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Abstract

We present a lookup table based model for switched reluctance motors (SRMs). The model uses
four coefficients, which are rotor position dependent and calculated from the flux-current-angle data
using curve fitting. The four coefficients are further represented with sixth degree polynomials, which
can be calculated effectively with Qin Jiushao's method. Simulated results show that the magnetic
characteristics calculated with our model agree well with the original flux-current-angle data. Also a
method is proposed to produce optimal switching angles, based on a non-linear inductance model of low
inductance region for switched reluctance motor (SRM). The optimal turn-on angle is derived from the
non-linear model and electrical equation of SRM while optimal turn-off angle is derived from the turn-on
angle. The proposed method has more accuracy than the conventional analytical method and improves
the efficiency of the drive. Simulation results demonstrate the validity and effectiveness of the proposed
method.
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INTRODUCTION

SWITCHED reluctance motors (SRMs) provide mony structurol advontoges, such as rigidity,
brushless, less maintenonce, low cost, etc. Furthermore, since the rotor of the SRM does not generate
significont heot, the motor is easy to cool thereby allowing the SRM to be employed in high-temperoture
ond harsh operating environments. All these merits of the SRM have caused it to draw great attention
from industry ond researchers os on olternotive among other electrical machines in the opplications of
hybrid electric vehicles, windmill generators, household opplionces, ond circroft. Due to the effects of
soturation, hysteresis, ond the double saliency of the moachine construction, the SRM maognetic
charocteristics are of high nonlinearity ond ore difficult to model. The mognetic choracteristics of on
SRM con be token into oaccount by appropriote modeling of the nonlinear flux-current-ongle
charocteristics in one phose of the mochine. The moachine model may then be described by

Y= Wi, o) (M

Where W is flux linkoge, 11s phose current ond ¢ is rotor position.
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Fig. 1. Flux linkage versus phase current with different rotor positions for a
12/8% SRM.

Analytical models con be derived either from the mochine geometry ond mognetic theory directly or
from the previously obtoined *(i,#} doto using numerical methods. For the onalytical models
development, one of the popularly used methods is to fit the previously obtained (i,s} data with
onolyticol equations.

In this paper, a simple model by fitting the previously obtained ‘¥(i,#}dato with onolyticol
equations is presented. The electromognetic torque, which is denoted by T(i, #), further calculated from
the proposed *¥(i,#} . The volidity of this model has been verified through simulation and the results
show thot the proposed method is effective and accurate.

A lorge number of methods for optimising turn-on ongle ond turn-off angle hove been presented
during post years, which con be approximately clossified os following: artificial intelligence method,
self-tuning method and onolytical method.

In the following two papers, artificial intelligence method is applied. To moximise the torque per
ompere ot oll operating points, [3] presents a control strategy which is boased on neural network toking
reference current ond speed os inputs and turn-on ongle ond turn-off angle os outputs. In [4], the turn-on
ongle ond turn-off ongle are optimised by on adaptive neuro-fuzzy controller which combines the expert
knowledge of the fuzzy inference system ond the learning copability of neural networks.

Self-tuning method is more widely discussed. Torrey ond Long [5] present on olgorithm to
determine the optimal turn-on ongle ond turn-off ongle, which is based on the determination of local
optimum ot each operating point for each possible number of chops in the current waveform. In [6], the
duty rote of the applied DC voltage is varied in order to obtain the desired speed quickly, ond then the
turn-on ongle is varied step by step to minimise the energy consumption when operating in o steady-
state. Anew approoch to the automatic control of the turn-on ongle is presented to increose the moximum
torque per ampere in [7], where o closed-loop control olgorithm is designed to adjust turn-on ongle
which ensures that the first peok of the phase current occurs ot the ongle where the rotor poles begin to
overlop the stotor poles. The method requires comporing the phase current with the reference current ond
also needs ashaft encoder to detect the position of the first peak of the phase current continuously. Bosed
on the previous work in [7, 8] it adds outomatic control of the turn-off ongle to moximise system
efficiency. The relationship between speed, reference current ond optimised turn-off ongle ore obtained
through experiment. Then, curve fitting is applied to deduce the formula of the optimised turn-off ongle.
However, itneeds to traverse all the possible turn-off angles.

