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The meminductive system can be regarded as the generalization of the meminductor. This paper focuses on exploring
the generic meminductive characteristics of the switched reluctance machine (SRM). The dynamical equations of SRM sys-
tems are derived and discussed in comparison with the typical constitutive relation equations of the meminductive system.
Memory ability and pinched hysteresis loop (PHL) are taken as the indicative fingerprints to draw forth the theoretically
comparative analysis. Based on the theoretical analysis, in addition to simulation and experimental confirmation, it can be
concluded that from the viewpoint of circuit, SRM can be considered as a generic meminductive system.
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1. Introduction

Since the physical nano-scale TiO; device behaving as a
memristor was reported by the HP Laboratory, tremendous re-
search interest has been aroused to further discover the unique
properties and potential applications of memristors.[!! Mem-
ristor, characterized by the relationship between charge and
flux, was first predicted by Chua in 1971.! The notion of the
memristor was then extended to a memristive system where
the flux no longer simply depends on the charge.’] Mem-
ristive behaviors have been observed in many dynamic sys-
tems, such as thermistors, nanoscale systems, spintronic de-
vices, etc.[*! Typical memristive fingerprints observed from
discharge lamps have been reported in Ref. [7], where the dis-
charge lamps are defined as not ideal but volatile memristors.

In 2009, Ventra et al. put forward the definitions of mem-
capacitive and meminductive systems, as well as their sub-
class elements, namely the memcapacitor and meminductor. !
Memcapacitors and meminductors have the ability to store in-
formation in the electric and magnetic field, which can open
up new application realms in the energy storage and transmis-
sion. With respect to meminductor, there are only a few arti-
cles related to simulation models and circuit emulators.[19-13]
Although the research concentrating on the meminductor is
less than on the memristor and memcapacitor, hysteretic char-
acteristics of iron-cored inductor have been discovered in
Ref. [14]. Furthermore, reference [15] overviews the exper-
imental realizations of meminductive system and speculates
meminductive behavior may exist in the ferromagnetic ma-
terial. Switched reluctance machines (SRMs) are comprised
of coiled stator poles and rotor without coils, wherein stator
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and rotor are both made of magnetic material (silicon steel
sheet). The inductance of each phase winding is determined
by the current with regard to a specific SRM rotor position.
Inspired by these inherent properties, in this paper, we fo-
cus on extracting the generic meminductive characteristics of
SRMs. SRMs have been widely utilized in many cases such
as electric vehicle, power generator, aircraft starter/generator,
etc., owing to its simple structure, wide speed range, inherent

16.17] Tnvestiga-

fault-tolerance, and high operating efficiency.!
tion on the inherent circuit characteristics could provide fur-
ther contributions to thoroughly analyzing and improving the
operation performances of SRM systems.

The rest of this paper is organized as follows. In Sec-
tion 2, the constitutive equations and fingerprints of memin-
ductive systems, as well as the possible implementations of
variable inductance are introduced. In Section 3, the modeling
and mathematical representations of SRMs are described. In
Section 4, the generic meminductive characteristics of single-
phase alternating current (AC) SR generator (SRG) are pre-
sented. The meminductive characteristics existing in the mo-
toring mode are theoretically analyzed and experimentally tes-
tified in Section 5. A brief conclusion is given in Section 6.

2. Meminductive systems

By defining two constitutive circuit variables u(¢) and y(r)
as the input and output of a dynamic system, a u-controlled
memory element can be written as!’!

y(t) :g(xau7t)”(t)v
dx ()

E = fm(xvuat)7
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where x is the internal state variable, g denotes a generalized
response, and f, is a continuous function.

