Determining the self-inductance profile of switched reluctance motors
using a recursive Fourier algorithm
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Abstract - This article proposes a technique
for determining the self-inductance of a switched
reluctance machine. In the proposed technique
the stator phase windings are supplied with a
sinusoidal voltage source of constant frequency
and constant amplitude while the shaft rotates
driven externally. In this case the phase current
is amplitude modulated due to the variation of
the self-inductance with the shaft position. A
recursive Fourier algorithm is employed to ex-
tract the inductance profile from the envelop of
the phase current. The mathematical formulation
of the technique proposed and its application for
a 6/4 (three-phase) switched reluctance machine
are presented.

1. Introduction

The technological advances of the last decades made
possible the practical use of the switched reluctance mo-
tors. This type of motor presents magnetic saliences in
both rotor and stator and require an electronic circuitry
to provide the commutation synchronized with the shaft
position.

The knowledge of the profile of the self-inductance of
the phase versus shaft position L (8) as well as its deriva-
tive with respect to the position dL (6) /df are very im-
portant information for controlling a switched reluctance
motor. Indeed, the profile of the self-inductance defines
the commutation angles while its derivative allows to de-
sign the current waveform that provides smooth electro-
magnetic torque [1, 2]. The design of the current wave-
form for smooth torque and the determination of the cor-
rect commutation angles are critical issues for variable
speed drive systems with switched reluctance motors.

There are several techniques for determining the in-
ductance profile of a switched reluctance motor. One of
the most common techniques consists in mechanically po-
sitioning the shaft at a given angle, supply the stator
windings with a step voltage waveform and record the
phase current. The inductance at that position can be
determined either from the rise time of the stator current
waveform or from the slope of the flux linkage versus cur-
rent characteristic curve. The very basic disadvantage of
these type of techniques is the need of mechanically po-
sitioning the shaft at various different angular positions
to obtain the complete self-inductance profile. Besides,
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that it is required to lock the shaft at every position to
avoid the natural alignment toward to the maximum in-
ductance position when the phase is energized to record
the current. The positioning and locking of the shaft of
the switched reluctance motor such that an entire cycle
of the inductance profile be visited with reasonable and
accurate angular steps requires the utilization of a ser-
vomotor drive. The use of a servomotor increases quite
significantly the cost of the characterization platform.

This article proposes a technique that does not require
the locking of the shaft at different positions of the entire
cycle of the inductance profile. In the proposed tech-
nique the stator windings are supplied with a sinusoidal
voltage source of constant frequency and constant am-
plitude while the shaft {reely rotates driven externally.
The inductance profile is determined from the envelop of
the phase current waveform that is amplitude modulated.
The envelop is extracted by using a recursive Fourier al-
gorithm [3].

II. Switched reluctance motor

Figure 1 shows the electromagnetic structure of a six
stator poles and four rotor poles (6/4) switched reluc-
tance motor. Both the stator and the rotor have strong
magnetic saliencies. The rotor cores are made by stacking
laminations that have been punched from magnetic qual-
ity lamination steel. There are no windings, die castings
or commutator to contend with. The stator also is formed
from punched laminations that have been bonded into a
core. The number of stator poles is different from the
number of rotor poles in order to provide good starting
performance. The six windings of the stator are grouped
in pairs for each phase. In this case the windings are con-
nected in series and consequently for the configuration
shown in the figure there are six poles but only three-
phases. The most common electromagnetic structures of
switched reluctance motors are: 4/2 (two phases), 6/4
(six phases), 6/8 (six phases), 8/6 (four phases), 10/8
(five phases) ¢ 12/8 (three phases) [4].

A. Motor model

The state space representation for a switched reluc-
tance motor is given by

d . .
a)\k(aﬂ) = U — Tiik

(1)
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Fig. 1 Electromagnetic structure of a 6/4 switched reluc-
tance motor: six stator poles and four rotor poles.
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where:
vk voltage applied to the k** stator winding (V)
i current flowing through k** stator winding (A)
Ak(8,4) total flux linkage for the k" windings (Wb)
T stator resistance of the k** winding (Ohm)
w angular speed (rad/s)
6 angular positions (rad)
T, electromagnetic torque (Nm)
7; load torque (Nm)
The total flux linkage for the k** phase can be calcu-
lated by

N

Me(0,) = Y Lin(8,n)in (4)
n=1

where N is the number of the stator phases and Ly, (#, in)

is the mutual inductance from phase k to phase n. How-

ever, it is usual to consider that Lgn(0,i,), k # n is

negligible [4] and in this case equation (4) becomes

Ae(8,7) = Li(8, ix )ik (5)

and consequently the first equation of the state space
model can be rewritten as

: dig . OLi(8,ix) di
o = rkzk+Lk(9,lk)‘;7k+z’“_ké%L)£
. 8Lk(9azk)
iy 2 00) ©)

The electromagnetic torque of the switched reluctance
motor can be calculated from the co-energy as

0 N
Te =25 /Lk(e,ik)lkdlk (7)
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If magnetic saturation is neglected, the phase induc-
tance will no longer depend on the phase current and
consequently the equation (7) becomes

T 2% 40 ®)

Equation (8) shows a relevant feature of this type of
motor, namely the fact that the electromagnetic torque
is proportional to the square of the phase currents and
consequently is independent of the polarity of the phase
current. Then a power converter designed to supply a
switched reluctance motor must provide only unidirec-
tional currents.

