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An Optimization-Based Initial Position Estimation
Method for Switched Reluctance Machines

Lefei Ge
Shoujun Song

Abstract—A new method to detect the initial rotor position of
switched reluctance machine (SRM) is presented in this article. Un-
like most conventional position estimation methods, the proposed
method does not need any extra premeasurement and only the
data with finite element method (FEM) are required. First, a linear
regression model (LRM) is presented to describe the relationship
between FEM and measured inductance characteristics. Then, to
detect the position, the residual sum of squares of the proposed
LRM is considered as an objective function, which is a convex
function with rotor position. The rotor position can be estimated
by minimizing the objective function with the golden-section search
method. Finally, the accuracy of the proposed estimation algorithm
is validated by the experimental results on a three-phase 12/8 pole
SRM prototype. Compared with the existing position estimation
methods, the proposed method has higher accuracy and less mea-
surement effort. The proposed method can serve as a supplement
to provide accurate initial position information for incremental
position sensors.

Index Terms—Golden-section search (GSS) method, initial
position estimation, linear regression model (LRM), switched
reluctance machine (SRM).

1. INTRODUCTION

WITCHED reluctance machines (SRMs) have received

increasing attention for various kinds of industrial applica-
tions due to their low cost and rugged structure [1]-[3]. However,
their operations, especially for high-performance control, need
accurate rotor position information. The mechanical rotor posi-
tion sensors are usually required to provide position information.
The sensors for position detection of SRMs can be classified into
absolute position sensors and incremental position sensors. Ab-
solute sensors, such as the resolver, can provide unique position
information for each shaft angular location, including the initial
rotor position [4]. However, the cost of these sensors is much
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higher than that of the incremental ones. For the low-end drive
application, the incremental position sensors, such as optical
sensors and Hall sensors, are more widely used [5].

To obtain the initial rotor position for incremental position
sensors, the rotor is rotated to the aligned position first by apply-
ing a high-level current pulse to the specific phase windings [6].
The force-aligned method is simple and easy to be implemented.
However, the accuracy of rotor position detection cannot be
ensured if the load is already connected to the rotor shaft.
Besides, the start-up time is increased because of mechanical
alignment, which is especially serious for the application with
high inertia load, such as electric vehicles. Therefore, it is
essential to find an accurate initial rotor position estimation to
extend the application of incremental position sensors.

Various sensorless methods for rotor position estimation
have been widely reported in recent years. Most sensorless
publications, such as state-observer-based methods [7], [8],
phase-locked loop based methods [9], [10], filter-based meth-
ods [11], [12], and special position detection based meth-
ods [13], [14], are focused on the medium and high speed range.
Threshold-based methods [15], core-loss-based method [16],
and current-gradient-based methods [17] can be used to estimate
the rotor position in the low-speed range. However, it is still a
challenge to achieve an accurate initial position estimation at
a standstill. The initial rotor position estimation methods can
be divided into two categories depending on whether or not the
premeasured data are required. The main challenge in obtaining
the initial rotor position is to balance the cost of the premeasure-
ment and the accuracy of the rotor position estimation. In [18],
all the phase windings are excited for a short moment, and the
initial position is estimated based on a prestored flux-linkage
table from the phase with the maximum current. In [19], the
time required for reaching a threshold current is recorded and
the initial rotor position is computed from the phase with a
linear relationship between the rotor position and the measured
time. Bu and Xu [18] and Krishnamurthy ef al. [19] can get an
accurate initial rotor position information, but the measurement
of the flux-linkage table or the required time is very complex
and time-consuming. In [20], the unsaturated inductance profile
is measured by recording the current waveform when the SRM
is driven by a prime motor at a constant speed, and the initial
rotor position can be calculated by the premeasured inductance
profile. The measurement of automation and intelligence is
improved in this method, but it is only suitable for the test
bench with a prime motor. In [21], a bootstrap-circuit-based
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method is proposed and the initial rotor position is estimated
based on the time required for reaching the maximum charging
current of the bootstrap circuit. This method eliminates the
EMI influence caused by the injection narrow width pulses, but
the extra hardware circuit raises its implementation complexity.
Although the sensorless methods with premeasured data can get
satisfactory position estimation results, they have the following
disadvantages that should be considered.