HP memristor, a passive nano-scale device, is regarded
as an ideal memristor. This memristive device can be divided
into undoped and doped layers, as shown in Fig. 1, where an
undoped titanium dioxide layer with much lower resistance
Ron and a doped titanium dioxide layer with high resistance
Rost, connected together on a nano-scale, are sandwiched by
two platinum contacts. Assuming that G represents the total
length of the two layers and w denotes the width of the doped
region, in accordance with the mathematic description given
by the HP Laboratory, the memristance Ry can be mathemat-
ically presented by

Ryt = Rone - Rott (1% ). @)
Corresponding to the function f;,, from Eq. (1), w is regarded
as the internal state variable of the HP memristor and can be
depicted as a function of charge g,!!! namely,

W= o1, 2, 3
G
where wy is the initial size of the doped region and u, is the
average dopant mobility. As stressed in Ref. [1], the value of
state variable w has a restricted range of [0, G].

pV

k w

undoped doped

Fig. 1. Structure diagram of HP memristor.

Equation (1) can also be used to present a general memin-
ductive system, by defining two constitutive circuit variables
as flux linkage and current, respectively. With regard to the
HP memristor, an internal variable w is adopted to describe
the controllable memristance. Hence, it can be speculated that
there must be an internal variable w of the meminductor, also
restricted in the range of [0, G], which can be used for de-
scribing the meminductance. Many memristor emulators have
been proposed.[!8-21 Most of them are based on the devices

[20.211 1 jkewise, the meminductive

with changeable resistance.
system can also originate from the devices with variable in-
ductance.

In consideration of a regular inductor, the inductance can

be depicted by

L=N?/Rn, 4)

where N denotes the number of inductor turns;. Ry, is the re-
luctance and Ry, = ly/(uA); Iy, 1, and A denote the length
of circuit, permeability, and cross-section area of the coil re-
spectively. Equation (4) indicates that the inductance can be
varied by modifying turn number N or reluctance Ry,. For in-
stance, a slider with two terminals can be used to change the
number of operated turns N of the air coil inductors and hence
result in different inductance values. Based on variation of
turns, an SPICE model has been proposed to mimic a memin-
ductor in Ref. [10] as shown in Fig. 2(a). It can be observed
that the state variable w is proportional to the number of turns,
since the coils are uniformly wound on a nonmagnetic mate-
rial. Moreover, the differential of w with respect to time 7 is a
function of current. For this specific meminductor, the width
of the internal variable w is in fact equal to wax — Win, Which
is determined by the geometric structure of coils.

nonmagnetic
material

Wiy

‘I Winax
o o

(a) (b)

magnetic
core

Fig. 2. (color online) Structure diagrams of variable inductors.

The reluctance of an inductor with moveable ferrite mag-
netic core can be varied by changing the core position as de-
picted in Fig. 2(b). In this case, the state variable w can be
introduced to denote the displacement between the left sides
of the magnetic core and coils. Assuming that the time differ-
ential of w is controlled by current or flux, a memindutor can
be obtained, where the range of state variable w is restricted in
the interval of [0, G]. In consideration of different inductance
by means of varying reluctance, additional current bias can be
used to change the permeability of a saturable material.

Meminductive system, whose inductance depends on the
historical variables, can store inductive information and the
magnetic energy. Essentially, as a member of the memory el-
ement family, the meminductive system shares similar prop-
erties to the memristive system, such as memory ability and a
pinched hysteresis loop (PHL).

3. Mathematical modeling of SRM

The operation of SRMs is based on the variation of mag-
netic reluctance which is aroused by a moveable rotor. Due
to the doubly salient pole structure and deep saturation char-
acteristics, the value of phase inductance is dependent on the
current and rotor position. SRM can be classified into single-
phase, two-phase, and multiphase machine according to phase
number.

068401-2



Chin. Phys. B Vol. 24, No. 6 (2015) 068401

3.1. Physical model of single-phase AC SRG

Single-phase SRM has the simplest structure. However,
due to the disadvantages of low power density and lack of self-

[22] Here,

starting, they are seldom operated as driving motors.
single-phase SRM is operated as an autonomous AC SR gener-
ator (SRG) to analyze the steady behaviors in detail.[>?! Since
meminductor is defined as an analog element, in order to better
comparatively analyze the meminductive behaviors, the out-
put voltage and current waveforms of AC SRG are produced
by the LC oscillation without any switching element.