The simplest way to supply the switched reluctance
motor is to energize the phase when dL(6)/df becomes
positive and de-energize when dL(6)/df becomes nega-
tive. Then the commutation process is provided electron-
ically and is synchronized with the angular shaft position.

B. Phase current envelop

Lets consider that the stator winding of a switched re-
luctance motor are fed with a sinusoidal voltage source.
If the frequency of this voltage excitation waveform is
constant and sufficiently high it is possible to neglect the
resistive voltage drop and then equation (1) can be sim-
plified to
dAk (0) Z) . (9)

dt
In sinusoidal steady-state, neglecting the couplings be-
tween phases, as usual,

~

Uk

Vi = jweLi(0) I (10)
and consequently
Vi
= —2F~ 11
$ S @ (y

Note that according to (11) if the amplitude of the sta-
tor voltage is kept constant, then the stator current am-
plitude is modulated due to the variation of the self-
inductance L(6). Then, detecting the amplitude of fun-
damental component of the stator current we can deter-
mine the reactance of the phase, i.e.,

Vi

1. (9)
where V}; is the amplitude of stator voltage supplied to
the k*" phase and I;(0) is the amplitude of the funda-
mental component of the stator current that is obviously
dependent on the instantaneous shaft position. The de-
termination of the phase inductance is straightforward

L) = 20

X, (0) = (12)

27 f,
where f. is the frequency of the stator voltage source. It
is also assumed that the shaft position does not change
significantly during a cycle of the exciting voltage.

The amplitude of fundamental component of the phase
current can be determined by using the recursive Fourier
algorithm described in the following section.

(13)



ITT. Recursive Fourier algorithm

The complete cycle Fourier algorithm was proposed in
[5] to determine the amplitude and phase of a signal from
its uniformly sampled measurements

{y(l)vy(2)7 o 7y(NP)}

For this algorithm it is assumed that the measurements
can be represented by

y(t) = Bsin(w tAT +6,) (14)
or equivalently
y(t) = B, cos(wotAT) + By sin(w tAT)

where t = 1,2,...,, Np, A7 is the sampling interval, N,
is the number of samples period, B, = Bcos(d,) and
B, = Bsin(d,). Given B, and B, the values of B and J,
can be calculated by

B=+/B?+ B2, (15)
d, = arctan (—g—:) . (16)

The Fourier analysis of a given signal is an extension
of the equation (14) where more harmonics are included.
For every harmonic term, the amplitudes B, and B; can
be determined by using

2 2rmit
B.= — ) y(t)cos ( ) 17)
TN N,
2 2mmit
Tm
B, = — ) y(t)sin ( ) (18)
N, & X,
where m = 1,2, ,--- represent the order of the harmonic

term.

If m = 1, the use of (17)-(18) and (15)-(16) provides the
phase and the amplitude of the measured signal. These
equations are in the batch format, i.e., N, samples are
required before the result can be calculated.

However, the use of a sliding window allows one to
rewrite these equations in a recursive format, i.e., a result
can be provided at every new sampled measurement. The
derivation of the recursive version will be presented only
for the term B, since it can be adapted easily for a the
term B;. Consider a sliding window with N, samples and
t < N, then

2 & 2rmk
B = g Yvkeos () a9
but for t — 1 < N, similarly
2 =2 2wmk
B.(t—1) = N, k;y(k) cos ( N, ) (20)

If t > N, this means that an entire cycle of data has
been collected. Then to keep a sliding window with N,
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samples the term B.(t — N,) must be discarded from the
sum given in (19), i.e.,

B.(t) = B.(t-1)+ Nip (t) cos (27;7)
—Nipy(t — N,) cos (M%{;—@) (21)

But for a complete cycle we have that

2mm(t — Np)\ 2rmi
cos ( N, ) = Cos ( N, > (22)
whereas for a half cycle
am(t — Np)\ _ wmt
cos ( N, = —cos N, ) (23)

Using these identities we obtain the recursive complete
cycle discrete Fourier algorithm given by

2 2tmt
B, = BJ(t—-1 —
() t-1)+ pr(t) cos( N, )
2 2
—pr(t—Np) cos( }Tt) (24)
2 . {2mmt
Bs(t) = Bs(t—1)+ vay(t) sm( N, )
—Nipy(t — N,)sin (%’:t) (25)

IV. Experimental results

The proposed technique was implemented in the labo-
ratory using the experimental platform shown in Fig. 2.
As shown in the diagram, the phase winding is supplied
with a voltage source provided at the output of a push-
pull power amplifier represented by Block A. For the tests
presented in this article, the phase to be excited by this
voltage source is selected manually with help of the switch
CH. However, the automation of this process is quite sim-
ple. For each phase, the current waveform was recorded
for a full turn of the motor shaft in order to detect possi-
ble asymmetries of the inductance profile. The voltage of
the excited phase and the induced voltages of the other
phases were measured through LV25-P transducers rep-
resented by the several Blocks V. The phase current was
measured through the LA25-NP transducer represented
by Block I. The sinusoidal signal with frequency of 100Hz
and amplitude of 3V was obtained from an HP signal gen-
erator (V;) . All the measured voltage and current signals
were acquired through 12-bit analog to digital converters
of a dedicated plug-in board installed in a PC slot.