1) Extratest bench is usually required to perform the charac-
teristic measurement of flux-linkage, time, peak current,
or inductance. It is very costly and time-consuming for the
design and test of the extra test bench.

2) The high-precision absolute position sensors are usually
indispensable to record the characteristic data, which in-
crease the complexity and cost.

3) The test bench has to be adjusted or even redesigned as
the ratings and overall dimensions of SRMs [22].

Therefore, it is necessary to find a sensorless method without

any extra premeasurement. General inductance model based
methods (GIMMs) are proposed in [23] and [24]. In [23], a
quadratic polynomial regression model is used to describe the
relative inductance, and the rotor position is estimated by curve
fitting. A similar method is found in [24] except that the type-V
exponential regression is used instead of the polynomial regres-
sion model, and higher accuracy is achieved. These methods do
not require any extra premeasurement, but the accuracy of the
rotor position heavily relies on the fitness between the actual
and assumed model. Coordinate-transformation-based methods
(CTMs) [25], [26] are another effective way to estimate the initial
rotor position. The main idea of these methods is that the phase
inductance profile can be fitted by the first-order Fourier series
neglecting the high-order components, and the inductance in
the three-phase coordinate system can be transformed into the
two-phase o — 3 coordinate system by using Clark coordinate
transformation. Then, the initial rotor position can be estimated
with transformed inductance in a two-phase o« — 8 coordinate
system. Traditionally, this method is only suitable for the three-
phase machine. Gan et al. [27] propose a method to extend its ap-
plication for multiphase SRMs. However, the accuracy of the ro-
tor position is limited for neglecting the high-order components.
This article proposes an optimization-based method to estimate
the initial rotor position based on the linear regression model
(LRM) between simulated and measured inductance. Compared
with the existing literature research efforts, the proposed method
has the following features.

1) Compared with traditional sensorless methods with pre-
measured data, the proposed method does not require any
extra premeasurement, which effectively reduces the cost
and measurement effort.

2) Compared with other sensorless methods without premea-
sured data, such as GIIMs and CTMs, the proposed meth-
ods have higher accuracy for the rotor position estimation.

This article is organized as follows. Section I starts with

the literature review about the position estimation methods and
clarifies the novelty of the proposed method. The methods to
calculate the unsaturated phase inductance characteristic by
measurement and finite element method (FEM) simulation are
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introduced in Section II. In Section III, an LRM is presented
to describe the relationship between FEM and measured induc-
tance characteristics. The rotor position can be estimated by
minimizing the residual sum of squares (RSS) of the proposed
LRM with the golden-section search (GSS) method. Section IV
verifies the accuracy of the proposed estimation algorithm on
a three-phase 12/8-pole SRM prototype. The influence of the
accuracy of the measured inductance on the rotor position esti-
mation is discussed in Section V. Finally, Section VI concludes
this article.

II. UNSATURATED PHASE INDUCTANCE CHARACTERISTIC

The estimation of the initial rotor position depends on the
unsaturated phase inductance characteristic of SRMs. It can be
obtained by measurement or FEM simulation.

A. Measurement

To estimate the phase inductance with measurement, a high-
frequency pulse signal should be injected into one phase at a cer-
tain position. The phase current slope difference method in [26]
is introduced in this section to estimate the phase inductance.
At a standstill, the back electromotive force can be omitted as
there is no rotor movement. Besides, the saturation effect can be
also neglected with a low-current peak value. Thus, the voltage
balance equation can be simplified as

dlph
dt

where Vin, Rpn, 4pn, and Ly, represent phase voltage, phase
resistance, phase current, and phase inductance, respectively.

