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ABSTRACT

OPTIMUM PARAMETERS OF

ASYMMETRICALLY SLOTTED STRUCTURES

DIRIKER AHMET

Msc. Degree in Electtical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Biilent ERTAN

December 1987, 132 pages

Due to advantages that orginate from its simple
magnetic structure and driver configuration, switching
reluctance mator (SRM) drives are regarded as a new alter-
native for other drive types. However in order to be com-
petitive with known motor types, optimum design of SRM is

of utmost importance.

Contrary to classical machines, the complex
nature of the geometry and high saturation of this motor
makes impossible to analytically compute the performance
functions. Due to this factor for achieving optimum de-
sign parameter values is more difficult in this case.

Current design techniques generally depend on experi-



mentally obtained information or numerically computed
data. For obtaining accurate values of parameters, field
solutions should be used,. However, this is not practical

since it is very time consuming process.

In this’thesis, optimum values of air-gap pa-
rameters of asymmetrically slotted structures are found
by using computer programmes, To do this, a straight
forward method recently developed for computation of
steady-state average torgque of symmetrically slotted
SRM's is applied to asymmetrically slotted SRM's. Input
data for this work is normalized Permeance vs flux
density curves of symmetrically.slotted structurest
At the end of this work accurate values of optimum design
of SRM's are found under different mmf and magnetic loa-

~ding limits} The thesis also describes the optimization

technique developed for the purpose abovey
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OZET

ESIT OLMAYAN KUTUPLU YAPILARIN

_OPTIMUM PARAMETRELERI

DIRIKER Ahmet
Yiksek Lisans Tezi, Elektrik ve Elektronik Miih; Boliimi
Tez YOnetmeni: Dog¢. Dr. Bilent ERTAN

‘Aralik 1987, 132 Sayfa

Manyetik yapisinin ve siiriicli devresinin ba-
sitliginden kaynaklanan iistliinliiklerinden dolayi, Anah-
tarl: Rellktans Motorlu (ARM) tahrik sistemleri dider
tahrik sistemleri icin yeni bir secenek olarak goriil-
mektedir. Bununla beraber, diger sistemlerle tam bir
rekabet igin ARM'lerin optimum tasarimi -dnem kaéénmak—

tadir.

Klasik motorlarin aksine karmasik dogasi ve
agir saturasyon, bu motorlarin performans fonksiyon-
larinin analitik olarak ifade edilmesini imkansiz kil-
maktadir. Bu durumda, optimum tasarim parametrelerinin
elde edilmesi daha da gliclesmektedir;, Halihazirdaki

tasarim yontemleri genellikle deneysel bilgilere veya



niimerik hesaplara dayanmaktadir, Tasarim parametrele-
rinin hasas olarak elde edilmesi igin alan ¢Ozimleri-
nin kullanilmasi gerekir Ancak bu ise g¢ok zaman alici
hesaplamalari gerektirdiginden, pratik bir yaklasim
degildir -

Bu tezde stator ve rotor kutup genislikleri
birbirine egit olmayan ARM'lerin optimum hava-aralidi
parametreleri bilgisgyar~yard1m1ylamhesa§lanm1$t1rp
Bunun ig¢in daha ©nce esit kutuplu ARM'lerin ortalama
karali calisma momentinin hesaplanmasi igin geligtiri-
len bir metod, bu defa esit olmayan kutuplu ARM'lere
uyarlanmistir; Bu g¢alismada, daha Once esit kutuplu
yvapirlar i¢in hesaplanmis alan permeans verileri kul-
lanilmigtir, Tez galismasinin sonunda dedisik manye-
tik yikleme ve mmf limitleri ig¢in optimum ARM tasari-
minin genel bir cercgevesi g¢izilmistir}, Bu tezde s0z
konusu amag¢ i¢in gelistirilmis bir optimizasyon me-

todu da tanimlanmigstir
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CHAPTER 1

INTRODUCTION

1.1 DRIVE TYPES & GROWING IMPORTANCE OF SWITCHING RELUCTANCE

MOTOR (SRM)

During the last 20-25 years to expolit developments
in semiconductor technology improved forms. of eledfrical |
drives are introduced. However, until late sixties DC motors
were unigque alternative whenever speed control was concerned,
At that time, DC motors were treated as variable speed motors
and AC motors were regarded as constant speed motors. In DC
motors, speed éontrol is simply achived by controlling its
terminal voltage or field current with additional resistors.
This situation has changed in sixties with the introduction
of drives which use controlled rectifiers or choppers instead
of additional resistors. Later various inverter circuits
were developed for induction machine speed control. Although
an induction motor is cheaper, the drive is usually more
complicated particularly if thyristors are used. In induc-
tion motors, speed can be controlled over a wide range by
varying the terminal voltage together with frequency.
Transtorized inverters are much more simpler than thyristor-
ized inverters however, voltage-current ratings of avai-
lable transistors are smaller than thyristors. As a result

induction motor drives of larger sizes, especially are more

i .



expensive than DC drives still dominate in larger sizes.
However, for low power applications, inverter-fed induc-
tion machines have already been - serious commercial alter-
native for DC drives., In addition, DC drives have serious
problems originating from the motor due to weight, size
and maintance problems:, particularly in explosive or dusty
atmospheres.

For some 20-25 years there have been prediction
that motor robutness will increase and the cost of power
electronics will fall and AC or brushless-motor based sys-
tem will dominate to conventional DC. drives. However, this
has not happened, the cost of power electronics has not fal-
len sufficiently. For that reason, even now DC motor domi-
nates controlled drives technology but it is not an unique
alternative.

In recent years designers offer a third alterna-
tive to the competition between DC and AC drives. This
alternative is the switching reluctance motor drives (SRM).
It has some advantages as mentioned below.

. This type of motor has a very simple magnetic structure.
Motor contains the windings only on the stator side. This
winding is a concentrated winding. There is no winding on
stator side.