Inductance existing in SRM windings can be classified
into self-inductance and mutual inductance. Since the mutual
inductance is very small in comparison to self-inductance, the
effect of mutual coupling can be neglected. A single-phase
AC SRG is used to illustrate the operation principle as shown
in Fig. 3 where C is the external capacitor. We can see that
the autonomous AC SRG is operated similarly to an electronic
oscillator. Considering neither the load Ry nor small phase
resistance Rg, the oscillation frequency can be approximated
by

1

fo= 27+/LoveC’

®)

where L, is the average value of phase inductance.

+

Fig. 3. Equivalent circuit of single-phase AC SRG. %3]

The typical LC oscillators are mainly structured on the ba-
sis of constant reactive circuit elements and an active element
with positive feedback. As a result of the nonlinear phase in-
ductance, the AC SRG can be considered as a parametric os-
cillator with the changeable parameter L. Equation (5) can be
used to approximately evaluate the parallel capacitance, even
though L is inconstant during oscillation.

The set of system equations can be given by!%3]

. dy(0,i
ue = Rgi + %7
‘I/ZL(GJ)"} (6)
du. i+
a - C

where u., i, ¥, and R denote phase voltage, phase current,

phase flux linkage, and phase resistance, respectively; 0 is the
rotor position.

3.2. Modeling of general SRMs

It is worth noting that single-phase AC SRG only repre-
sents a special case of SRM systems. In order to generally
evaluate the meminductive behavior of single-phase AC SRG,
mathematical representations and accurate simulation model
are imperatively deduced beforehand. The simulation model
is mainly based on the flux linkage or inductance characteris-
tics. Owing to the periodicity of inductance variation, Fourier
series can be utilized to express the inductance with regard to
rotor position.

Since multiphase SRM system has been widely used in
practice, four-phase 8/6 SRM is adopted for illustrating. In
Ref. [24], only the first three terms of the Fourier series are
considered. The inductance can be more accurately described
by adding two extra high order terms as

- Yl

where N; is the number of rotor poles, and ¢ (i) is the coef-

cos(kN;0), @)

ficient of each term which can be represented by sixth-order
polynomials. ¢ (i) can be calculated based on inductance at
five critical rotor positions. In consideration of four-phase 8/6
SRM, these five positions can be selected as 0, w/24, ©/12,
n/8, and /6, respectively, on the assumption that 0° corre-
sponds to the position of the rotor unaligned with the stator.
Due to the directly immeasurable inductance, the inductance
data are derived based on the sampled flux linkage data with
regard to these five positions.

Based on the analytical expression (7), the incremental
inductance /(6,1) is represented by

W _ 0= (m‘”),

di di
oy B ch

3 cos(kN;0)

i=0

i=0

= Z dy cos(kN,8), 8)
k=0
where di = ¢, (i =0). From Eq. (8) we can see that dy/di|io
is dependent on rotor position. Since the analytical solution of
the rotor position can hardly be analytically solved, numerical
methods are used to obtain the solution of rotor position in the
next section.
According to Eq. (7), the corresponding phase torque can
be analytically expressed as
oW,
96

_ d{[[L(6,i)i]di}

Tph(eai) = 00

i=const i=const

o{ 1| £ ceostivion] aif
00

i=const

4
= — Y kN, sin(kN; 9) / lex ()] di, ©)

k=0
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where W, denotes co-energy. The electromechanical interac-
tions of the SRM system can be given by

(Y Tm—T) :Jd—w+Dw, (10)

dt

where J is the inertia, D is the viscose coefficient, and o is
the rotor angular velocity equivalent to d@/dt. When the SRM
works as a motor, the sign on the left-hand side of the bracket
is positive and T denotes load torque. In the case of power
generation, the sign outside the bracket is negative and 7 de-
notes the drag torque provided by the prime motor.