When the converter works in the turn-ON mode, the phase
voltage can be deduced from the bus voltage by excluding the
power switches drop Vi, which is given as

Voh = Bpniph + Lph— - (1)

di h
Voh = Rpniph + Lph p

lon = Ve — 2V7. ()
When the converter works in the turn-OFF mode, the phase
voltage Vj, can be expressed as

dip
Voh = Rpniph + Lph—— p P |otr =
t
where 1}, is the diode voltage drop.
By subtracting (2) and (3), the unsaturated phase inductance
can be obtained, which is expressed as

2%0 + 2(VD - VT)

di, ph B
on

The current slope is assumed as constant in the rising and
falling stages, as shown in Fig. 1. The online linear least-square
fit (OLSF) is adopted to estimate the current slope

—Vae —2Vp 3)

Ly = “)

dlph Joft

N N
di > (t(k) — % 3 t(k)) (ipn(k) — % ipn(F))
Alph k=1 k=1 k:l (5)
dt N N 2

> (t(k) = 22 t(k))
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Fig. 1. Phase current slope calculation after pulse signal injection.
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Fig. 2. Test bench. (a) Electrical part. (b) Mechanical part.

where t(k) and iy, (k) are the sampled time and the sampled
phase current, respectively. N is the number of sampling points
in the rising or falling stages. A SRM with 3-phase 12/8 pole
configuration is considered as an exemplary prototype in this
paper. The ratings and parameters of the SRM prototype are
provided in Appendix. Fig. 2 shows the photograph of the
experimental test bench.

B. Finite Element Method

Due to the development of computer technology, FEM is
becoming more and more popular in the performance analysis
of electrical machines. It has proved to be a convenient and
accurate method by many researchers. However, its accuracy de-
pends on the exact geometrical dimensions, material properties,
and winding placement [3]. These parameters provided by the
manufacturers are not always accurate and the electromagnetic
properties of the ferromagnetic material may change during the
manufacturing process [28]. In [29], it claims that the actual air
gap could be different than that shown on the datasheet because
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Fig.4. Comparison of unsaturated phase inductance between the measurement

and FEM simulation results.

of the complication of the manufacturing process, which yields
a significant difference between the measured and simulated
results. Compared with measurement, FEM is a less accurate
but low-effort way to obtain the unsaturated phase inductance
characteristic. The FEM model of the exemplary machine is
built in the commercial FEM software Flux2D, which is shown
in Fig. 3. Due to the symmetry of SRM configuration, only
one-fourth of the machine requires to be considered for the
simulation. By applying low-level current to one phase winding
for all positions, the unsaturated phase inductance characteristic
can be simulated.

The measured unsaturated inductance characteristics are com-
pared with the FEM results, as shown in Fig. 4. In Fig. 4, the
symbol of “el” represents for electrical degree. The measured
inductance values are marked by the circle and connected into the
line forming the measured inductance profile. It can be observed
that relatively large errors happen at the aligned position. It
might be caused by the wrong airgap parameters caused by the
manufacturing process. Although these two curves are not coin-
cided, the inductance curve by FEM simulation is similar to that
obtained by measurement, which indicates a linear relationship
between measurement and FEM simulation results.

III. PROPOSED POSITION ESTIMATION METHOD
A. Linear Regression Model

To evaluate the correlation between these two parameters, the
Pearson product-moment correlation coefficient is introduced,



13288

which is defined as

n _ _
Z(Lsim,i - Lsim)(Lmea,i - Lmea)
r=—= (6)

- I/sim)Q Z(Emea,i - I_/mea)Q
i=1

where n is the sample size, Lgjy, and Ly, are the sample points of
simulated and measured inductance, respectively, and L, and
Linea are their mean values. The calculated 7 for the employed
SRM is 0.9993, which depicts a very good linear relationship.
Hence, an LRM can be adopted to find the linear expression
between the simulated and measured inductance, which is ex-

pressed as
Lmea =+ /BLsim + € (7)

where « and (3 are coefficients. € is the estimation error.