. It can offer high system efficiency and high controlla-
bility. It can be used for both speed and position control.
. Its drive circuit is also simpler. Since the operation

of reluctance motor is independent of the direction current

flow in the windings yielding particularly economical and

-2~



reliable power conditioning circuits having fewer power-
semiconductors and the drive provides low cost and main-
tance. As compared to the DC motor, a further advantage is
that it is a brushless machine.

. Whenever speed control is concerned, SRM drives offer a
good result and if a high resolution is not desired, good
position control can be obtained as well.

. In addition,.if Torque/Volume ratio improves and becomes
comparable asyncronous motors, the usage field of SRM is

likely to become wider;

1.2 BRIEF INFORMATION ABOUT PREVIOUS WORKS ON SRM

The advantages of SRM mentioned above has made
investigation of optium parameter of SRM an important
problem for design engineers. Although a lot has been writ-
ten about SRM's, further wrk is needed to solve the de-
sign problems. Difficulties arise since the working prin-
ciple of SRM highly depends on the heavy saturation of
magnetic material, the design problem is very complex.
Present design practice generally depends on experimentaly
obtained results common sense and analysis. General design
constraints are introduced to define a range of parameters
which result in a feasible design. Some performance func-
tions such as steady-state average torgue, starting torque,
efficiency etc. are not taken into account or treated in
a rough manner.

As discussed below a more through analysis method
has been introduced in the recent years. However, optimi-

zation of parameters for the purpose of maximizing the out-



put of an SRM is still a problem of interest, particularly
because such commercial devices have asymmetrical slotting
for which little has been done. This problem has been in-
vestigated in some detail for symmetrical slotting case
which presents a simpler problem. Work on SRM's <can be
briefly summarized as follows.
Early puslished work on SRM's belongs to Unnewehr and Koch,
Blenkinsop, Byrne and Lacy, Baushand and Rieke. Unnewehr
and also Koch who presented a disc type SRM in 1974. In 1976
a phase single stock SRM is analyzed by Blenkinshop. It sho-
wed only the basic principles of operation of SRM. in 1977,
Koch developed a linear theory of SRM, in order to investi-
gate the performance of SRM's. In 1979 Corda presented his
results on the desigh of a 0.75 Kw SRM. Corda, in his work,
formulated 1linear analysis for the performance calculations
of a SRM in a very systematic manner. He set out a number
of different design criteria which are necessary for a
reversible drive with self starting capability. In his
work, Corda also directed his atténtion towards treating
the nonlinear work of Lawrenson, Stephenson, Blenkinsop,
Corda and Fulton published in 1980. The work lays basic
principles of SRM structure and operation and offers some
general principles for a practical design. Davis, Ray,
Blake discussed various inverter circuit options as SRM
driver configuration.-

Lawrenson discussed the recent significant deve-
lopments in SRM drives his paper in 1983. In his work the

importance and advantages of such drives were emphasized.
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In 1984, Chappell, Ray, Blake published a paper
which discussed applications where microprocessors has been
used in the control unit of SRM drives.

In 1982 Ertan shows an analytical method of static
torque and inductance curve prediction for symmetrically
slotted doubly salient devices in his published work.

In 1985 Tohumcu offers a method for optimizing

the symmetrical slotted SRM in his Phd thesis.

1.3 AIM OF THIS THESIS"

Correct design of the airgap geometry has an
important role in torque production capablitiy of -an SRM.
SRM's may have asymmetrical slottings and as far as the
authors know an answer for correct choise of geometry for
non-linear magnetic circuit conditions does not exist.

The purpose of this thesis have been to identify
optimum air-gap region parameters from the point of view
of torque production of asymmetrically slotted SRM's.

This would normally involve a series of numeri-.
cal magnetic field solutions, due to highly saturated and
position dependent saturation of such devices under prac-
tical conditions. But in this thesis an approach based on
numerically calculated permeance data has been used as ex-

plained in chapter 2.

1.4 CONTENT OF THIS THESIS

In optimum design, to know the average steady-

state torque produced of that motor has vital importance.



In SRM, because of heavy saturation analytical
expression of steady state average torgue are not available
as being other performance functions. Then instead of using
the analytical expression, torque can be computed by means
of various numerical field solutions. But by these method,
solution can be obtained after thousands of times itera-
tions which is a very time consuming process. Then, an
easier method based on the permeance data prepared by
making numerical field solutions has been used.

In chapter 2 this method is explained for asy-
mmetrically slotted Srm's and the concept of energy factor
is introduced.

In chapter 3 the process of computation energy
factor for several structures of SRM by using the method
described in chapter 2 is presented. During this compu-
tation process a digital computer programg have been used
and practical motor conditions has been assumed. The ob-
tained energy factor data is also discussed in this chap-
ter.

In chapfer 4 a general idea about optimization
technique is described. A search method used in this
thesis called "A Form Of Direction Of Search" is exp-
lained and used for finding optimum SRM structure.

In chapter 5 the results obtained during this

work are discussed and concluded.

1.5 BRIEF INFORMATION ON WORKING PRINCIPLES OF SRM

Switching reluctance motor (SRM) is a kind of



step motor which is designed to rotate a specific number
of degrees for each electrical pulse produced by its con-:
trol circuit. Depending upon the pulse rate and the load
torque including inertia effects, the motor follows the-
axis of air-gap magnetic field by virtue of reluctance

torque. The basic structure of SRM is shown in fig.tl.l)

Fig. 1.1 . Basic structure of 4 phase SRM

As it is understood from its name, it is a doubly
salient structure. Salient poles are placed on both rotor
and stator side. In order to provide continious motion num-
ber of stator poles must be inequal to the number of rotor
poles. There are no windings on rotor side but on stator
poles there are simple concentrated winding. A second
bifilar winding is wound on each stator pole which provides

energy recovery. This winding has a vital importance in

-7



production of highest torque.

The set of windings called phases are separetely
excited by means of a proper seguence.

The counter clockwise motion 6f SRM is shown in

fig. 1.2 for giving an idea of its working principle.

