INFLUENCE OF OPERATING CONDITIONS UPON
THE DYNAMIC STEADY-STATE PERFORMANCE OF A
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Abstract In order to obtain more accurate predicted dynamic steady-state performance with
shorter computation time, an available mathematical model is modified and presented. Using
this modified model, performance of a typical switched reluctance motor (SRM) under a wide
range of variations of operating conditions is obtained and discussed. These include variations of
speed, voltage, Toad and switching angle. The static test characteristics of the motor are carefully
measured and the measured flux-linkage data are then used to predict the steady-state
performance.
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1. INTRODUCTION

Brushless variable speed drives using switched
reluctance motors (SRM) have several advantages.
The main advantage is the simple structure of
the motor with concentrated coils on the stator
and no windings or brushes on the rotor [1,2].
In addition, the SRM can operate during the
internal and external fault conditions due to the
converter unidirectional current requirement
[3,4]. Simplified converter circuits can be used
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[5], since unipolar current is all that is required.

Generally all modelling techniques of SRMs
for prediction of steady-state performance are
based on the magnetization chracteristics of the
motors where different modelling methods
differ in handling these data. The nonlinear
magnetization characteristics of SRM can be
easily modeled analytically by piecewise first or
second-order functions of flux-linkage against
rotor position, with current as an undetermined
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parameter [6]. Although this is an efficient
mecthod when average torque is required, it
cannot accurately predict the instantaneous
torque and current. A more accurate analytical
method s due to Pickup and Tipping |7.8], in
which they have used a nonlinear equation for
flux-linkage curve. Two polynomials, the lirst
for linear and the second for highly saturated
regions, can improve the accuracy of the
predicted values [9]. Both methods require a
large amount of data.

An alternative exponential function has been
used for flux-linkage data [10] which is simpler
and faster than that given in [7 , 8]. As noted in
[11], Stephenson and Corda method (SCM) is a
numerical technique to predict the steady-state
performance of SRM [12] which has advantages
in comparison with the other available analytical
methods. The accuracy and short computation
time are two major advantages of the method.
In order to obtain more accurate predicted
steady-state performance with even shorter
computation time, the Stephenson and Corda
model is moditied and used to predict the
performance of a 6/4 SRM under a wide range
of variations ol operating conditions. These
include variations of speed, voltage, load and
switching angle.

Although several performance prediction
methods exist for the SRM, the question does
not appear to have been seriously addressed
regarding the influence of the variations of
speed, voltage, load and switching angle upon
the actual dynamic steady-state performance of
the SRM. This paper makes a contribution to
these ends and presents a modified SCM.

2. THE MOTOR AND SUPPLY

A single tooth per stator pole SRM is proposed
in this study. It is the 6-pole, three-phase 6/4
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slotted motor with 6 teeth on the stator and 4
teeth on the rotor (henceforth termed the 6/4
motor), constructed in a standard TEFV D100
metric {rame. It has the lamination profile
shown in Fig. 1.

Figure 1. Lamination profile of 6/4 SRM.

The motor phases were switched in turn to
rectifier bridge (Figure 2). Excitation of phases
is controlled by a rotor position sensor; each
phase 1s excited near the minimum inductance
position. Near the maximum inductance
position, the phase currents are forced to zero

(to reduce retarding torque) by reverse biasing.

3. A MODIFIED PERFORMANCE
PREDICTION METHOD

The proposed mathematical model for SRM
[12] requires the flux-linkage/current/rotor-
angular-positions data. The measured flux-
linkage/ current/ rotor - angular - position are
represented in Figure 3.

To model the steady-state performance of
the SRMs the experimental flux-linkage/rotor-
angular-position/current  characteristics  are
required. In order to obtain the experimental
data, static test has been performed. In this test,
the angle through which the shaft is turned is
measured by a displacement transducer
mounted on the motor shaft extension. To
measure the torque directly, a suitable torque
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Figure 2. Power circuit for the 6/4 SRM
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Figure 3. Measured flux-linkage versus rotor current at

different rotor angular positions.

transducer is coupled to the motor shaft. A
highly  stable
measured coil flux-linkage accurately. The

electronic  integrating has
torque and flux variation with rotor angular
position can be plotted with the desired degree
ol accuracy by the use of a precision X-Y
recorder, and computer digitized for later
manipulation. A series of precise dc excitation
currents from 0.5 to 6 A are passed into the
winding to produce the static characteristics of
the motor. The experimental values were
digitized to obtain tabulated values of the
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Figure 4. Block diagram of the static test rig.

flux-linkage and static torque versus rotor
angular position which are stored on the digital
computer for later analysis [13]. The test rig is
shown in block diagram representation in
Figure 4.