Note that the multiphase inductance model obtained
above possesses higher universality and the model of each
phase can be used to simulate the dynamics of single-phase
AC SRG. Based on the analytical model equations and physi-
cal model of SRM, the dynamical equations of this system can
be represented as

a6 ,
yr fin(d6/dt,6,i)
) (— f kN, sin(kN:0) [ (e (i)i] di — T)
_ k=0
a 7
D de
TG (an

It can be observed from Eq. (11) that the phase flux link-
age is zero, whenever the phase current is zero, regardless
of the rotor position. This zero-crossing property asserts that
the flux linkage and current locus always simultaneously pass
through the origin. The internal state variable 6 describes the
rotor displacement with respect to the stator, which is similar
to the case of a moveable magnetic core. The variation range
of 0 is determined by the rotor pole pitch of the SRM. For
four-phase 8/6 SRM, the length G is fixed at 60° and 6 can
vary between 0° and 60°. Equation (11) indicates that the set
of equations for describing the dynamics of SRM is in high
similarity to the constitutive relation of meminductive system.

3.3. Nonlinearly changed phase inductance

For a linear inductor element, the flux linkage versus cur-
rent locus behaves as a straight line segment crossing the ori-
gin point. Differently, the phase inductance of SRM is depen-
dent on phase current and rotor position.

According to the proposed mathematical representa-
tion (7), the inductance and flux linkage with respect to an ar-
bitrary current and rotor position can be calculated. The mag-
netization curves are shown in Fig. 4. The surface represents
the flux linkage versus position and current for one phase from
0° to 60° under the condition of amplitude of current up to
10 A. It can be seen from Fig. 4 that the magnetization curves
are approximate to straight lines when —4 A <i <4 A. As the

amplitude of current increases, the magnetic circuit steps into
deeper saturation.
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Fig. 4. (color online) 3D plot of bipolar flux linkage against phase current
and rotor position.

Figure 5 shows the variations of phase inductance in one
electrical cycle. It can be seen that the maximum inductance of
78.5 mH can be achieved with the lowest current at the aligned
position. When the rotor is located at an unaligned position,
the phase inductance reaches its minimum value of 7 mH.

aligned position
0.08 i—9 A current
increlasing
0.06 |
I
E 1
~ 0.04r1 1
1
|
\4
0.02
unaligr}ed position . .

0 10 20 30 40 50 60
0/(%)

Fig. 5. (color online) Variations of phase inductance versus rotor position
for different currents.

4. Generic meminductive characteristics of
single-phase AC SRG

A unique property shared by memory elements is the PHL
in the first quadrant and the third quadrant. The PHL of the
memristor, as well as the meminductive system, can be classi-
fied into two types according to whether the loop is transversal
or not at the origin.!>!

To draw the PHL, bipolar AC voltage or current is usu-
ally applied for exciting the memory elements. Generally, the
SRM is operated for motoring or generating, with unipolar
current flowing through each phase. In order to carry out bet-
ter comparative analysis, phase A of the four-phase SRM is se-

lected and used for simulating the single-phase AC SRG. Here,
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the parallel capacitance is 940 pF. The oscillation is achieved
when the machine operates between 564 r/min and 580 r/min.

Based on the flux linkage characteristics of Fig. 4, the
simulation model of single-phase AC SRG is implemented by
Matlab/Simulink. Figure 6 shows the waveforms of phase cur-
rent, flux linkage, phase inductance, capacitor voltage, and ro-
tor position, with the configuration parameters of phase resis-
tance and rotor speed equaling 1.55 Q and 573 r/min, respec-
tively. The inductance is obtained by the ratio of flux linkage
to current.