A A A

{a) B (b)
Fig. 1.2 . Motion of 3 phase, 4 pole SRM

The motor shown in fig. 1.2 is 3 phase SRM with

4 rotor poles. At part "a" of fig. 1.2 phase A is energized,
in part "b" phase C is energized and part "c" phase B is
energized. If this A. C B sequence is repeated then and a
counter clockwise motion is obtained. For reversing the
direction of motion, sequence of excitation should be A,
B, Couuuo .

As may be easily noticed from the explanation,
above rotor is displaced by a certain amount everytime a
new phase is excited. The distance travelled when exci-:

tation pattern is changed is called the stepping angle

denoted by o« and is given by eqg. 1.1



(1.1)

Where g is the number of phases and Nr is the number of
rotor teeth.

During the motion, the instant at which each
phase is to be energized to maximize torque, is deter-’
mined according to the information. taken from the rotor
position transducer.

The following terminology is always used through-

out this work.

Switch-on instant: Is the instant phase energized. After
switch-on instant energy begins to flow from the supply
to the related phase winding. Position of rotor poles

will be aligned to stator poles which have excited phase

winding.

Switch~off instant: Is the instant when the current of
main switching element is turned off. After this instant

energy begins to flow from the phase winding to the supply.

Conduction Period: For a given phase it is a period defined
as the time interval between switch-on and. switch-off

instants.



tr

ts

ts

— —— e e s s

tr

In position out position

Fig. 1.3. IN and OUT positions of SRM

In and out positions: The position in which rotor and
stator teeth are fully aligned when a phase is energized
is called the "IN" position. As an example of a pair of
teeth in this position may be seen in fig. 1.3 and also
in 1.3~a where alignment occurs under phase A.
In this position permeance is maximum. If rotor and stator
teeth are fully out of alignment, this position is called
the "OUT" position which is shown in fig. 1.3-b and in
fig. 1.3-a for phases B and C.

In this chapter a Switching Reluctance Motor
has been briefly presented. In the next chapter a simple
method for calculation of steady state average torque

is explained with the help of energy factor concept.
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CHAPTER 2

ENERGY FACTOR CONCEPT & TORQUE

2.1 INTRODUCTION

The performance functions and motor parameters of
doubly salient switching reluctance motor can not be simply
defined by analytical expressions as. conventional .DC and AC
motors because of high saturation.

Therefore in place of defining analytical expres-
sion, it is useful to use data which are computed or mea-
sured in experimental means. Computed data may be obtained
by numerical field solutions. But it is a very time con-
suming process. Design engineers need simple and straight-
forward techniques which give quick results. In literature
some design techniques have been developed. But unfortunat-
ly none of them for a sufficient background for design.
Ertaé”and Tohumcéghave offered a new optimization method
for symmetrically slotted SRM's by computing average steady-
state torque.

This technique for calculating average torque of
asymmetrically slotted SRM's will be summarized in this

chapter.

2.2 NORMALIZATION

It is very convenient to define the position of

-11-



Fig. 2.1. Air-gap region of SRM
In this fig.,Mr denotes rotor pole pitch, tr and tS denote,
rotor and stator teeth widths y is overlop and X is the
displacement between center lines of stator and rotor
poles.

Then position knowledge should be expressed as
a function of rotor pole pitch Ar. Any position can be
converted to normalized displacemenf by using following

relationship.

2X (2.1)

Where Ar is the rotor pole pitch, X and Xn displacement
and normalized displacement.

If rotor displaces as >\r/2 rotor and stator
poles are fully un-alined which is an out position as

mentioned in section (1.5). In normalized form

-12-



On the other hand, X=0 means axis of stator and

rotor poles are fully alined then,

)
o

Then 'in' position in normalized form in zero
and 'out' position is 1.

The parameter A

r is very important motor pa-

rameter in obtaining of optimum SRM as explained in the

next section. Therefore it is very convenient to express
pole widths as a fraction of Ar. 1In normalized form Mr
is equal to 2.

Then normalized stator and rotor teeth widths

are defined as follows,
t = — t = —— (2.2)

Switch-on, off and conduction period must be
‘also thought as in normalized form. In this work these
parmeters are used in normailed form, which are denoted

as,

Xni_ normalized switch-on position

-13-



an - normalized switch-off position

ch - normalized conduction period

where Xn = Xn.—X

c i "nx
2.3 UNIT DOUBLY SALIENT STRUCTURE

Unit doubly salient structure (udss) is the
scaled model of the original geometry. Udss is very
useful tool in computing steady state average -torque.

The original geometry and udss are showhn in fig. 2.2.

‘dsi 4 ts v Core Length
le
- Ar i
gT i o Yo
tr : dr !
Z Yo
~ [of L h
ds/lrt ts/ A - ore en?t
er - . 1. — - .
? — ' b
, te/Ar v W
7 .

Fig. 2.2. A Doubly Salient Geometry and Unity Doubly
Salient Structure

Udss. s very-convenient togcl as far as analysis
is concerned, because of the reason that is a general
structure with unity rotor pole pitch and eore lenght.
All dimensions which are in transverse plane obtained
by the factor Ar and in axial dimensions by l/L which

c
are shown below.

~14~



where subscripts”"o" and "u" refer the original geometry

and udss. Udss carries all nature of the actual geometry

to the scaled model., One can obtain magnetic quantities

and parameters of original geometry in transverse plane

by Ar and in axial dimension, by l/L as shown below,

UDSS

Ts/ Ar

g/ a

and for magnetic quantities

2.4 TORQUE

2.4.1 FLUX WAVE FORM

-15-
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Since practical motor conditions are assumed during

this work, a constant voltage source is to be considered

to be driving the winding instead of constant current

source, as in most practical cases.

is Vs to corresponding phase, then the voltage equation

is

r

[,+ N{gg_

V., = RS
dt

S

(2.5)

If the stator resistance is neglected, then

Vo= N, dag (2.6)
S
dt
let
v, =V for X3 gxn<xnx
and
v, = -V for xni+1<xn\xnx+1

The reason of applying minus voltage is

to decay the

If the supply voltage

current in the phase in which is turned off and avoid

breaking torgues. Inotherwords, voltage

can be expressed as,

(2.7)

dg¢ ag an do Nt Nr dg
VS = Nt =Nf F - W
dt dX_ de dt o ax
n n
where w is speed of the motor, Nt is the number of turns per
phase and Xn normalized displacement.

