
1-kW three-phase 12/8-pole SRM laboratory prototype [9]. The
machine data are provided by a manufacturer, which is shown
as SRM2 in the Appendix. From Fig. 23, it can be seen that the
FEM cannot always get a good result. The MRE of flux-linkage
samples is about 30%. However, good agreements are achieved
after calibration, which further validate the effectiveness and
applicability of the proposed method.

Nevertheless, the proposed method is not applicable for the
machine with an asymmetrical structure, such as the two-phase
SRM with asymmetric rotor poles in [20]. In this case, the in-
ductance curve is also asymmetrical, and the proposed method
cannot describe the reluctance model. Besides, for the machines
with the short flux path and high mutual inductance, it is possible
to get the flux-linkage characteristics with the proposed method,
but the prediction of phase current may be not accurate.

VI. CONCLUSION

This paper proposed a new reluctance calibration method to
calibrate the FEM simulation results with partial measurement
results. It can effectively obtain the flux-linkage characteristics
of the SRM on the standard test bench and has certain robustness
to the variation of simulation parameters. Except the geometric
dimensions, only the flux-linkage characteristics of the SRM at
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aligned and unaligned rotor positions are required, which can
be conveniently measured. The proposed method is simple, fast,
and accurate and does not need special test bench, which reduces
the cost and complexity and makes it convenient and suitable for
practical applications.

APPENDIX

The ratings and parameters of the SRM prototypes are listed
as follows.
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