The least-square method is adopted to estimate the coeffi-
cients. Its core idea is to minimize the RSS, which is expressed
as

Q(a, ) = minRSS(av, B) = min Y (Liea; — & — BLgimi)°

i=1

®)

The minimum of RSS(«, 8) is found by setting the gradient
to zero. Therefore, the gradient equations can be given by

?)% =2 Z(Lmea,i —a— ﬁLsim,i) 0
) lzl R (9)
% =-2 Z Lsim,i(Lmea,i — & — BLsim,i) =0

where & and 5: are the estimated values of « and j3, respectively.
Then, & and S can be derived by

Lmea - /BLsim
> LaimiLmeai—n Lim Lmca
i=1

o)

(10)

=
Il

sim

> Ll
i=1

B. Optimization-Based Position Estimation Method

For the machine with phase number Ny, the measured induc-
tance dataset L, (1=1,2,. . ., Npy) with real-time computation
from the phase current and voltage can be simultaneously es-
timated with pulse signal injection method [30]. However, the
simulated inductance dataset Lgy ; (i=1,2,. . ., Npp) is unknown,
because the rotor position is not available. To estimate the rotor
position, an objective function based on the RSS of the LSM is
presented, which is defined as

Nph

RSS(0) = > (Lmeai — &

i=1

— BLmi(0))*.  (1D)

As stated in the previous section, the measured and simulated
data have an approximately linear relationship. Therefore, the
objective function will find its minimum at the actual position,
theoretically. In this way, the rotor position estimation is con-
verted to the function optimization problem. Before optimiza-
tion, the interval and initial value of # should be specified. The

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

Phase inductance

0 60 120 180 240
Rotor position in °el

Fig. 5. Inductance profile for the three-phase machine.

TABLE I
RULES OF INTERVAL DETERMINATION FOR THE THREE-PHASE MACHINE

Rules La <Lp <Lc L < LA <Lc L <Lc <La
Interval [0 °el, 60 °el) [60 °el, 120 °el) [120°el, 180 °el)
Rules Lo <Lp <La Lec<LAa<Lp La<Lc<Lp
Interval ~ [180°el, 240°el)  [240°¢el, 300 °el)  [300 °el, 360 °el)

interval of # can be determined by comparing the amplitudes of
the measured phase inductance. As an example, the inductance
profile for the three-phase machine is shown in Fig. 5. From
this figure, we can observe that there is a one-to-one mapping
between the order of the measured phase inductance and the
interval of 6. The rules of # interval determination for the
three-phase machine are listed in Table 1.
The GSS method is adopted to find the minimum of the
objective function. Its basic idea is to narrow the search interval
containing the minimum value by comparing the function values
of trial points until the interval is narrowed down to a given
accuracy [31]. The detailed process of the application of GSS to
position estimation is concluded as follows.
1) Determine the initial interval of rotor position [a, b] by
comparing the measured phase inductance with Table I.
Set the convergence accuracy e, such as 0.1° el.

2) Compute the trial points p and g based on (12) and evaluate
the objective functions RSS(p) and RSS(g) at trail points
with the method proposed in previous section

{p:b—r(b—a)

g=a+rb-a) (12)

where r is the golden ratio and its approximate value is
0.618.

3) Update the interval by comparing RSS(p) and RSS(q). If
RSS(p) < RSS(q), set a = a and b = ¢; else, set a = p
and b = b.

4) Check if the terminal condition |a — b| < € has been
achieved. If yes, continue to the next step; else, repeat
steps (2) to (4).

5) Take the mean value of a and b as the estimated rotor
position 6.