~16~



Let k= —F— w then, V_ =k ag_ (2.7)
™ S dx
Vv X
Vs ( an - Xni ) or g = s “nc
gp = p k
k
Then for VS = V and VS = -V the flux waveform becomes

triangular in shape as shown in fig. 2.3.

g P

14 12 1 08 06 04 02 00 02 84 06 Xn

Fig.2.3 A typical triangular flux waveform.

2:4:2 FLUX - MMF CONTOUR

Since constant voltage source is assumed, the locus
of flux vs mmf curve depends on the variation of flux with
time with motion, the flux contour is generally of the shape
shown in fig.2.4.The flux axis may be replaced with flux

density Bt if needed.
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Xn

0.2

oL

06
08

Fig.2.4 A typical ¢ - mmf contour.

The manner in which flux vs mmf contour is obtained
here may be illustrated by the help of fig. 2.5. In fig.
2.5-a the flux waveform of anSRM is obtained for Xni=—l.4
as shown. To construct flux vs mmf (or B vs mmf ) contour
several positions are choosen,ﬁfbr example -0.8 and -0.2
on the curve. Flux density Bt vs mmf curve of these posi-
tions must be available. These may be obtained by using
the technique described in section 2.5.1 with the aid of
this curve curve, several points of the flux - mmf contour
may be obtained and the complete curve may be constructed.
The area of this contour is very important in computing
average steady-state torague as will be explained in the

next section.

~18-



I . i I 1 -

y $°
Bp (max) T

N
\\

0.0
0.2

04
06

0.8

k) 1 L} 1 L L] L] ——
“14 12 -1 0% 06 -0 ~02 00 02 04 Q8 *n

{a)

An=0. /

(b)

n= 0.8

-

Fig 2.5. Obtaining of flux-density
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2.4.3 TORQUE AND ENERGY FACTOR

In any structure which has Ns as number of
stator pole and Nr as number of rotor pole, the torque
produced by each stator pole is,

T3 (2.8)

ase

where w' 1s coenergy and 1is angular position.

In one cycie, the average torque produced by

each pole is,

T = AV where Ae==-—zlL- (2.9)

av AD
r

= ¥ N (2.10)
2w

If all the stator poles are excited, then the

obtained torque is,
Nr )

T . = N, A ———— AW (2.11)
2n

As seen from the above equation, average torgue
can be computed by using coenergy change. Coenergy can be
computed by using mmf vs Bt curves for certain switch-on and
switch—off positions as explained in previous section.

Since udss is a scaled model of original geometry

(SRM), when the size of main structure are taken into

account, the coenergy of original SRM can be found, from
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eguation (2.12) in terms of energy factor.
dw'=A L Aw; (2.12)

Where Aw$ is total change in coenergy of udss and it is
called Energy Factor and denoted by E in the rest of this
work. Briefly, the average steady-state torgque produced

by SRM in terms of udss can be expressed as,
2
T = ———— AL E (2.13)
rc

In terms of motor volume, the average torgue expression

can be rearranged as follows,

2
d2 Ar Nr
V. = TL = (2.14)
r 4 c 4n

(2.15)

If only one stator phase 1is excited then the effective

volume 1is,

Y = 2 £ (2.16) (Since flux passes only
eff N
r
two pole) then,
Tav = NsveffE (2.17)
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2.4.4 TIMPORTANCE OF ENERGY FACTOR

As seen from the previous section, computing
average steady-state torque of any SRM, it is necessary
that energy factor should be known as well as the other
dimensions of the motor as may be seen from equation (2.17)
The importance of energy factor may be briefly explained
as follows; it is sufficient to know the energy factor of
corresponding udss of desired SRM, If energy factor is
known, the only thing to do is calculate the average torque
of an SRM of any sizelwith the same parmeters to it with .
SRM volume parameter which is described in previous secti-
on, Therefore it is possible to calculate the torque for
a SRM which have different volume or magnetic geometry by
using energy factor of related udssr This method provides

simplicity in designing SRM air-gap parameters

2.5 CALCULATION OF ENERGY FACTOR

For computing energy factor of any udss the
followings must be knownr

r Normalized switch-on and switch-off positions

r Supply voltage or magnetié loading

r F vs B curves of related udss for different

normalized displacement Xn

.

Normalized switch-on and switch-off positions
and supply voltage depend on the designer choise. In

otherwords, they may be parameters for adjusting of

—22-



output steady-state torque as in this work. However,
F vs B curves depend on the characteristic of the
magnetic material. Therefore, they have to be given
to the designer.

Available data as an input for this work is
permeance data for symmetrically slotted structures.
Since this work is interested with asymmetrically slotted
structures, it is necessary to know the permeance data
for asymmetrically slotted pairs. If this permeance data
are obtained, then it is simple to calculate MMF data by

using the following equality,

e — = ' (2.18)

A method for obtaining permeance data for
asymmetrically slotted structures by using permeance
data or symmetrical pairs is presented in the next sec-

tion.

2.5.1 PERMEANCE CALCULATION OF ASYMMETRICALLY SLOTTED

STRUCTURES

Any asymmetrical teeth pair of udss can be
represented with two symmetrical pairs by using the method
developed by Ertaé? One of these symmetrical pair repre-
sents rotor side of the original asymmetrical geometry
as shown in fig. 2.6. According to this method a permeance

of asymmetric teeth pair can be computed by using the
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using the following equalities,

P= _—a b or in normalized form,
Pa +Pb
2P P
p = —na nb (2.19)
n
P P
na + nb

Where P is the permeance of desired asymmetrical pair and

Pa' Pb are the permeances of corrresponding symmetrical

teeth pairs.

