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Sensorless Control of SRM Using Neural Network
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Abstract - This paper introduces a new indirect rotor position estimation algorithm for the SRM sensorless control,
based on the magnetizing curves of aligned and unaligned rotor positions. Through the basic test method, the complete
SRM magnetizing characterization is first constructed using a neural network training, and then used to estimate the
rotor position. And also, the optimal phase is selected by the phase selector. In order to verify this approach, the
proposed rotor position estimation algorithm using a neural network learning data is investigated. The experimental
results show that the proposed control algorithm can be effectively applied to SRM sensorless control.

Key Words : Switched Reluctance Motor, Sensorless speed control

|. Introduction

Switched Reluctance Motor(SRM) is gaining much
attention due to its simplicity and low cost. Its simple
make the SRM drive an interesting
alternative to compete with permanent magnet brushless

construction

DC motor and induction motor drives. The conduction
angle can be chosen through the precise rotor position
sensors due to the high system efficiency over a wide
range of speed. Usually, an encoder, resolver or Hall
sensor attached to the shaft is used to supply the rotor
position. However the use of these expensive sensors
may has less fault-tolerant capability than motor in harsh
environment. Therefore, it may lead to reliability problems
and the limitation of motor drive application range.
Recently, there has been much interest in techniques for
eliminating of the direct rotor position sensors, and it has
been simplified by indirect determination of the rotor
position. The chopping current detection techniquelll,
flux-current  detection  technique [2][3], impedance
sensingl11(4], modulation techniquel4], current gradient
sensorless method[7][8], and estimation of immediate rotor
position using current modification technique[8] has been
proposed to detect the indirect rotor position. Most of the
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original principle is based on magnetizing characteristics
of SRM. These indirect rotor sensing methods have
advantages such as elimination of sensors, decreasing
size, no effect at external element, increasing reliability
and a wide speed range. Therefore the exact information
of rotor position using the indirect method is required to

the good performance of SRM drive.

Mechanical sensor is expensive and unreliable in
industrial and automotive environment, therefore the
so-called sensorless control techniques are attractive.
This paper proposes the indirect rotor position estimation
algorithm having the high precision for SRM drive. The
flux linkage is calculated from the measured phase
voltage and phase current, and the calculated data are
used as the input of magnetizing profiles for rotor
position detection. Each of the magnetizing profiles
consisted of the method using the neural network which
applies to the non-linear characteristics analysis and the
method to select optimal angle is proposed for the rotor
position detection. The rotor position detection method
using neural network is executed the off-line considering
time delay due to learning time. The tolerance analysis
results of proposed method and the indirect rotor position
estimation algorithm are verified by comparing with the
measured results from the direct rotor position sensor

over a wide range of speed.

2 Flux Linkage Model

As shown at figure 1, the system for the typical SRM



drive with PI controller consists of a chopper, inverter,
voltage and current detection circuit including filter and
DSP control board. The chopper is used for variable
voltage source with the constant current. The feedback
signals required at control loop are sensed from the phase
voltage and phase current. At first, the sensed signals
are filtered via analog filter within the voltage and
current sensing circuit. And it had filtering through the

internal digital filter of processor again.
The SRM can be modeled by its torque equation and

described as electromechanical machine.
1 dlL] T

Te =;[i]‘;é‘[i] ®

where [1=Llasipsicl [A1={4a,4p,4c] apq
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Leq ch Lec
in the case of 6/4 SRM. Inspecting Equation (1), we are
convinced that taking flux linkage as the state variables
is a better approach of SRM modeling than the winding
inductance because the number of variables are reduced
dramatically, from 16 to 4 in the case of 8/6 motor as
well as from 9 to 3 for 6/4 motor.
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Fig. 1 Block diagram of the proposed SRM sensorless
Pl control system using ANN observer model.

As the SRM Modeling in terms of winding inductance
needs a number of winding inductances with high
nonlinearity, requires mutual inductance, computation and
measurement for flux linkage are more direct and simpler
than that for inductance. The basic methods to obtain the
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detailed SRM magnetizing characteristics are finite
element analysis and experimental testing method. The
phase voltage equation of a non-linear series R-L circuit
excited by dc power supply is used to get SRM
magnetizing characteristics. The phase voltage equation is
given by

. dA
V=Ri+—
dt (2)
Where V is the applied voltage, Ais flux linkage and R
is the winding resistance. The flux linkage can be
computed as

iR
A= - Rirde @

Where [ is the steady state current.