To give the readers a better understanding of the proposed

method, a flowchart is presented in Fig. 6. The pulse voltage
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Fig. 6. Flowchart of the proposed initial position estimation method.

injection is the same as the traditional rotor position estimation
methods [30]. However, the rotor position estimation accuracy
can be improved by making full use of the prior machine data,
which will be verified in detail in the next section.

IV. EXPERIMENTAL VERIFICATION

To verify the accuracy and effectiveness of the proposed
position estimation method, experiments are carried out on the
three-phase 12/8 pole SRM prototype in this section.

To verify the accuracy of the proposed method at each position
in one electrical period, the three-phase current data are obtained
for each 12° el by injecting PWM voltage pulse. The bus voltage
is 20 V, and the frequency and duty cycle of the voltage pulse
are 1 kHz and 0.4, respectively. As an example, the measured
current waveforms and voltage waveform at 35° el are presented
in Fig. 7. Fig. 8 shows the position estimation process at this
position. It can be seen that RSS(f) is a convex function at
the interval [a, b] with minimum at actual position. In Fig. 7,
the order of the phase current is ic < ig < 25. Thus, the order
of the phase inductance is La < Lg < L¢. From Table I, the
initial values of a and b are 0 and 60, respectively. Then, p and
q are calculated with (12). By repeating the search process, the
values of a, b, p, and ¢ are constantly updated till the difference
between a and b is smaller than the convergence accuracy e.
After 15 iterations with GSS, the absolute value of the difference
interval parameters a and b converges within 0.1° el. Then, the
rotor position can be estimated by their mean value, which is
33.69° el.

The rotor position estimation results and errors for the whole
electrical period with proposed method are presented in Figs. 9
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Fig. 7. Measured current waveforms for all phases and injected voltage
waveform at 35° el.
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Fig. 9. Rotor position estimation for one electrical period.

and 10. The stepping machine introduced in Section II is em-
ployed to ensure that the whole electrical period is evaluated.
For comparison, the estimation results with CTM in [26] and
GIMM in [24] are also presented Figs. 9 and 10 . The results
show that the proposed method has better accuracy for position
estimation.
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Fig. 10. Estimation error of rotor position for one electrical period.

TABLE II
ERROR COMPARISON WITH DIFFERENT METHODS

Methods  Proposed method ~CTM GIMM
MAVE 2.19 %l 5.10%l1  5.94°l
RMSE 0.98 el 2.63°%l  2.63°l

To quantitatively evaluate the accuracy of each method, two
types of errors are introduced, which are the maximum absolute
value of error (MAVE) and root-mean-square error (RMSE),
respectively. Their definitions are given in (13) and (14). Table II
lists the comparison of different methods for MAVE and RMSE.
It can be seen that the MAVE of the proposed method is only
2.19° el (0.27° for mechanical angle), which is at least two times
smaller than CTM and GIMM. Furthermore, the RMSE of the
proposed method is 0.98° el, which is at least 2.5 times smaller
than CTM and GIMM. Based on the aforementioned results, it
is obvious that the proposed method offers the most accurate
estimation of the rotor position. In the proposed method, the
FEM simulation data are employed to construct the objective
function. Compared with the model in CTM and GIMM, the
FEM simulation data contain the high-order components of
the inductance model and have better fitness than an assumed
mathematic model. Therefore, the estimation results with the
proposed method can achieve the highest accuracy

13)

MAVE = m"éfg les]
pad

(14)

where e is the error of rotor position estimation.

Fig. 11 compares the computation time in DSP for the pro-
posed method, CTM, and GIMM. It can be seen that the com-
putation time of CTM is the shortest because of its simplicity.
The GIMM is the most time-consuming because of the complex
mathematical operations. It takes 156.8 us for the proposed
method to finish the search process, which is faster than GIMM
but much slower than CTM. It should be noted that the computa-
tion time is less important compared with the accuracy since the
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Fig. 11.  Computation time comparison for the proposed method, CTM, and
GIMM.
TABLE III
ERROR COMPARISON WITH SCALING ERRORS
Methods  original ~ one phase  two phase three phase
MAVE 2.19%l1  2.49°¢l 2.45 °el 2.71 %l
RMSE 0.98°%l  1.09°el 1.1°l 1.25 %l

purpose of this article is to determine the initial rotor position
for incremental position sensors.