-4——————45—————*wf——73———+- -4—————ts—————4»4——Y;——’-
- ir > - tr —
X1 Xy
{a)
4—-,-———}5———»—«4? -——— s —*?
L—#ﬂ
-ttt B o ——p ts -
X A “di X1
(b)
tr - > - t P -
i ; X2 d - Xz
o X
ale £ Y P ol >
X2 d TR X2 tr

. e} | . .
Fig 2.6. An asymmetrlcalcpalr and corresponding symmetrical
pair, '

However, any symmetrical geometry can not rep-
resent the original asymmetrical geometry. As mentioned

above, corresponding symmetrical pairs should be used.
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Therefore, parameters of symmetrical pairs which will

represent the original geometry must be identified.

2.5.1.1 TOOTH WIDTH OF SYMMETRICAL PAIR

(Tooth Width): As mentioned above, rotor and
stator side of asymmetrical teeth pair can be represented
by two separate s;mmetrical teeth pairs. If rotor and
stator tooth width of asymmetrical paif are tsnand trn

then one of the symmetrical pair has rotor-stator tooth

width is tsn and: the.other has trn ~as shown in fig. 2.6.

For Xn (normalized displacement): As mentioned in section

2.2 a normalized displacement Xn can be written as,

X ==t . (2.20)

where X is the distance between center lines of stator and
rotor teeth. In this cases, X is equal to il for fig. 2.6-b

and X5 for fig. 2.6-c. Then,

X X
1 2
nb M/2 nc sz

where subscripts b and c¢ define symmetric geometry b

and c in fig. 2.6. Then they can also written, as follows;
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X =X + t_ -t (2.21)
where subscript c defines asymmetrical structure.

2.5.1.2 1\/g OF SYMMETRICAL PAIR

The distances dl and d2 which are illustrated in
fig. 2.7 must be at least equal to 25 g for the validity
of this method for SRM. This because flux from the excited
pole is forced to cross to rotor‘;o.thé.qpposite,excited
poles on the sfatér. Hence for all practical purposes
adjacent stator poles may be regarded as non-existent
As shown by Ertan 25 g is a sufficient distance to
stimulate this position.

What happens when asymmetrical pairs are replaced
with symmetrical ones and neccesity to adapt the measure
described here may be better explained with an example.
Consider fig. 2.7. When the stator tooth 2 is replaced
with rotor tooth the distance between S

2
reduced to di. If 2 numerical field solution in which

and Rl is

the distance between adjacent pairs is small ( i.e.
smaller the specified above) because of the flux crossing
to the other pair, permeance calculations would result in
a value different to the case in which this distance is
longer. Hence the calculated value would not be appro-
priate for SRM torque calculation. Therefore, a constrain

which overcome this problem may be written as,
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3b = Max ()r, tS+Xl+ 25 g)
Ac =
C = Max (Ar, t X+ 25 g) (2.22)

or it can be written in the f ollowing normalized form,

A . A X A
0 Z Max|—X= ,(( e =22 ) = +25)}
sn
g g 2 g
(2.23)
A A
= Max [ L ,((t + 22 L 25”
rn
g g 2
51 52
tr —r tr
e——ts______ | : U { J—
-d ,

‘——*_tr —_—ed o . tr B
jol————— —_—

Ry Rz

Fig 2.7. Changing in Ar value in obtaining corresponding
symmetrically slotted structure

2.5.1.3 FLUX DENSITY OF SYMMETRICAL PAIRS

If the stator flux density is Bts' then rotor

flux density can be written in terms of Bts as,
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since Qs = Gr (2.24)

where tsh and trn are teeth width of stator and rotor
poles of asymmetrical structure and ¢s' ¢r are fluxes
of asymmetrical structures.

Therefore, if stator flux density is B, for
original asymmetrical pair than symmetrical pair which

represents stator sidechas flux density B, = B and

b
symmetrical pair which represents rotor side has flux

density

After identifing all the parameters for
cbrresponding symmetric structures, Pa and Pb is
searched from the related P vs B curves which are input
of this work, and obtained permeance values are applied
to equation (2419). |

The identification procedure of symmetric
structure parameters may be clarified with the aid of
an example.

Let the asymmetrical structure has the

following air-gap parameters,

Ar

g.

]
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and B = 0.5 tesla

For symmetric structure which has stator, tooth width

. t = t = 0.3
sn rn
. Xna = 0.1 (by using (2.21) )
. B, = 0.5 Tesla
s
%'G
. /g = 40 (by using constrain (2.23) )

For symmetric structure which represents rotor side of

asymmetrical structure,

sSn rn

- X, =0.3 ( by using (2.21) )

. B, =0.375
S

. AJg = 47 ( by using (2.23) )

2.6 CONCLUSION

In this chapter, a summary of the theory of
calculation of steady-state average torque for any SRM

by the help of corresponding udss has been presented.
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Additionally, the method for obtaining pefmeance of any
asymmetrical structure by using the permeance of
corresponding symmetrical structures has been also

described.

By the help of the information given here, the
computation of energy factor data for asymmetrical udss

are given in the next section.
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CHAPTER 3

COMPUTATION OF ENERGY FACTOR

3+1 INTRODUCTION

This chapter attempts to calculate energy fac-
tor data for a proper range of air-gap parameters of Udss
by the help of the method given in the previous chapterk

The procedure for the application of this method
is described step by step during this chapter. The obtained
energy factor data at the end.of this procedure is very
useful for obéerving the effect of air-gap parameteré on -
energy factor variations,

Additionally, since Mmf vs Bt curves obtained
here, are used as input data for optimization of air-gap
parameters given in pext chapter, this part of the work
has a vital importance fbr a.chieving the purpose of this
thesis

Descriptions for some important programs used

in this part of the work are presented in Appendix B}

312 PREPARATION OF INPUT DATA

As mentioned in chapter 2, it is possible to
obtain permeance data for asymmetrically slotted struc-

tures by using the permeance data of symmetrically
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slotted structures . By using this approach energy factor
of asymmetrically slotted. ggM may be computed;, The avai-
lable data for this work is P vs Bt curves of symmetri-
cally slotted structures computed.by Ertan. However,.
these data has a ‘Né range between 40 and 70. Practical
SRM's assume much higher PVg ratios Since this work
considers the practical SRM conditions, this data should
be expanded to A/g = 250 which is practically possible
This may be done by extrapolation the available data with
respect to A/g; The alternative way to expand permeance
data is to use numerical field solution techniques howe

ever, this is a lenght task and a research matter in

itself and therefore not attempted here.