Due to measurement errors the weighted
least-squares (WLS) method is used to smooth
the flux-linkage characteristics. A quadratic
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cquation is fitted to the magnetization curve as
given below:

P(0,W) = Av2 + Bw+ C (D
where w is the tlux-linkage. This curve is used
for interpolating and generating more points
from the measured flux-linkage data. Eq. 1 can
also be used for co-energy evaluation:

/ o

W =

w(o, 1)dli (2)
which may also be evaluated as follows:
! lyo
W = w,i, J idw 3)
0
substituting Eq. 1. into Eq. 3 yields:
W'=wyi, - (AW} /3 + BWE /2 + Cw,) 4)

Coetticients A, B and C are easily calculated
by points a , .y, (see Figure S), their values
are constant at cach fitting of the quadratic
polynomial. Theretore, W' is evaluated by
subtracting the second term of Eq. 4 from the
area igw, . This procedure is followed for all
mecasured data and a tamily of co-energy curves
is obtained and shown in Figure 6. The motor
torque can be calculated from the slope of the
above curves as shown below:
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Figure 5. Fitting a quadratic equation to the flux-linkage curve
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Figure 6. Co-energy curve for the 6/4 SRM.

Note that since the measured angle is in
electrical degrees, calculated torque must be
multiplied by the number of rotor teeth.

In order to smooth the output results, the
Stirling derivative method has been used [12], in
which two upper and two lower points around
the proposed point have been selected. Then by
the help of a difference table and an
approximate Stirling equation the derivative is
evaluated. It means that in SCM co-energy and
torque are calculated numerically which
requires a longer computation time. If only one
point upper and one point lower than the
proposed point are considered and a quadratic
equation W' =De%+Eo+F is fitted to these points,
then aW’/ae can be easily calculated as
follows:

aW/a o=2Do+E (6)

Torque can be then calculated using Eq. 6 at
different angles. The results obtained by
applying the modified method to the 6/4 motor
are shown in Figure 7, which show the
agreement between the wave forms of the
measured and predicted static torque. The
analytical method of co-energy and torque
evaluation needs a shorter computation time,
four times faster than that given in [12], and
produces a more accurate result. Also the

absolute sum of errors in static torque
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Figure 7. Comparison of computed and measured static

torque.

evaluation is 256.9 tor SCM and 167.9 for
MSCM. A filtering method [14] is used to make
a smoother torque curve, which is given for the
proposed SRM as follows:

T(0,i)= [1.5T(9,i71)+2T(9,i)+
(7

T(e,zﬁ+1)] /4.5

Steady-state performance is evaluated using
the following equations:

dw(0,i)/dt =V -Ri (8)
do fdi = [ T (0,i)-Tpm | /] 9)
[iQ/dl:w (10)

where T, 1S the mechanical torque. The
solution of Eqs. 8-10 makes it possible to study
the motor behaviour for variations of different
performance factors. The flow-chart of the
simulation program is presented in Figure 8.

4. INFLUENCE OF SPEED VARIATION

By fixing the amplitude of applied voltage and
varying the switching frequency, the motor
speed can be adjusted at a required value. To
study this in detail, ditferent performance

characteristics are considered.

Flux-limkage / current Characteristics Figure
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9 shows the trajectories of the operating points
on the plane of the phase flux-linkage and the
phase current. The areas enclosed by these
trajectories are proportional to the developed
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Figure 8. Flow-chart of the developed computer program.
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Figure 9. Trajectories of the operating points of the 6/4
SRM on the phase flux-linkage / current plane at different

speeds and torques.
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torque, being equal to the energy converted
incach step. The trajectories are necessarily
bounded by the extreme magnetization curves,
which correspond to the aligned and unaligned
positions ot stator and rotor poles [15]. It will
be seen that by increasing the speed up to 1500
rpm (Torque = 3.8 Nm), the enclosed area or
converted energy is much.lower. It is noted that
at a lower speed. such as 600 rpm, more
clectrical energy can be converted into the
mecchanical energy. Since the energy is due to
one step, increase of frequency, d6/dt and o
causes more rapid move of operating point on
the trajectory which leads to a smaller enclosed
arca on the W /i planc and reduction of the
mean torque. It is expected that the increasc of
the speed which in turn would lead to the
improvement of the mean torque, current, and
the motor performance.