The transient state of current(i) and voltage(v) is
recorded at microprocessor and the data are computed to
obtain the flux linkage by Equation(3). As the SRM
modeling in terms of the voltage-current(v-i)
measurement circuit of Figure 1 are measured from
unaligned position to aligned position at each 46=2 ° .
The flux characteristics to

determinate inductances are obtained by the experiment.
The experimental data of v-i profile for the particular

rotor position are used to obtain flux(4) as the current

(i) function by A= A1) . The differential of this function

gives the inductance value for required current and rotor
position. Figure 3 shows the measured flux-current
profile and inductance profile.

In the case of SRM, the sensorless techniques can use
the reluctance variation itself to detect the rotor position.
By using this approach it is possible to obtain rotor
position information from the electrical terminal quantities
of machine. To this aim the flux linkage can be
estimated via calculation of the phase voltage and
current. Usual approaches present limitations for accuracy

linkage-current( A —7 )

and are computationally intensive.
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Fig. 2 Measured inductance profile
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Fig. 3 Measured flux-current profile

Therefore, a simple solution using neural network is
proposed for mapping the rotor position from the flux and

current in this section.

3. Rotor Position Estimation Algorithm
The purpose of SRM magnetizing characteristic
modeling using neural network is to obtain the estimated
variables based on SRM with the non-linear
characteristic. And it also need to get the exact solution
through the learning of the analysis results for each of
current when the rotor position changes.

For the SRM application, the training data set is
comprised of the flux linkage( A) and current({) as inputs
and the corresponding position(8) as output. By given a
sufficiently large training data set, the Artificial Neural
Network(ANN) can build up a correlation among flux
linkage(A), current (i) and rotor position(#) for an
appropriate network architecture. Then this off-line
trained ANN can be evaluated against a test data set
which has different A -i{ values. Figure 4 shows how the
ANN is trained off-line. Figure 5 and 6 show the input
data and training result of ANN, respectively.

The result of training by ANN is used to model the
flux observer. A large amount of computation time is
required to consist of position estimation of real time
learning method in terms of on-line composition.

Therefore, in this paper, the rotor position predictor
consists of obtained lookup table from the on-line ANN
training. Figure 7 shows the block diagram of it.

In the figure 7, the initial flux linkage calculates to
obtain the initial predicted position @, from phase

voltages and currents. And the position correction

corrects continuously the initial predicted position §, in

order to obtain the final estimated position .. Then the

32

Power Euncoder
——{ Converter > SRM

Flux inkagejmwb)

S
T FFTIE
+ -~

+® H
Fhggea

0
Thete{degree}

Fig. 5 input data for ANN training from the
measured results
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Fig. 6 Magnetizing Curves from ANN

Training

flux linkage, current and position in each phase can be

expressed as

A=2(i,0) )
i=i(1,0) (5)
8=6(,A) (6)

Therefore, a small perturbation in A, { and @ can be
expressed as follows

o4 oA
oi O=const 09 i=const )



de=A+A4 (8)
o6
A9={—_—:| N+[2€] ‘A4
oi A=const 04 i=const 9
ee = Gp + A0 (10)

Where A, is the estimated flux linkage, 68, is

extrapolated linearly by using previous and actual position
values. The flux linkage for each phase can be predicted
by Equation (3). In real implementation, the current is
more likely to have less errors than the flux linkage
which is predicted by the integration of the phase
voltage.
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Fig. 7 Angle measurement algorithm by the flux-current
method

Therefore, the model that assumes 4i=0 has the
smallest error. If we assume that current (Ji={ ) has

no error at Equation(7), Equation (11) can be obtained
from the condition of 4i=0

Aa{fz] "
82 iconst (1)

Depend on the required accuracy, the angle correction
itself is repeated for several times. At the next level, 8,
is corrected to make 46 after comparing the flux
linkage A,=(6,7 measured with the real flux linkage
(A) to become 4A. To determinate the final angle value
Ouyn , each estimated phase angle is multiplied by its

respective confidence value found from the optimal phase
selector, and the total is divided by the addition of all the
confidence factors.

~ 0,:C +0,-Cp+86y-Ce
e =

Where 6, is the final angle estimate, 8;, 6, and &3

are the phase angle estimates of phase A, B and C,
respectively. Ca, Cp and Cc are the confidence values of
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each phase. The position estimation is less accurate in
the region closed to unaligned and aligned position due to
the small changes in [04/06i=const , Therefore, to estimate
the position from the best phase among all conducting
phases, we chose the optimal region (8° ~38° ) where

[04/88);i=const is the maximum at each phase and used

as the optimal position estimator as shown Figure 8.
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Fig. 8 Optimal sensing region according to rotor
Angle

4. Experimental Results

The experimental results of angle measurement
algorithm using the neural network are presented in this
paper. The experimental results are implemented for the
single pulse mode of motor with a steady state speed at
1000 rpm and 1500 rpm. Therefore, in the single pulse
mode, the current waveform is regular and the flux has a
simple profile, quasi-triangle wave-shape when the motor
reaches at a steady state with 1000 rpm and 1500 rpm.
Table 1 shows the design parameters of motor used to
the experiment.