Fortunately, this data has been already extra-
polated by Tohumcu for his Phd work, however it is in

B, vs F form, Therefore it should be converted to F vs B

t t

form in order to obtain P vs B curves. Furthermore, as
discussed in section (3.212), it is essential that the
data covers the same Bt réngep This however was not the
case and therefore further manupulation of the data was

necessaryys

Briefly, the preparation of the P vs Bt data

in this work, involves the following sub-steps

¢ Obtain F vs B, curves from available B vs F

curves;

» Extrapolate F vs B_ curves with respect to

t

~32-



B so that all curves have same B axis range,

L Obtain P vs Bt curves

All above sub-steps has been realized by the help of di-

gital computer programsi

31241 OBTAINING F vs Bt CURVES FROM AVAILABLE DATA

Available data is in the form of F vs Bt curves

with respect to several valves of the parameters R/

sn’ Xn; To obtain imtermediate values for F‘vs'Bt curves,
an interpolation method should be useap‘First of all Cubic
Spline Interpolation method has been tried since it is
capable of giving accurate result, The description of this
method is given in Appendix A. However, during this appli-
cation with 8 points on each curve it has been observed

that although it gives very accurafé results for the curves
which have low h/g values (ire. less than h/é: 100), for
high values it gives some errors. As may be seen from the
figp 311 while A/g value increases the curves get sharper
In this fig. the points which represent these curves are
also denotedy. As seen from this figy, at linear part of the
F vs B curves having high A/g values there are no available
point. Inotherwords, shape of such F vs B curves is nof
defined sufficiently, Therefore, no information is given te
the cubic spline method about linear part of such curves,

As a result since this part of the curve is not known by

the method, it passes a curve which causes errors as shown
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by dotted line in figs 31l. However curves having low
ﬂ/g (irer 40-70) value, are smoother and linear part

is well defined, Therefore, since the available data

which represent the curve are sufficient, cubic spline

method gives accurate result for such curves:

Nevertheless the results indicate that whatever
the interpolation method is, these curves shoulild be defined
properly:

Therefore,;;n order to overcome this problem number

of points in that parffof the ciurves -has been ihcreased}

To do this, all B, vs F curves are drawn by using
available data and form these graphs useful points are
added to the available datar Therefore number of points

to represent each curve is increased from 8 to 13,

However, with this new form of the data, this
method is found to cause oscillations in interpolation as
shown in_the figp 312, %0.5 error is, possible which,pro%
bably comes from reading.thgxyélues from graphs while
inputting them to enter.pfogram; Although thése reading
errors are very small, they destroy linearity of the
linear part of the curves; Hence, cubic spline method
passes a curve through these additional points which cause
oscillations; This oscillation is not considerable in this
interval since data density is high because of the addi-
tional points; However, after this mmf interval since

there are no additional points, the peak value of the
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oscillation increases as shown in fige 312¢

Therefore, it is understood that these oscil-
lations may be avoided if the data read from the graphs
are very accurate and if more supplementary points are
added along the curve for interpolation,. However, po
read the data from graphs in desired accuracy for the
cubic spline is not possible since it is very sensitive
even the error percentage is below 0.5% which is very
difficult to provide. On the other hand to add supple-
‘mentary points along the curve is not a practical so-

lutiont

Therefore, because of the above reasons it
is decided that trying linear interpolation method would

be worthwhile,

In order to obtain accurate result, the addi—
tional points mentioned in cubic spline work has been
used in linear intefpolation application. It is observed
that in this method,: F vs B curves could be interpo-
lated with an error of 1¢5% at most when compared with

the drawn graphs:

31212 EXTRAPOLATION F vs Bt CURVES

After obtaining F vs B curves as in previous
step, it is observed that some of them do not reach up
211 T especially for the curvse having high Xn values.

However, since it is necessary to obtain all the F vs B
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in the same B range for the further part of this thesis,
curves which do not cover sufficient range should be

extrapolated with respect to By

To do this, for the curves which do not reach
up to B=21lT, a straight line is passed between last two
points of such curve.as shown in figy 3.3.a+ However,
this approach is found to cause some F vs B curves which
have low A/g valué, cross other curves which have higher

>'/g values as shown in fig 3t3ta by the dotted lines:
This however is not possible in practice due to the .
nature of B - H curve of the materaial used, In fact
these curves are expected to be asymptotical and there-
fore all curves are made asymptotical with respect to

curve having h/g value 250 as shown in figr 3.3ra

Bt
4
1- B
//
2,01 "
1.6 T
l21 (a)
Q8 -
04
0 20 30 40 50 60 70 MM (KA)
(b)
Fig:. 313+ Extra-
polation of Bt
vs F Curves

L + 3 1 -
— T~ ¥ 4 — T T

I0 20 30 40 50 60 70 MMf (kA) -38-



31213 COMPUTATION OF PERMEANCE DATA FOR SYMMETRICALLY

SLOTTED STRUCTURES

This is the last step for preperation of data

for the procedure given in section (3.2)¢

The permeance of any structure may be obtained

by using the following equation

p= =% 3.1

Where tSn is normalized tooth width and F is mmf Vélue of

entire structure under flux density B

In this step of the work, permeance data of
symmetrically slotted structures is obtained by using
equation 3.1 and B vs F data,. Permeance data covers
each combination of the following values of parameters:

>‘/ : 40

, 70, 100, 130
g

160, fpppperrr, 220, 250

’

t/y ¢ O0r3, 014, 045

X - : 0.0, 0.2, 044, 016, 048, 1

By ¢ 0xl, 012, 043, Op4, rkprprrrikr, 210, 201
Therefore, at the end of this step the permeance data

has been prepared for the main procedure of computation

of energy factor given in the next section
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313 STEPS OF THE PROCEDURE FOR COMPUTING ENERGY FACTOR

DATA

For thainiﬁg energy factor data of asymmetri-
cally slotted Udss, the procedure described below is
followed in this work. For this purpose permeance data
of symmetrically slotted structure which have been

prepared in previous section are used;

. Computation of Permeance data of asymmetri-

cally slotted structure;

. Computation of Mmf vs B data of asymmetri-

cally slotted structure,

. Computation of energy factor of asymmetri-

cally slotted structure,

The detailed description of application of above pro-

cedure is given in the next sections.