Flux, Current and Torque versus Time Figure
10 denote that by increasing the speed, the
amount ol tlux, current and torque are reduced
respectively. In addition more ripples appear on
the current and torque wave forms at lower

speeds.

Torque, Peak Current, Efficiency and Power
Factor Since voltages and currents for SRMs
are not normally sinusoidal, the concept ol
power factor as used with conventional motors
has no meaning. Lawrenson et al. [1] have
suggested using the concept of ‘energy ratio’ to
measure the quality of power transfer in SRMs.
This 1s the ratio between the usetul power and
the total power supplied to the motor in one
complete cycle of excitation. Harris et al. [16]
have shown that this ‘energy ratio’ does not
represent a true measure of the quality of
power transter. The term ‘power factor’ is used
here, for convenience, to express the ratio
between the input power and the input

224 - Vol. 12, No. 4, October 1999
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volt-amperes. This ratio is quite low for an
SRM. Efficiency has been calculated by
referring to the experimental core loss data [17},
friction data and evaluated copper losses.
Figure 11 shows mean torque, peak current,
efficiency and power factor versus speed
between 600 and 1500 rpm for the proposed
SRM at two voltages: 282 and 500 V. Referring
to Figure 11, at speed 600 rpm, the average
torque 15 maximum and peak current has a
larger value. Efficiency and power factors are
also high. At speed equal to 1500 rpm,
reduction of average torque, etficiency, power
factor and peak current is clear. Figure 11b
indicates that when the applied voltage is 500
V. only 10% of the efficiency reduction occurs

when the speed of motor increases trom 600
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Figure 11. Torque, peak current, efficiency and power
factor versus speed characteristics of the 6/4 SRM: (a) 282
V, (b) 500 V.
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rpm to 1500 rpm. The corresponding efficiency
reduction, when the applied voltage is 282 V| is

33%.

5. INFLUENCE OF VOLTAGE VARIATION

By fixing the switching frequency and varying
the amplitude of the applied voltage of the
SRM, its performance variations with voltage

may be determined.

Flux-linkage Versus Current Characteristics
Figure 12 shows the flux-linkage current
trajectories tor the 6/4 SRM, for the speed
equal to 1400 rpm. It will be seen that for the
higher applied voltage on the SRM (827.3 V at
Torque = 12.3 Nm), the enclosed area is much
A higher
saturated operating region and a higher

larger. applicd voltage means
developed mean torque. However, to limit the
core losses in such a saturated region of
operation, a thinner terromagnetic lamination is
required to manufacture the motor.

3

Flux-linkage (WbT)
W

Figure 12. Trajectories of the operating points of the 6/4
SRM on the flux-linkage current plane at different voltages

and torques with no chopping control at 1400 rpm.

Flux, Current and Torque versus time Figure
13 reveals that by increasing the applied voltage
at the fixed speed equal to 1400 rpm, fewer
ripples appear on the current and torque
waveforms. Flux, current and torque also rise.
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Figure 14. Torque, peak current, efficiency and power
factor versus voltage characteristics of the 6/4 SRM at

1400 rpm.

Torque, Peak current, Efficiency and Power
Factor Figure 14 indicates that lower torque
and peak current occur at lower voltage equal
to 800 V. the opposite is true for the higher
voltage equal to 1200 V. Efficiency is slightly
lower for the higher voltage.

When the applied voltage is varied, the
average torque varies linearly with the voltage,
and change of frequency can only displace the
location of the peak torque; therefore, adjusting
the stable region of the motor is possible.

6. INFLUENCE OF LOAD VARIATION

SRM can be simulated for different loads by
fixing applied voltage and frequency of the
motor.  Variation  of

average  torque,

226 - Vol. 12, No. 4, October 1999

instantaneous  torque, flux, instantaneous
current, average torque to rms current, peak
current. efficiency and power factor are studied

for this case.

Flux-linkage versus Current Characteristics
As Figure 15 shows by reducing the motor load,
the enclosed area on the flux-linkage-current
curve is decreased which leads to a lower

average torque of the motor.
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Figure 15. Trajectories of the operating points of the 6/4

SRM on the flux-linkage plane.

Flux, Current and Torque versus time
Reduction of the
instantaneous current (Figure 16a). Also this

load decreases the

load reduction diminishes the cutoft angle 6,
(aligned position) to zero which produces a
negative torque and the total torque reaches
zero (Figure 16b). Of course instantaneous flux
does not change and is almost constant (Figure
16¢).