0.550

t/s
Fig. 6. (color online) Waveforms of phase current, flux linkage, phase
inductance, capacitor voltage, and rotor position for the single-phase AC
SRG at n = 573 t/min.

Figure 6 reveals that the current is zero whenever the flux
linkage is zero. Note that the frequency of phase current, flux
linkage, and capacitor voltage each has half of phase induc-
tance frequency and can be described as

n N
f ==X —=,
60 2

where n denotes the rotor speed, n = @ x 60/27.

12)

Figure 6 also indicates that the phase inductance has a
unique value at iy = 0, thereby resulting in a non-transversal
PHL. Figure 7 shows the non-transversal PHL of the phase in-
ductance, and the variation of inductance with respect to the
current is given in Fig. 8. Note that the locus of flux linkage
versus current has specific physical meaning, namely, an en-
ergy conversion loop. The area within the flux linkage versus

the current locus in one cycle of current denotes the generated
energy Wioop-

02— T T T

dﬁving tdrque Zoﬁe
e

YA/ Wb

ZA/A

Fig. 7. (color online) Plot of flux linkage versus current for the single-
phase AC SRG at n = 573 r/min.

0,08 AN S— -

s | e -

0.02

ia/A
Fig. 8. (color online) Variation of the phase inductance with phase current.

Due to the bipolar current, the plot of flux linkage ver-
sus current is in the form of a typical non-transversal PHL.
Similarly, non-transversal PHL is observed in a generalized
memristor.?®! The slope of PHL, when the locus approaches
to and departs from the origin, is equal. Note that the plot
of La versus ip is axisymmetrical with respect to the line at
in=0.

Another unique property shared by the meminductor is
the frequency or amplitude dependence of the PHL. Generally,
these characteristics are observed under the bipolar periodic
input signal. Considering the fact that the operation of single-
phase AC SRG is only valid within a rather small speed range,
the frequency dependence of the PHL is hard to observe. How-
ever, a small change of oscillation frequency may cause vari-
able phase voltage amplitude. The plots of flux linkage ver-
sus current locus at different rotor speeds, i.e., n = 568 r/min,
573 r/min, and 578 r/min, are shown in Fig. 9. The detailed
simulation results at different rotor speeds are listed in Table 1.
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s/ Wh
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—-10 0 10
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Fig. 9. (color online) Flux linkage/current loci of single-phase AC SRG
for different rotor speeds.

Table 1. Simulation results for single-phase AC SRG.

nl(t/min)  f/Hz — uem/V  Yap/Wb  Iap/A Wigop/J
568 28.41  34.55 0.141 8702  0.753
573 28.65 37.93 0.154 9416 0914
578 28.89  40.75 0.166 9.998 1.060

Table 1 indicates that there is a little variation in fre-
quency, but a relatively large change generating in phase volt-
age maximum value u.y, for different rotor speeds. Here, the
amplitude dependency of PHL dominates. Figure 9 shows that
the maximum flux linkage Wa, and maximum current /5, both
increase with rotor speed augment. The oscillation frequency
influences the output voltage, i.e., the phase voltage. Based
on Eq. (6), the increase of phase voltage will lead to higher
flux linkage and higher current. Evidently, the area enclosed
by PHL W, increases with the phase voltage amplitude aug-
ment, which is consistent with the theoretical analysis. The
simulation results indicate the amplitude-dependent character-
istic of PHL for AC SRG.

It can be observed that the capacitor voltage, i.e., the out-
put voltage in Fig. 6 is non-sinusoidal. The voltage distor-
tion can be attributed to the nonlinear characteristics of SRM
phase inductance. This voltage is unsuitable for grid connec-
tion due to its high harmonic components. For conventional
SRG, one of the main advantages is its wide adjustable speed
range. However, the operation principle of single-phase AC
SRG brings a limitation to the speed range. In the generating
mode, the rising inductance yields the driving torque. The pro-
duced driving torque reduces the energy generation as shown
in Fig. 7. It can be observed that the efficiency of AC SRG is
lower without control switches than that of a traditional SRG.

