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Sensorless control of switched reluctance motor based on a simple flux linkage model

Introduction. The operation of switched reluctance motor requires prior knowledge of the rotor position, obtaining from either low
resolution photocoupler based position sensor or high resolution shaft encoder, to control the on/off states of the power switches.
Problem. However, using physical position sensor in harsh environment will inevitably reduce the reliability of the motor drive, in
which sensorless control comes into play. Novelty. In this paper, a sensorless control scheme of switched reluctance motor is
proposed. Methodology. The method is based on a simple analytical model of the flux-linkage curves rather than the conventional
approach that normally uses a look-up table to store all the data points of the flux-linkage curves. By measuring the phase current,
rotor position can be deduced from the analytical model. Practical value. Simulation results are given and the proposed sensorless
scheme is verified to provide a moderate position estimation accuracy in a wide speed range in both unsaturated and saturated
conditions. References 9, figures 6.
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Bcemyn. [[ns pobomu 6enmunbHo20 peakmugro2o 08U2yHa NOmpioHe nonepeone 3HAHHA NONONCEHHS pomopa, ompumane abo 6io
0amyuKa NOJONHCEHHA HA OCHOBI ONMONAPYU 3 HU3LKOIO PO30LIbHOIO0 30amuicmio, abo 6i0 eHKooepa 3 6UCOKOI pPO30ilbHOI0
30amuicmio, wjob Kepyeamu CMAHAMU BMUKAHHA/BUMUKAHHA cunogux nepemuxadie. IIpoonema. Oonax euxopucmauHa 0amuyuxa
@i3uun020 nonodCEHHA @ CYBOPUX YMOBAX HEMUHYUe 3HUIICYE HAOIUHICMb MOMOPHO20 NPUBOOY, 6 AKOMY HAOYEAE YUHHOCMI
bezoamuuxose ynpaeninus. Hoeusna. Y yiii pobomi npononyemocs 06e30amuuxosa cxema YnpasiiHHsg GeHMUNbHUM PeaKmugHum
ogueynom. Memooonocia Lleii memoo 3acnosamuil Ha RPOCMill aHATIMUYKITL MOOenl KpUBUx NOMOKO34eNnieHHs, a He Ha
mpaouyitiHomy nioxooi, AKull 3a36U4ail BUKOPUCMOBYE O008I0KOBY Mabnuyto 011 30epieaHHs 6CIX MOYOK OQHUX KpPUBUX
nomoxosyennenns. Bumipsewiu gaznuii cmpym, nonosicenns pomopa ModcHa eueecmu 3 ananimuunoi mooeni. Ilpakmuuna
yinnicmo. Hasedeno pesynomamu mooenosants ma nepesipero 3anponoHoeany 6e30amuukosy cxemy o sabesneuents noMipHoi

MOYHOCMI OYIHKU NONONCEHHSL 8 UUPOKOMY OIana3oHi WeUOKoCmel K y HeHacuyeHux, max i 6 Hacuuenux ymosax. biomn. 9, puc. 6.
Knouosi crosa: aHaliTHIHA MOJIeJIb, BEHTHJIbHUI PeaKTHBHUI IBUTYH, 0€31aTYHKOBE KePYBaHHS.

Introduction. Switched reluctance motor (SRM) is
an electric motor that has gained a lot of attention in
recent decades due to its unique features such as rugged
structure and cost effective [1, 2]. It has been widely
adopted in industrial and home applications and shows
superior performance. Unlike the induction motor and the
synchronous motor that are able to run by just plugging in
the phase terminal to the power grid, the operation of
SRM cannot be separated from the dedicated controller
and rotor position sensor, which is one of the main
disadvantages of SRM [3].

The control of SRM always involves acquiring the
rotor position as crucial information to determining the
firing of switches. Due to the principle of the torque
production in SRM, the magnetization of phases should
synchronize with the rotor poles in order to maximize the
efficiency of the torque production. Miss firing of the
switches may heavily impact the performance of the SRM
drives or even threaten its stable operation. A high-
resolution optical encoder or a low-cost Hall effect sensor
is therefore normally embedded in the SR motor.

SRM is quite suitable in the applications under harsh
environment, the rotor position sensor may be impacted and
malfunctioned however. In the applications with limited
budget, the expensive encoder is usually not an option.
Therefore, sensorless control is favorable in many cases.