V. DISCUSSION

The proposed method can effectively improve the accuracy
of the rotor position estimation. However, the proposed method
still relies on measured inductance. Therefore, the effect of the
accuracy of the measured inductance on the proposed method
should be discussed.

The errors of measured inductance come from both the calcu-
lation errors and sensor errors. The differential form is adopted to
calculate the phase inductance, which will introduce calculation
errors to the results. To reduce the calculation errors, the least
square method in [3] is introduced to minimize the RSS. Besides,
the selection of sampling frequency is crucial for calculation
errors. A low sampling frequency will increase the truncation
error of numerical calculation. But too high frequency will raise
the computation burden and the rounding errors. In this article,
the adopted sampling frequency in DSP is 20 kHz.

The current sensor errors are another source of errors of
measured inductance. The measurement errors of current sen-
sors can be divided into offset errors and scaling errors [32].
The differential form in (4) indicates that the scaling errors
of current sensors should be the main source of the error of
measured inductance. The measured currents are detected by
Hall effect current sensors LAS55-P. From its datasheet [33],
we can conclude that the maximum of scaling errors is 0.65%.
The scaling errors may exist in one phase or multiphase. The
influence of the scaling errors of current sensors on the MAVE
and RMSE of the rotor position estimation are presented in
Table III. From this table, it can be seen that the accuracy of
the rotor position estimation varies with the scaling errors of
the current sensors. However, the variation of accuracy is in the
range of allowable error.

In Section II, the phase current slope is assumed to be time
invariant to calculate the phase inductance. However, the phase
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TABLE IV
ERROR COMPARISON WITH DIFFERENT TYPES OF CURRENT SLOPE

Methods  OLSF Maximum  Minimum
MAVE 2.19°%1  2.43°l 3.45 °el
RMSE 0.98°%l1  1.25°%l1 1.23 %l

current slope is time varying as we can conclude from (15) due
to the variation of the phase current. Therefore, the influence of
the approximation of the current slope on position estimation
should be discussed

diph _ Von-Bphiph (15)
dt Ly
From (15), it can be concluded that the maximum and min-
imum values of the current slope are located at the moments
when the phase current is zero and its peak value, respectively.
Table IV presents the position estimation errors with the OLSF,
maximum, and minimum values of the current slope. From
Table IV, we can conclude that the time-varying current slope
introduces additional errors for the position estimation. Besides,
it is a reasonable choice to use the OLSF to reduce the errors
caused by the time-varying current slope.

VI. CONCLUSION

An optimization-based position estimation method for SRMs
is proposed in this article. In this method, an objective function
is built based on the RSS of measured and simulated inductance.
A GSS method is employed to find its minimum, which locates
at the actual position due to the linear relationship between
measured and simulated data. The experimental results show
the proposed method has high accuracy at all positions. The pro-
posed method is simple and only contains elementary arithmetic,
which is very easy to be implemented in the microprocessor.
Furthermore, it does not need any extra premeasurement and
the accuracy is less than 0.27° for the investigated machine.

APPENDIX
The geometric parameters of the SRM prototype are listed in
Table V.

TABLE V
GEOMETRIC PARAMETERS OF THE PROTOTYPE

Parameter Value Parameter Value
Number of phase 3 Stator yoke thickness 9.5 mm
Number of stator pole 12 Rotor yoke thickness  11.5mm
Number of rotor pole 8 Number of turns 119
Rated power 1 kW Stack length 81 mm
Rated speed 2000 rpm Airgap length 0.15mm
Stator radius 60 mm Stator pole arc 15°
Rotor radius 31.35mm | Rotor pole arc 17°
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