31311 COMPUTATION OF PERMEANCE DATA OF ASYMMETRICALLY

SLOTTED UDSS;

As presented in chapter - 2, permeance data of
asymmetrically slotted structures may be obtained from
the permeance vs B data of symmetrically slotted struc-

tures by using the following equation
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2p_P
p= ab 312

Pa+Pb

Where Pa and Pb are permeances of corresponding symmetri-
cal pairs. The parameters of these two corresponding
symmetrical pairs should be identified as given in chap-

ter 2.

In this section of the work, the method summe-
rized above has beeh“applied‘with the aid of a‘ computer
program and the permeance data has been obtained for
asymmetrical pairs by using availab-le P vs B data as
discussed above. The description of this program is pre-

sented in Appendix B

Typical normalized Permeance vs Flux. density
(Bt) curves for structures, having different tooth
widths are shown in figp 3.4, As seen from this figure,
after a certain value of B, structure having asymmet-
rical tooth widths as higher permeance value with,res-
pect to symmetrical pairs, The reason for this situation
may be as follows; As seen from figy 3414 the asymmetri-
cal pair is the combination of these two symmetrical
pairs, As remembered in chapter 2, if stator flux den-

’

sity is BS then rotor flux density Br is

t
sSn

tr ts 343
rn
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Since tr/h = ts/h then Btr <:Bts for an asymmetrical
pair: But for symmetrical pairs Btr=Bts“ Therefore for

a certain value of stator flux density Bts while stator-

rotor parts of symmetrical pairs and stator part of
asymmetrical pair saturate, rotor part of asymmetrical
pair is not in saturation region at that instant since

Bt;<Bt§ Therefore, permeance of aSymmetrical pair is

higher than symmetrical pair for this particular figure.

The permeance data obtained at the end of this step is

for combinations of the following parameter values.

B : 0rl, 0u2, 043, Ord, OR5, LLprprbr,251

M_ oz 40, 70, 100, 130, Lhtkppkrpit,250

tS/A : 0r3, 014, 045
tr/h : 043, 0.4, 045

X : 0.0, 012, 044, 06, 08, 1

14

31332 COMPUTATION OF PERMEANCE DATA FOR STRUCTURES HAVING

UNAVAILABLE PARAMETER VALUES

As summarized in the previous section the para-
meters of corresponding symmetrical pairs should be ideﬁ—
tified fof computing the permeance of asymmetrical pair.
However, if the identified parameter values are unavail-

able in the data, then an interpolation method should
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be usedi It is known from the section (342) that cubic
spline interpolation method is very accurate if the
intervals of independent variable of related curve are

equals

The input data for this step of the work
provides this property for each parameter, However, in-
order to be accurate since cubic spline method needs
all the points which represent the related curve, it
requires enormous computer time consumption when com-
pared with linear interpolation as described below.

(In this part of the work cubic spline has been tried
but after 18 hour of running of the program no result

has been achived on IBM PC X T).

Because of this, linear interpolation method
has been used for computation of permeance data for

asymmetrical structures:

If only one parameter is unavailable, the
procedure followed for obtaining permeance of that
structure is simple, but if more than one parameter
are unavailable then this procedure becomes quite
complex. In order to illustrate the procedure for

such a situation, it may be better to give an example.

Suppose that parameters of symmetrical pair

have following values:

- - . - . Ay ‘R =
tg/y = tp/y =0rd: X =043: %/ =47 :B_=0,375
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The parameter values for which permeance data
for symmetrical pairs are available have been given in
section (3:3t1)+ Therefore, for the example here para-
meters B, X, and )Vg have values that are not avail-
able in data set}, Then the permeance at these values
should be interpolated in proper orderi. This order
which depends on the user choice is as follows in this
workyg

»/

Ber Xpo t/y 0 g

t’ n’

Since linear interpolation method is used, the
pivotal points of intermediate values should be defined

as,

X
0 > 052 70

03 > B, > 044
i= 1, kprpprt,5

The interpolation procedure for this parti-
cular example may be illustrated by the help of table
(3:t5)+ In this table, the values in the parantesis
refer the parameter values of entire structures accor-

ding to the above parameter order. Boxes contain, per-
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meances of two separete structures which are denoted by
P(B, Xn' ts(k , A/g); The parameters of these two struc-
tures have same values except one parameter which is

interpolated:

Arrows show the structure which a permeance
value is obtained after the entire interpolation. Levels

A, B, C refer interpolations with respect to B X

t' "n’
A
/g+

As seen from this table, number of interpola-
tions required is 7. However if cubic spline is used
for the same example, number of interpolation would be
57+ This di¢ference occurs since cubic spline method

needs all pivotal points of the curve as mentioned above:

The number of interpolation N may be computed
by equation given below for the case which contains more
than one parameter having unavailable value

L

N= ni(ni_l(ni_zkppFL;$LLLLH3(n2+l) F1l) kb ppe+l)+l)

i=1,2,34¢+J (J=4 for this
vork )

Where (ni) is the number of points included
in interpolation method for curve of ith parameter.