Considering that the self-tuning method has potential

complication when being implemented, the onalyticol method is also widely used in
optimisation control becouse of its simplicity of structure in applicotion. The conventional model is also
applied to deduce formuloe of turn-on ongle ond turn-off ongle in [9]. However, the moximum
inductonce used in the formuloe differs greotly in different phose current conditions, leading to o
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decreased accuracy on optimal turn-on ongle ond turn-off ongle. As discussed in [10], on initiol turn-on
angle is given by the conventional onolyticol method. Within a.certoin ronge around the initiol volue, on
experiment is conducted to find aset of ongles with the highest efficiency. The conventionol onalyticol
method based on the linear inductonce model storts to breok down as back electromotive force (EMF)
voltage becomes prominent especiolly ot high speed.

This poper proposes on improved analytical method to provide onalytical formuloe to calculate
the optimal turn-on ongle ond turn-off ongle which con be applied both ot low speed ond high speed. The
method is based on o non-linear model of inductonce only in the low inductance region. The optimol
turn-on ongle makes the first peok phose current reach reference current when the rotor reaches o
position where the rotor poles begin to overlop the stator poles. The optimal turn-off ongle ensures that
phase current decays to zero before the motor reaches the negative torque region. The efficiencies are
improved with the proposed method. Simulation results demonstrote the volidity ond effectiveness of
the proposed method.

MODELDEVELOPMENT
A.Flux Linkage-Current Relation

It con be seen from Fig. 1 thot saturation is one of the most importont properties of the 7 —; curves,
especially ot the aligned position. Due to the inherent property of the exponential function, both the
models in [11] and [12] ore difficult to capture the severe curvoture of the ;, —; curve ot the oligned
position. In this paper, we model the % — i curve for each rotor position as

Y=+ 2)

Where f, ond £, are phose current i dependent variobles. It is obvious that both £, ond £, should exhibit the
soturation property when 7 is greater thon the threshold saturated current. In this work, both £, ond £,
are defined in the form of Goussion function

AR
fi=ae & +a, 3

iy
-0

fr =a,e "* —a, 4

Where a, , a,, a, ond o, are constont coefficients for agiven rotor position.
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TABLE 1
POLYNOMIAL COEFFICIENTS USED TOr REPRESENT THE FITTING
COEFFICIENTS IN (O)

Bt (A A2 (H) hgy-x (H itz [Wh)
Cop  24159822e+0  3.8667577e-2  2.27RS122e-3  -3.5128437e-1
Con =109 3682 +H) -5 A5886T0e-2 =2 B353825e-2 3624593 2¢-1
[ G RIT94EDe+ ] -2, 390424440 - ORA303E ) -1.3032807e+1
Cmi 44137610e+2 2454163 eH) -1 113553 25e+1 18921 30e=2
Cme 1B033592¢43 14262150242 -3.4481244e+1  -L60T6961e:2
[ TA725381e+3 -3.7239578c+2 -3.1121778e+1 A 956480 +2
Cote GRITOMEe+3 =3.446] 566e42 6. 1686322¢40 O4612450e42

Substituting (3) ond (4) into (2) yields

' Lo

—(—=2 -
Y= (aze a4 a3) i+a,c e - dy (5)

The coefficients a, , a, , a, ond a, con be colculated through the ¥ — i — & doto using numerical curve
fitting. In this work, oll these coefficients are represented by sixth degree polynomials.

Un = N5 Cmj m=1,2, 3, 4 (6)
Where C, is the jth coefficient in the polynomial representing o,

Now for a given rotor position 6 ond phase current { the corresponding flux linkoge v con be calculoted
with (5) and (6).