In the test platform, the switched reluctance motor is
mechanically coupled to a DC motor and to a 9-bit gray
code position encoder. For the tests presented in this
article, the shaft speed was defined by the DC motor.
However, the use of any mechanical means for providing a
full rotation of the shaft of the switched reluctance motor
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Fig. 2 Simplified diagram of the platform used in the experimental tests.
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Fig. 3 Voltage waveform applied to the stator phases.
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can also be employed. The phase current measured under
these conditions is shown in Fig. 4. This figure shows
clearly the amplitude modulation due to the variation
of the inductance with the angular position. It is also
important to remark that the average value of the phase
current is zero and consequently the motor does develop
any electromagnetic torque and the shaft could even be
rotated manually without any difficulty.

The envelops of the voltage and current waveforms were
determined by using the recursive Fourier algorithm. Fig-
ures 5 and 6 show the results obtained for N, = 250
points and A7 = 40us. The amplitude of voltage applied
to the stator phases is nearly constant and consequently
the modulation observed in the phase currents is only due
to the self-inductance variation.

Figure 7 shows the self-inductance profiles of the phases
of the 6/4 motor used in the experimental tests. Several
tests were repeated for different amplitudes and frequen-
cies but not shown here due to space limitations. Some of
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Fig. 4 Phase current of the switched reluctance motor.
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Fig. 5 Envelop of the phase voltage applied to the stator
phases.
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Fig. 6 Envelop of the phase currents as obtained with the
recursive Fourier algorithm.
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these tests revealed a limitation with respect to the maxi-
mum frequency of the voltage excitation. If the frequency
is increased severe distortions appears in the phase cur-
rents. This can be attributed to the frequency response
of the ferromagnetic material used to construct the mo-
tor. The formulation presented in this article was based
on the assumption that the resistive voltage drop can be
neglected. However, if the frequency of stator voltage
source does not allows this approximation it is necessary
to include the resistive term in the reactance expression
provided a reasonable estimate of the stator resistance is
known, i.e.,

2 2
VXL O -7
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Fig. 7 Profile of the self-inductance of the 6/4 motor as
obtained with the proposed technique.

In order to access the usefulness of the proposed tech-
nique we have also determined the self-inductance profile
by using the so-called classical technique to compare its
results. In the classical technique the self-inductance pro-
file is determined from the relationship between the flux
linkage versus current at a given angular position for a
step voltage applied to the phase winding.

Figures 8 and 9 show the waveforms of current versus
time and flux linkage versus current as obtained from the
classical technique, respectively. The experimental plat-
form used in the previous tests was adapted to implement
the classical technique. However, note that in Figs. 8
and 9 the angular step is not uniform due to the difficuit
of positioning the shaft without a servomotor. Figure 8
shows that the rise time increases as the rotor moves to
the alignment position where the self-inductance is max-
imum. The step voltage of 10V applied to the phase dur-
ing this test was removed when the phase current attained
3.5A. Figure 9 shows that there is a linear relationship be-
tween the flux linkage and the phase current indicating
that the magnetic saturation is not observed for motor
currents below 3.5A.

Figure 10 shows the self-inductance profile as obtained
from the classical technique. In fact this curve is obtained



. ‘ ‘ V. Conclusion

a5l This article shows how to estimate the self-inductance

profile of a switched reluctance motor by using recur-
sive Fourier analysis of the phase current waveform when
the stator windings is supplied with a sinusoidal volt-
age source. The technique proposed is relatively simple
| and does not require neither to lock the shaft at spe-
cific positions nor computing the slope of the flux linkage
1 versus current. For the 6/4 motor available in the lab-
oratory, we have used 100Hz for frequency of the stator
voltage source. The self-inductance profile obtained with
| the technique proposed has shown a reasonable agreement
with the results obtained with the classical technique that
was also implemented in the laboratory.
For the proposed technique it is not required to have a
Fig. 8 Phase current versus time precise control of the shaft speed. Indeed, the shaft can
even vary during the experiment. However, the speed
must be slow enough to make sure that the shaft position
Floxriege x Goreny be essentially constant for a full cycle of the frequency
of the stator voltage source. For the tested motor ex-
cited with a sinusoidal of 100Hz the speed of 12rpm that
provided a variation of 0.72 degrees for a cycle of 10ms
(100Hz) was a good choice.
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