The lookup table of rotor position algorithm using the
measured data was constructed at section II. The

unaligned and aligned positon are 0° and 45
respectively.
We chose the region where [04/6lizconst is the

maximum at each phase and used as the optimal position
estimator. Then phase A, B and C are chosen in order
and the optimal position information is given. The
estimated angle errors have the maximum + 1° at 1000
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rpm and the maximum = 15° at 1500 rpm due to the
sampling frequency 10kHz. As it closes to the aligned

position, the value of [04706)i=const becomes small, thus
the errors become more high.

The figure 9 and figure 10 show the real angles
measured from encoder and the estimated angles by the
proposed algorithm at 1000rpm and 1500rpm, respectively.
The experimental results shown at the Figure 11 indicate
the dynamic characteristic of the speed, estimated angle,
current and flux at the initial starting time using the PI
speed controller at 1000[rpm] condition. At the speed
response characteristic of the Figure 11, the time reached
500[rpm] is about O.1[sec] in the condition of no load.
Also the peak waveform shown at the part of speed
response characteristic is the tolerance of rotor position
sensing generated by the noise. The current is less
decreased after the detection of rotor position via initial
pulse and the flux is more increased because of the
voltage establishment.

Table 1 Design parameters of experiment motor
Base load[HP] |1.0HP
1280rpm

Airgap 0.32mm
The number of}100
Winding per

Stator/rotor ploe |6/4
Stator OD 135mm
Stator ID 87.5mm

Base speed

Stator pole-arc |30°

phase
Rotor pole-arc |45° C'onductor 1.0mm
diameter
Stator pole| 13.7mm | Min. inductance |7.9mH
height
Rotor pole|12.4mm  |Max  inductance |65.2mH
height

The Figure 12 shows the experimental results of
speed response characteristic, then the time reached
500(rpm] is about 0.3[sec] at load condition. The bottom
of Figure 12 (a) shows the estimated angle variation. The
voltage variation is happened by the variable voltage
source which is controlled via chopper in the input stage.
Then the current is constant and the flux is changed due
to the variable voltage for the speed changing.

The Figure 13(a) shows the speed response
characteristic results of PI controller for a loaded
condition at steady state. At the speed control using PI
controller, as having disturbance the speed is decreased
about 200[rpm], and after 2 second, we can see the speed
is to reach at steady state. Then, the estimated angle is
continuously generated in accordance with real time
calculation of rotor angle via voltage increasing and the
flux variation. At the Figure 13(b), the flux is increased
from 120lmWb] to 140[mWb] after having the

disturbance.
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Fig. 9 The comparison of the real and estimated
angle (6, =0, 8, =25 , 1000mm)
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{1 : 500mm/div, 0.2s/div ], [2 : 100deg/div, 0.2s/div]
(a) Initial speed and estimated angle at 1000{rpm]
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[1 : 1A/div, 0.2s/div ), [2 : 50mWhldiv, 0.25/div ]
(b) Current and flux linkage for phase A at 1000{rpm)

Fig. 11 Initial speed, estimated angle, current and flux
linkage using P! control at no load and 1000{rpm]

condition. (8, =0, 8, =25 , 1000rpm)

[1 : 500rpm/div, 0.2s/div ], [2 : 100deg/div, 0.2s/div ]
(a) Speed response characteristic and estimated angle
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(1 : 1A/div, 0.2s/div ] [2 : 50mWb/div, 0.2s/div ]
(b) Current and flux linkage of phase A for speed
Variation

Fig. 12 Initial speed response, estimated angle, current
and flux linkage using Pl control at load condition

at 1000{rpm).
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{1 : 250rpm/div, 1s/div ] [2 : 100deg/div, 1s/div ]
(a) Speed response characteristic and estimated angle for
load variation

[ : 1A/iv, 1s/div ] [2 : 50mWb/div, 1s/div ]
(b) Current and flux linkage of phase A for load
variation

Fig. 13 Speed response characteristic of Pl controlier for
the rated load injection at 1000{rpm].
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5. Conclusion

The magnetizing characteristics estimated from the
phase voltage and phase current is described to predict
rotor position of SRM. The sensorless control algorithm

using neural network is proposed and analyzed.

The optimal phase selector to get continuous rotor
position is designed and the error angle analysis result is
given at appointed sampling frequency. The performance
of proposed rotor position estimation algorithm is verified

via the experimental results at variable speed.
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