The sensorless operation of SRM generally requires
two kinds of rotor position information, continuous or
discrete. The former one needs to resolve the rotor
position uninterrupted while the latter one is simpler and
only requires few points during an entire electrical cycle
and the intermediate points can be interpolated [4].

Different types of position sensorless scheme have
been reported in literatures, they can be broadly classified
as active phase methods or inactive phase methods [5].

In [6], a sensorless method based on an analytical self-
inductance model of SRM is introduced, the inductance
curves at three crucial rotor positions are picked out to
construct a complete inductance profile at all positions. The
rotor position is then resolved from the transformed voltage
equation. The method only measures the phase current and
does not require additional hardware. Instead of using
analytical model, look-up table is used in [7] to look up the
rotor position if knowing the value of the current and the
flux in real-time. Despite the advantage of high accuracy,
the main drawback of the method is that large storage space
is required to store the offline look-up table, which will add
to the cost of the motor controller. By analyzing the
inductance profile of SRM, a simple sensorless method that
observes the current gradient is proposed in [8]. The current
slope will suddenly change the sign at a specific location
where the rotor position can be detected.

In this paper, a sensorless control scheme of SRM is
proposed. It is based on a simple analytical model of the
magnetization curves developed in [9] rather than using the
look-up table in the conventional approach. The model only
requires few parameters that are normally available or
easily obtained to form the SRM magnetization curves. The
rotor position is inherently a part of the model due to the
nonlinear relationship among the flux-linkage, current and
rotor position, thus it can be estimated from the flux-
linkage model. The proposed sensorless control only
requires the measurement of the current of the active phase
in real-time, thus the hardware will be simple. Besides,
there is no need to store the look-up table, so the memory
size of the controller needed is reduced. Simulations under
multiple operating conditions are carried out in
MATLAB/Simulink to verify the correctness and
effectiveness of the proposed sensorless control method.
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Proposed sensorless control method of SRM. A
sensorless method normally relies on the magnetization
characteristics of the motor. Due to the nonlinear
characteristics of SRM, the flux-linkage is a nonlinear
function of the current and the rotor position, which
implies that if the current and the flux-linkage are known,
it is possible to deduce the rotor position. Therefore,
having an accurate model of the magnetization
characteristics of SRM makes it convenient to develop the
sensorless control scheme, and the accuracy of the
estimated position relies on the accuracy of the model.

The phase voltage equation of SRM can be written as

u=R-i+ M , (1
dr
where u is the phase voltage; R is the phase resistance; i is the
phase current; i/is the flux-linkage; @is the rotor position.
The flux-linkage can be rewritten in an integration

manner as
w(i,0)= j(u—R~i)dt. )
If it is not in low voltage application, the phase
voltage can be assumed to be equal to the Upc, —Upc, or
0 V, where Upc is the DC link voltage, while only
introducing minor error due to the comparatively small
voltage drops across switches and diodes in the converter
circuit. The phase resistance is measured one time when the
motor stalls. The phase current is measured in real-time and
by doing integration, the flux-linkage can be estimated.
Due to the doubly-salient structure of SRM, the flux-
linkage characteristics vary with rotor position. Two typical
positions are the unaligned position and aligned position.
When the rotor pole is at unaligned position, the air gap
dominates in the magnetic circuit, therefore the flux vs.
current curve is a straight line, and the unaligned
inductance is denoted as L,, which is the slope of the flux-
linkage curve. In aligned position, the flux-linkage curve is
a straight line before knee point, and the inductance in this
condition is L, which is notably larger than L,. However,
when the motor iron is saturated, the flux-linkage curves
bends over and the slope is much smaller than unsaturated
condition. The magnetization characteristics of the sample
SRM is shown in Fig. 1. The results are obtained from
FEM analysis. As can be seen from Fig. 1 that the flux-
linkage is a nonlinear function of current and rotor position,
which is a fundamental characteristic of any SR motor.
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Fig. 1. Flux-linkage characteristics of the sample SRM
obtained from FEM analysis

In order to model the nonlinear curves in Fig. 1, a
simple analytical model is proposed in [1]. The curves at
unaligned position can be simply represented by a straight
line, and the slope is L, in

Wg=1Lg i, 3)
where y, is the unaligned flux-linkage.