5. Generic meminductive characteristics of mul-
tiphase SR motor

The generic meminductive characteristics of the single-
phase AC SRG have been identified in the previous section.

Then in this section, we focus on the meminductive behavior
of the widely used SR motor. The directions of SRM torque
and speed are independent of the direction of the phase cur-
rent, which differs from the conventional AC or direct current
(DC) machine. Hence, an asymmetry half-bridge inverter is
usually used to generate energy and unipolar currents in an ex-
perimental prototype system, where each phase contains two

transistors and two diodes.!2”!

5.1. Memory ability of phase inductance

The operational mode of SRM, either at motoring mode
or at generating mode, is simultaneously determined by the
turn-on angle and the turn-off angle. Here, the motoring oper-
ation is taken as an example for illustrating the memory abil-
ity. Each phase winding of SRM is powered in turn and the
sequence of powered phase winding determines the spanning
direction of the rotor. During steady state, the phase induc-
tance is a periodic function of phase current and rotor posi-
tion. If DC supply voltage is cut off, the speed will reduce to
zero after a while. When the speed and phase current are equal
to zero, the phase inductance of the SR motor will be frozen
there, until we reset the inductance by reapplying the excita-
tion voltage. This unique characteristic of SR motor phase
inductance can be regarded as the memory ability.

In order to observe the memory ability, a four-phase 8/6
SRM system is built up. The parameters are initialized as fol-
lows: load torque Tjp,q = 0.47 N-m, turn-on angle 6,, = 0°,
and turn-off angle B, = 30°. For simplicity, the SRM is op-
erated at speed open-loop mode with the current chopped con-
trol strategy. The current chopped control is used to prevent
the transistors from being destroyed by high current at low ro-
tor speed. The experimental measurements and simulations
are carried out to observe the operation appearance. A square
wave voltage (amplitude Us = 24 V, and period T = 2 s) in-
stead of DC voltage is utilized as the supply source. The ex-
periment data are captured by an oscilloscope TDS2014 and
drawn by Origin 8.0.

Figure 10 depicts the waveforms of phase inductance, ro-
tor position, and current for phase A. Since inductance cannot
be derived when i = 0 based on the ratio between flux linkage
and current, the proposed analytical expression (7) is used to
obtain the inductance curve based on the measured current and
rotor position. The whole process is divided into three regions,
i.e., region I, region II, and region III as shown in Fig. 10.

Region I shows several electrical cycles after the sup-
ply voltage is switched off. The current drops down rapidly
through the freewheel diodes. When the current is zero, the
inductance simply varies with rotor position. The frequency
of phase inductance and rotor position decreases as speed de-
creases. Note that there is a short process interval T when
the motor rotates inversely before it stops in the experiment;
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this is a small oscillation of the motor occurring in the switch-
ing state. In region II, the motor stops and speed is equal
to zero. In other words, the rotor position and phase induc-
tance are kept at constant values of .o, and Lcon. Thus, the
phase winding can store the information in inductance form.
The stator winding again is energized in region III, which re-
sults in the speed increasing. At the same time, rotor posi-
tion starts to vary periodically and current rises rapidly since
Oon < Ocon < Byfr. Furthermore, the inductance starts to pe-
riodically vary from the fixed value which is determined by
historical dynamics.

0.08
= I 10 11
Z 0.04
= Leww=7mH
0
9.0 9.1 10,00 10.05  10.10
t/s
60
i; 30
< Ocon = 3.91°
0 "
9.0 9.1 10/00  10.05  10.10
t/s
8
<
s 4
- Geon=0 A
0
9.0 9.1 10.00  10.05 10.10
t/s
(a)
0.08
o | I II
)
3 0.04 Lo =7 mH
%0 9.1 9.2 10,00 10.05
t/s
60
< 30 Ooo| = 3.17°
< T
0 f——
9.0 9.1 g.2 10/00  10.05
t/s
8
< .
3 4 Teon=0 A
0
9.0 9.1 9.2 10.00  10.05
t/s

(b)

Fig. 10. (color online) Waveforms of phase inductance, rotor position, and
phase current: (a) simulation results, (b) experimental results.