Torque, Peak Current, Efficiency and Power
Factor The
performance is improved by increasing the load,

results  show that motor
because efficiency, power factor and mean
torque/phase current ratio become larger
(Figure 17). In this case, the peak current will
be also higher in crder to develop more torque.

International Journal of Engineering
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7. INFLUENCE OF SWITCHING ANGLE
VARIATION

Diltcrent angles are defined in Figure 19 with
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(A) B,--100" Tav - 1445 Nm
(B) 0y=-160 Tav- 9.08 Nm
(C) 8.—- 140" Tav= 348 Nm

-

Flux-linkage (WhT)

Current (A)
Figure 20. Trajectories of the operating points of the 6/4

SRM on the flux-linkage/current plane at different torques

and angles 6 at 0, = -60 degrees.

Flux-linkage versus current characteristics By
fixing 6, and varying €, , performance of SRM
can be controlled. Figure 20 shows that the
SRM is quickly saturated by increase of angle
;. The enclosed area ~on the flux-linkage
become lower and

current  trajectories

developed mean torque becomes smaller.

Flux, Current and Torque versus time Figure
21 indicates that by increasing 6, , there is no
time to increase the motor current; therefore,
wiyne, current and flux reduce and less power
is delivered to the load. Since each phase has
less contribution to the development of torque
and consuming current, the torque and current

contain more ripples.

Flux-linkage versus current characteristics By
lixing @, and varying 6, , performance of SRM
can be controlled. Figure 22 shows that the
SRM current diminishes quickly by decrease of
angle §, . There is no time to increase the
enclosed area on the flux-linkage-current
trajectory and, therefore, the developed mean

torque is lower.

Flux, Current and Torque versus time Figure
23 indicates - that flux, current and torque
diminish quickly and the ripples of the current

228 - Vol. 12, No. 4, October 19383
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Figure 21. Instantaneous (a) flux-linkage, (b) current and
(¢) torque for the 6/4 SRM with different angles 91 at
02 = -60 degrees.

wavetorm become higher by decreasing 6, .
While by reducing 6, initially mean torque
increases (because of reduction of negative
torque), when it approaches the maximum
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e 1 2 3 4 S
Current (A)

Figure 22. Flux-linkage/current trajectories for the 6/4
SRM with different 6., angles at §; = -100 degrees.

torque, the mean torque decreases.

Variation of 6, By simultancous varying of 6,
and @, In such a way that the switching band
remains constant, SRM can be controlled. For a
similat investigation in [19] peak current power
factors are neglected which are considered here

in motor performance prediction.

Torque variation with ¢, The operating region
of the motor can be divided into two parts
(Figure 24). The right hand side of the
maximum torque 1§ the stable region and the
left hand side of the maximum torque is the
instable region. By increasing 6, , the maximum
torque rises and its location on the plane also
moves. This move 1s about 10 electrical degrees
which may be ignored. By preventing the motor
to rcach the maximum torque, SRM can be
controlled as reported in [19].

Peak current variations In the stable region,
the pcak current is reduced by the reduction of
f, . also by the reduction of the motor
efficicncy, peak current increases which
provides the suitable operating conditions.
Therefore, it is necessary to adjust angle 8, at a
possible minimum value.

Efficiency Variations Similar to torque curve,
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Figure 23. Instantaneous (a) torque, (b) current and (c)
flux linkage for the 6/4 SRM with different 05 at 8;=-100

degrees.

efficiency is maximized around the maximum
torque. This is located in the stable region.
Therefore, by increasing 6,, , the motor can be
stabilized and also have maximum efficiency.
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Figure 24. Torque, peak current, efficiency and power
factor variations with 02 at p =65 , eD =60
= 50 degrees.
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However, a compromise between the increase

of stabilization and optimum efficiency must be
made.
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Power Factor Variations Variation of §,, has
almost no effect on the power factor.
Therefore, there is no possibility to control and
improve the power factor except when 6, is
reduced. In such a case, stability of the SRM
may be lost.

Study of the results show that control of the
switching angle is a very effective factor in
controlling the SRM performance. Varying
voltage and switching frequency have some
limits and need rotor position sensors, but
control of the switching angles has no such
limitations.

8. CONCLUSIONS

A modified Stephenson and Corda method
(MSCM) has been presented for predicting the
steady-state performance of the 6/4 SRM. It was
shown that this model is 4 times faster than the
SCM and it achieves better accuracy compared
with the SCM. The dynamic steady-state
performance variation of the SRM against
variation of speed, applied voltage, switching
angles and load have been studied. It was noted
that the control of maximum current of SRM
must be considered for effective control of the
motor.
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