The nonlinear curve at aligned position can be
approximated by a function composed of exponential
term, and written as

va =l i+ A=), o)
where ; is the aligned flux-linkage; /4, is the
incremental inductance when the magnetic circuit is
saturated at aligned position; 4 and B are the constant
coefficients that can be determined in order the equation
has a good approximation of the curve.

When the motor operates with maximum allowable
current 7,, the motor is in deep saturation and the

exponential term can be neglected, thus 4 can be deduced
from (4) as

A=Y —lisar I s (5)
and B is calculated by
B= Ld B la’sat , (6)
YVm— ldsat : Im

where y, is the flux-linkage corresponds to 7,

The magnetization curves of the intermediate
positions between unaligned and aligned position can be
deduced by using a nonlinear function as shown in (7),
where N, is the rotor pole number:

2-N; 2-N}
)= r r_.
16)== :

Then the complete magnetization characteristics can
be generalized as

w(i,0)=L, i+ [ldsm it A (1 —e B )— L, z] 7(6). 8

The model in (8) makes it possible for the proposed
sensorless scheme to preclude the use of the offline look-
up table of the magnetization curves that takes up large
amount of storage space in the controller.

Figure 2 shows the magnetization curves calculated
from the aforementioned analytical model. As compared
with the FEM result in Fig. 1, it can be said that the
analytical model has good approximation. This is crucial
in the sensorless control, otherwise the rotor position
estimation will be erroneous due to a poor model.
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Fig. 2. Flux-linkage characteristics of the sample SRM
calculated by the analytical model
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From (8), the rotor position estimation can be deduced.
The current i is measured in real-time, the flux-linkage v is
then calculated by doing integration, L,, /4, 4 and B are also
known constants. Therefore, the rotor position & can be
easily solved from (8), and sensorless operation is then
possible by using this analytical model. In other words, if the
current and the flux are known at the instant, the rotor
position is solely determined in Fig. 1. This is the theoretical
background of the rotor position estimation.

Simulation results and discussion. In order to
verify the proposed sensorless control scheme, simulation
is carried out in MATLAB/Simulink.

The simulation is at first evaluated at the speed of
1000 rpm. The speed is maintained constant by setting a
high inertia value. The motor is operating under current
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Then the simulation is carried out under different
operation speeds in Fig. 5, 6. When operating in low
speed, which is 50 rpm in Fig. 5, the current is kept in
hysteresis manner at 200 A. It can be seen that the
estimation error is below 2°. As in high speed operation in
Fig. 6, the current can no longer maintained due to the
significant back-EMF. Similar to the previous case, the
maximum position estimation error is around 2°.
Therefore, the proposed sensorless scheme is suitable in
both low-speed and high-speed operation.

Conclusions.

In this paper, a new sensorless control method for
the switched reluctance motor is proposed. The method
uses an analytical flux-linkage model such that the large
look-up table used in conventional approaches is not
needed. The proposed idea only needs to measure the

chopping control. In Fig. 3, the reference current is kept at
20 A, and the hysteresis bandwidth of the phase current is
2 A. As can be seen from the magnetization curves in
Fig. 1, the motor is running under unsaturated condition
with low current. By comparing estimated rotor position
and the real rotor position measured in mechanical angle, it
can be found that the maximum error is around 2°, which is
an acceptable accordance.

In Fig. 4, the motor is running under saturated
condition, where the reference current is raised to 300 A
and the hysteresis band is 60 A. In this case, the maximum
deviation of the estimated angle from the real angle is also
around 2°. It can be concluded that the proposed position
estimation works well in both unsaturated and saturated
conditions.
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phase current in real-time, and the rotor position can be
estimated continuously from solving a flux-linkage
equation. The sensorless method has the merit of
minimum data storage requirement since the large look-
up table of the switched reluctance motor magnetization
characteristics is replaced by the analytical model.
Therefore, it is suitable to be used in low cost digital
controllers. Simulation results have shown that the
proposed sensorless control can acquire the rotor position
continuously and the accuracy of the position estimation
is small in low and high speed, unsaturated and saturated
conditions.
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Fig. 5. Low-speed operation, 50 rpm
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