Based on the analyses of experimental and simulation re-
sults, we can observe that the SR motor exhibits memory abil-

ity. The instantaneous value of its inductance depends on the
overall history of the system. This characteristic also holds for
SRG.

5.2. PHL in flux linkage—current plane

Since the phase current and flux linkage of the SR motor
are unipolar, the PHL only exists in the first quadrant. Here,
analysis and experimental confirmation for the pinched hys-
teresis flux linkage versus current locus are presented in one
stroke (one current pulse is called a stroke).

Figure 11 shows the energy conversion loop considered
in the theoretical analysis during a motoring stroke. The flux
linkage y and current i grow from zero and then fall to zero at
the end of each stroke. Note that the maximum values of the
flux linkage and phase current are not simultaneously present.
In the operating process from point O to N passing through M,
the driving transistors are conducted and the machine absorbs
energy from supply power. At the point of M, the phase cur-
rent reaches its maximum value /4, and then starts to decrease
because of the rapidly rising inductance. However, the flux
linkage keeps growing until approaching the turning point N.
Point N corresponds to the turn-off angle, where the flux link-
age reaches the maximum value Wa,. Afterwards the supply
voltage is cut off and the stored magnetic energy is returned to
the power supply. In one stroke, the output energy plus the en-
ergy returned to the supply is equal to the previously supplied
energy. Hence, the characteristic of flux linkage versus current
hysteresis presents the process of the energy conversion.

Fig. 11. (color online) Energy conversion loop of SR motor.

For the SR motor, the area enclosed by the PHL corre-
sponds to the energy converted to mechanical work during one
stroke. Inversely, the area within the flux linkage versus cur-
rent locus of the SRG denotes the energy that is electric energy
converted from mechanical energy.

An arbitrary operation point Q is taken as an example for
explanation. Based on the definition of an inductor, the in-
ductance at this point can be calculated by the slope of the
straight line OQ. The maximum and minimum slopes of the
points on the loop are considered as the maximum and min-
imum value of the phase inductance as shown by the dashed
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lines in Fig. 11. Note that the dynamic loop is confined be-
tween the inductance extreme values for one stroke.

The average torque for an SRM can be expressed as

e = 0 (13)
where myy, is the number of phase. So the average torque can
be related to the flux linkage versus current locus area. Ac-
cording to the principle of electromagnetic energy conversion,
the co-energy in each stroke for different dwellings must be
equal to the load torque.

The fundamental frequency f of voltage across the phase
winding or the current in each phase is affected by the speed
of the machine, and f is given by

f= % X Nr. (14)

The speed will vary with the load torque in the case of
speed open-loop operation. Based on Egs. (13) and (14), the
enclosed area of the energy conversion loop of the SRM is re-
lated to the frequency of the phase current. Here, the speed
open-loop operation and current chopped control are adopted.
Practical tests and simulations on the four-phase 8/6 prototype
have been used to obtain the flux linkage—current character-
istics for different frequencies. The rated voltage applied to

experimental

(a) )
0.3 simulated
o 0.2 / [
- /, Y
S | \\
=
0.1 )]
e .
L /‘
. —‘-r'/
§ e
0 { | . . .
0 2 4 6 8
in/A
0.3 T : . -
(c) experimental
simulated
0.2 ~3
Q /
z / \
<
= \
S NS
~
>
- /
gy
04 T —
2 4 6 8
ia/A