B. Torque Production
The electromagnetic torque of phase j con be determined according to

3
T o

T =5 ¥ dx )
Substituting (5) into (7) yields

ot 2 ga, -2
T; = (a-]a2%+u—1i) [l —e % ] -

2 af
(ayi +a,) i%e—(é)* N g(ai% .\
ag)at(D)+ TR -1 ®)
da;

where the derivative terms — (j=1,2,3,4) con be derived from (7), ond erf(x) is the error function
which is defined by a0

X t2

erf(x) = véf( e T dt 9

Note that erf(x) is nonintegrable. To solve this problem, weused the hyperbolic tongent function
tonh(kx) to approximaote erf(x) well with the coefficient k very close to 1.2027825.

C.Lowinductance region

The objectives of the proposed method con be exploined through the relotionship between the
idealised inductonce ond the typical idealised phose current woveform for a 12/8 SRM os shown in Fig.
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3. The electrical period is 45° and the unaligned angle 0, is defined os -22.5" .whereas the aligned ongle 0,
is 0’

The moximum power is produced when the first peok current occurs at the ongle marked 6, in
Fig. 3, namely thot moximum torque per ampere occurs os the rotor poles begin to overlap the stotor
poles. Therefore the phose winding must be turned on before 0,to moke sure thot the first peok current is
ot reference current Iref when the rotor reoches 6,

The low-inductance region is defined os the angulor interval over which the rotor poles do not
overlap the stator poles, as shown in Fig. 3 from the unaligned angle 6, to 6, In order to find the optimal
turn-on ongle, the process of phase current rising from zero to Iref needs to be onalysed.

Fig. 4 shows the influence on phase current in the case of the actual ond idealised phose inductonce.
As is depicted, the linear inductonce model using ideolised phose inductonce, assumes thot the
inductonce remains unchonged in the low-inductonce region ond ignores the relotionship between
inductonce and rotor position, neglecting the back EMF voltage. Actually, in the low-inductonce region,
the inductonce is not constont ond its non-linearity hos asignificont influenceon the octual phase current
waveform, leaving the turn-on ongle 6, different from thot of the ideal condition. In the octuol
inductonce condition, considering the back EMF, the turn-on ongle calculated is advonced. For the
different turn-on ongles, the volues of phose currents' first peoks differ alot (Ai) inhigh speed operation
ond thot the positions of phase currents' first peoks differ alot(A0)in low speed operation.

i

Low Inductance Region ldealised Inductance

Idealised Phase Current

o o @ Lo
-5 1] 5 1m0 15 20 25 30 35 40 45
Rotor Position (* )

>

Fig. 3 Idealised phase inductance against rotor position with typical idealised phase current
waveform showing different angles

Consequently, when onalysing the process of phase current rising in the low-inductonce region,
non-linearity should be taken into account. In view of this, a non-linear model of the low-inductonce
region is required ond there is no need to model the phase inductonce of the whole region.

Fig. Sa shows the phose inductonce agoinst rotor position with different phase current. The
influence of current on the inductonce differs oround 6, Thot is, phose current hos o great impoct on
inductonce ofter 6, whereos it hos little influence on inductonce before 0, as shown in Fig. 5b. In the low-
inductance region, the minimum value of dL/d0 is 3.7e-6, much lorger thon the moximum volue of
dL/di, 7.1e-8. This meons the effect of current con be ignored in a low-inductonce region. From the
shape of phaose inductonce in the low-inductonce region, the phose inductonce chonges exponentiolly
with rotor position, so the relotionship between inductonce ond position in the low-inductonce region
con be written os

(9-h

L=a*¢ ¢ (10)

where L is the inductonce,0 is the rotor position ond o, b, ¢ are parometers, which con be determined
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through curve fitting.
D. Defining the optimal turn-on angle

To optimise the turn-on ongle which ensures the first peok of the phaose current to occur ot 6, the
time during which the phose current chonges from zero to peok at on assumed constont speed should be
deduced first. Nomely thot, the relationship between current i and time t should be figured out first.