each phase winding is 24 V and the rated current is 8 A. The
turn-on and turn-off angles are configured as 6,, = 0° and
Oo5f = 24°. Based on the measured phase voltage and phase
current waveforms, experimental flux linkage waveforms can
be calculated using Eq. (6). Figure 12 shows the experimen-
tal and simulated results of energy-conversion loops at differ-
ent load torques, i.e., 4 Nm, 3 Nm, 2 Nm, and 1 Nm corre-
sponding to the speeds of 169 r/min, 243 r/min, 318 r/min,
and 485 r/min, respectively. The experimental measurement
results are listed in Table 2. Figure 12 shows that the rotor
speed increases as the decrease of the load torque. Hence, the
enclosed area of the PHL indeed is related to frequency. The
experimental and simulated results are both consistent with the
theoretical analysis. Furthermore, the maximum values of flux
linkage and current increase with frequency.

Table 2. Experimental results for multiphase SR motor.

TL/Nm  n/(t/min)  f/Hz = Yap/Wb  Iap/A Wigep/J
4 169 16.9 0.278 8.000 1.021
3 243 24.3 0.244 7.705 0.797
2 318 31.8 0.208 6.254 0.521
1 485 48.5 0.154 4.543 0.263
0.3 - - . .
(b) experimental
simulated
0.2 {
. 2L 1
=
> N
=
0.1 ) >
e
]
0 b=
0 2 4 6 8
in/A
0.3
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Y NN
--/'(“1)
o e . .
0 2 4 6 8
ia/A

Fig. 12. (color online) Flux linkage-current characteristics of SR motor for different frequencies, i.e., (a) f = 16.9 Hz, (b) f =24.3 Hz, (c) f =31.8 Hz,

and (d) f = 48.5 Hz.

068401-8



Chin. Phys. B Vol. 24, No. 6 (2015) 068401

Note that when f = 16.9 Hz, the current is limited at 8 A
to protect the transistors. Taking f = 24.3 Hz for example, the
time-domain experimental waveforms of phase voltage, phase
current, and phase flux linkage are shown in Fig. 13. There
are several features exhibited in Fig. 12 and Table 2 requir-
ing attention. First, the flux linkage versus current locus in
one stroke of the SR motor exhibits PHL. Second, the area
enclosed by the loop, i.e., the co-energy, decreases as the fre-
quency of current increases. This is because the higher speed
will lead to the lower electrical torque, which is the mechani-
cal property of SRM.

¥a/Wh

0 PR ; 77777 ;"'"J 77777 PR ! n L L
7.87 7.88 7.89 7.90 7.91 7.92 7.93

t/s

Fig. 13. (color online) Experimental waveforms of phase voltage, phase
current, and flux linkage when f = 24.3 Hz.

More experimental data are captured to elucidate the vari-
ation of PHL area over a wide frequency range as shown in
Fig. 14. The maximum rotor speed is determined by the inher-
ent properties of a special SRM. Very low speed will produce
much torque ripple. Due to the restrictions of machine mate-
rial and supply voltage, the case of infinite frequency cannot
be discussed. However, we can observe that the PHL area is
approximately zero when the frequency is above 120 Hz. The
good agreement between the simulation and the experimental
results validates the above theoretical analysis.
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Fig. 14. (color online) Variation of area of the PHL with frequency.

6. Conclusions

Based on the mathematical model and the inductance pro-
file, the phase winding of the SRM can be regarded as a nonlin-
ear inductor whose inductance can be varied by rotor position
and current. The generic meminductive characteristics exist-
ing in single-phase AC SRG have been theoretically analyzed
and verified by the simulation model. The memory ability of
phase inductance and behavior of hysteresis flux linkage ver-
sus current are observed in a practical multiphase SR motor
system. The simulation and experimental results manifest that
the SRM has a strong resemblance to the meminductive sys-
tem. The analysis and confirmation of meminductive behav-
iors existing in SRM systems will provide a meaningful guid-
ance for engineers on modeling, controlling, and optimizing
the SRM system.
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