The electrical equation of SRM con be described as follows

V= Ri+ L6 + i 2 (11)

where Vs is the source voltoge, R is the phase resistonce, L represents the inductonce, i denotes the phase
current ond o is the rotor speed. The first term of (11) is the resistonce drop, while the second term is the
induced EMF voltoge caused by variation of current, and the third term is the back EMF voltoge coused
by rotor position change.
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Fig. 4 Actual and idealised inductance against rotor position with typical phase current
waveform

In conventional onalyticol method, the turn-on ongle 6, is given as

ure [

0,, = 0, — 2l (12) (12)
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where Lmin is the minimum inductonce, Iref'is the reference current, 6, is decided by stator pole orc ond
rotor pole arc, which are porameters of SRM structure.

Equation (12) assumes thot the inductonce is constont within the low-inductonce region [0, , 0,]
then the third term of (11), back EMF voltoge, is zero ond hos been omitted. Therefore the conventional
onolytical method starts to break down as back-EMF voltage becomes prominent especially ot high
speed. With these facts, it is necessary to hove o new formula toking back-EMF voltoge into
consideration.
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Fig. 5 Inductonce ond effect of current rotor position
aInductonce ogainst rotor position with different phose current
b Effect of current ond rotor position on inductonce in low-inductonce region

In order to deduce the new formule, (11) con be rewritten os follows
L=102+i(R+E20) (13)
Solving the equation about I, yields

i(f) = —2——+ 1. ;}Je_% (14)

ni r/)(':"l‘/dg) o R+l‘?{dr'/tv!5
Where 1

I = 1.(A)
‘ """'"’l(.db/dﬂ}

(15)
Before the phose is turned on, the current is zero. Therefore [;=0 One thing that must be pointed out is
that in this case

R <« w(®/0) (16)

The resistonce of the phose winding when compared with the rotor speed @ multiplied by chonge rote of
inductonce, it con be omitted.

When rotor reaches 6, from 6, the current reaches its peok as shown in Fig. 3. We con obtain the time
between 6 ond 6,0s follows

By

[ix)

t= a7
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Substituting (15)—(17) into (14)

) (€ foy\ dL
”_"ﬂ:1_8< L )(dé))

v d

So current function of time i(t) is converted into current function of angle i(0) substitute (10) into (18), 6
is the optimol turn-on ongle ond con be rewritten as

i —(h=8g)
LI A

Opp =0y —cln(1 —=—e (19)
Cvg

where 1 1s the commonded phase current when the rotor reaches 6, Here, it is reference current Iref. The
other parameters o, b, ¢ are obtained in (10) through the curve fitting method.

This formula considers back EMF, so it provides optimal turn-on ongle over a wide speed ronge.
Owing to its onolytical noture, the proposed formulahas fost constringency and there is no need of either
continuously monitoring the position of the first peok of phose current or detecting other special
parameters for feedbock.

E. Defining the optimal turn-off angle

Fig. 6 shows that when phose winding is turned on, the phase voltoge is positive ond the flux-
linkage storts to rise up from zero, reoching the peok at 0, When the phose winding is turned off, the
phose voltoge is negative ond the fluxlinkoge storts to fall down. When the current decays to zero, flux-
linkoge decays to zero as well, so is the phase voltoge. Flux-linkoge is the integrol of phase voltoge for
time

W= [(V. = (R)dt (20)

then the flux-linkage os Fig. 6 shows con be represented os

(Vs - u{)“up + (_Va - iR)Liirrwn =0 (21)

Where t, is the flux-linkage's rising time ond  t,,,,is its folling time.
f "'_9'11'.
oy = =0 (22)
Ednwn = % (23)
Assume
iR <<V, (24)

hence, iR con be omitted. Substitute (22),(23),(24) into (22) ond it is eosy to obtoin:

[ I —9.'”.1 81 -8 i
L = R (25)

[} [}

So, Oupp = 2202 (26)

In the equation above,0, represents the very position where the phase current decays to zero. In order to

avoid negative torque ond moke sure thot the phose current decays to zero before the aligned ongle 6, wos
setos 0,
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Fig. 6 Flux-linkage against phase current in an electrical period

MODEL SIMULATIONAND RESULTS

Motlob/Simulink wos used to perform the simulations with the presented model. For ease of the
dynomic simulation, the following assumptions ore made:

1) dc-link voltoge Vdc is constont;

ii) converter is ideol;

i1i1) mutuol inductonces, eddy current, ond hysteresis effects
ofthe SRM ore neglectoble.

The simulation block diogrom is shown in Fig. 7. The commutotion logic generotes gating pulses for the
converter. For the purpose of simulation, the phose current i needs to be solved according to flux linkage
v ond rotor position 0 ond thus we obtoin the flux linkoge-current-rotor position doto. And also by using
the torque expression given in equation (8) the toque profile con be obtained. Thus the current ond
torque data.obtained ore used in developing the simulink model of the SRM.

Fig 7 Simulink Block Diagram of SRM
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Fig. 7 shows a block diogrom of the SRM drive system using Matlob/Simulink. Turn-on angle
controller using (19) makes Iref ond rotor speed os inputs ond 6, as output. Turn-off angle controller
using (26) maokes 0, os input and 0,08 output.

t

fluxlinkage-current-theta charactenstics of a 12 by 8 SRM

in

frufdh breakpo

40 - 020943951

30 4
20 4

10 4

phasecurrent{Amps)

Annotations deni

Fig.8 w -i-0 characteristics of SRM simulink model with Rotor position -22.5 deg (unaligned)
to 0 deg (aligned).

torgue-current-theta charactenistics of a 12 by 8§ SRM

=T
Annotatiofs dephte

theta(rad) 4 0 current(Amps)

Fig.9 T-i-0 characteristics of the SRM simulink model.
Fig.8 ond Fig.9 shows the (y-1-0) ond (T-i-0) charocteristics of the developed simulink model.

Fig.10 ond Fig.11 shows the simulated phose current waveforms when the SRM runs with a speed
of 1000r/m ond 3200r/m.
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Fig.10 simulated phase current for no-load operation at 1000r/m.

Fig.11 simulated phase current for no-load operation at 3200r/m.

Using the turn-on ond turn-off ongle controllers the optimal switching angles for the phase
excitation are given. Fig.12 (o) ond Fig.12 (b) show the simulated waveforms of the phase current versus
rotor position using the proposed ond conventionol method respectively ot low speed. we observe that in
the proposed the first peok of the phose current is occurring ot the position where the rotor and stotor
poles begin to overlop.

(b)

11
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Fig.12 comporison of the current waveforms with the proposed ond conventional method ot
1000 rev/min.

Fig.13 (o) ond Fig.13 (b) show the simulated woveforms of the phase current versus rotor
position using the proposed and conventional method respectively ot high speed.

L)

()

Fig.13 comparison of the current waveforms with the proposed and conventional method at
3200 rev/min.

IV. CONCLUSIONS

This paper hos presented a lookup table based SRM model. The validity of the model has been
verified with the simulation results obtained compared with the experimentol results given in the
reference poper. Also a method thot determines the optimal switching ongles for SRM model is
implemented using the turn-on ond turn-off ongle controllers.

The proposed method mokes the first peok of the phase current ot reference current when the
rotor reoches the position where the rotor poles begin to overlop the stotor poles resulting in higher
torque ond there by obtoining moximum power output. Comparisons of the conventionol ond proposed
methods through simulations demonstrate the volidity ond effectiveness of the proposed method.
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