J denotes number of parameters:

At the end of interpolation, the permeance

value obtained is Pa according to egi (3:2) notation.
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Similar procedure should be followed for Pbp Therefore,
the difference in the number of interpolations between
two methods increases from the point of Qiew of obtai-- .
ning permeance of asymmetrically slotted structures:
Whenever this comparison is done for computation of
whole data of permeance for asymmetrical structures,

it is understood that this difference becomes enormousi
Therefore, this comparison explains why cubic spline has
not been used here, although it is able to give very
accurate results for this step of the work:

3:343 OBTAINING MMF VS B

o CURVES FOR ASYMMETRICAL

STRUCTURES

For computation of energy factor data of Udss,
the mmf vs B curves should be known as mentioned in

chapter 24

The mmf of certain Udss may be computed as
follows
B (t /) )

F= (315)
P

Where ts/A is tooth width over rotor tooth
pitch A, P is the permeance of that structure corres-
ponding to flux density value Btp P may be found from
P vs B curves of that structure,. However if input is

normalized permeance Pn then it should be converted
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to permeance,

p= M (A/g) P (3.6)

where A/g is rotor tooth pitch over air-gap lenght of

that structure;

The above equation has been adopted in to the
computer program and it has been used to construct F vs B
curves for all the parameters for which permeance curve
is calculated,. In other words this data is available for

the combinations of the following parameter values;

B, 2 040, 041, 042, 013, prppprrrr2el

70, 100, 130, 160, 190, 220, 250

?

31:31+4 COMPUTATION OF ENERGY FACTOR

In chapter 2, the theory and the method is
described for obtaining energy factor from mmf vs B
curves  In that chapter, it is shown that approximate

stator pole flux waveform for a SRM is in triangular
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form when it is excited by a constant voltage and with

the negligable phase winding resistance;

Since flux of stator having tooth width ts/A

is
@ = th ts/A (3.7)

then flux density waveform has a similar shape;, But if
flux density wave form' is taken into account the obtained
B vs mmf contour should be multiplied with ts/A for

computing energy factor,

The peak value Bp(max) of this waveform may be
called as maximum average flux density; This occurs for
unity conduction period(8). Therefore for normalized
conduction periods less than unity, waveform does not

reach the peak value Bp(max) as shown in fig. 316

o
Bpmoax
S N N I
T J
x"‘l 3 7"
Xnc=0.8
L ]
Xnc=I

Figr 316 Flux Waveform for Different Conduction Periods
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The value of Bpmay be limited by the magnetic
material used unless bounded by current limit actiony ¢:
Since, practical motor conditioné are assumed during this
work, current limit action should be taken into considera—
tion, An upper limit of 70 kATois assumed for mmf value
for the current limit action of the drive. Therefore,
the peak value of flux density waveform may not reach

to B . because of two reason given below,
P (max)

1) Normalized'céhéﬁéfioﬁ“periéd:may“be’Iess
than unity

2) The mmf value si less than the limit due

to current limit action,

The procedure for obtaining ehergy factor is
given in chapter 2, The description and flow-chart of
the program used for calculating the energy factor
with the restriction mentioned here, is given in Appen-
dix B The energy factor data has been computed and ta-
bulated in table (3.7) for the combination of the fol-
lowing parameter values,

ch :0.6, 0.8,1

B (max) 1+, 1¢3, 145, 147, 1,9, 241

A/g :40, 70,100, 130, 160, 190, 220, 250

’

ts/h :0+3, 0.4, 045
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ENERGY  FACTOR DATA Table(3.7)

Inc  Bplman} L/G Ts Tr N -8 -Ls -L4 -2 -1 -.8
3353000880808 sbeetitteittesiiiitieticiitatistecititetointotetiteaiiteiisessittidtosssesiti

1.0 L1 40,0 0.3 0.3 .41 5.2 472 2,68 000 .44
.0 t.1 0 40,4 0.3 0.4 2.9 L7 324 .84 000 -1.04
1.0 1.4 40.0 0.3 6.3 1,82 2.4%  2.12 L2t 000 -L21
1.0 .1 400 0.4 0.4 4,33 5.9 492 2,81 0,060 -Z.B!
1.0 . 404 0.4 0.3 2.3 L2 292 L7 000 LT3
1.4 .10 80,0 0.5 0.3 2.86 400 354 2,06 0,00 -2.06
1.0 .4 7.0 0.3 0.3 .7t 5.6 55 2,89 000 -2.B9
1.0 Lt 704 0.3 0.4 2,86 405 343 190 000 -L.90
.0 .1 70,0 0.3 0.5 .94 2.8 2,22 122 400 -1.22
1.6 .1 70.0 0.4 0.4 4,59 603 503 2,83 0,00 -2.83
1.0 Lt 70,0 0.4 0.3 2,52 337 .83 L6t .00 -Lub
1.0 .1 70,0 0.3 0.3 L7 4L A24 0 L.82 0000 -1.82
1.0 .1 100.0 0.3 0.3 3.98 5.8 515 2,83 0.00 -2.83
1.0 L1 100.0 0.3 0.4 2,90 4.09 343 1.88  0.00 -1.88
t.0 f.1 100.0 0.3 0.9 1,92 2.6 LIt .14 0,00 -1.14
1.0 .1 100.0 0.4 0.4 4,73 639 G160 2,81 000 -2.81
1.0 .4 100.0 0.4 0.5 266 LA 273 4.4 000 -1.49
1.0 f.1 0 100.0 0.5 0.5 332 4120 297 149 000 -1.49
Lo .Y 1360 0.3 0.3 4,13 L% 520 2,80 000 -2.B0
1.0 . 136.0 0.3 0.4 2,93 4.2 342 186 0,00 -1.Bé
1.0 .1 1300 0.3 0.5 £.92 2,60 2.0 L10 GO0 -LM0
1.4 1.1 130.0 0.4 0.4 4,68 &3 528 .77 000 -2.77
1.0 .4 130,90 0.4 0.5 2,68 336 2.5 L3 000 -1.37
1.0 .1 130,90 0.5 0.3 .34 L9466 1,28 0.00 -1.28
1.0 t.1 1460.0 0.3 0.3 4,24 603 323 2,73 000 -2.75
1.0 f.1 160.0 0.3 0.4 2.9 412 337 L.E2 0.00 -1.82
1.4 .1 160.0 0.3 0.3 .94 .38 L.97  1.07  6.00 -1.07
1.0 1.1 160.0 0.4 0.4 4,59  A460 526 274 0.00 -2.7%
1.0 1.1 160.0 0.4 0.3 2,63 3% 243 L2 000  -1.26
1.0 .1 160.0 0.3 0.3 L3 380 242 LIt 000 -1
1.0 L1 190.0 0.3 4.3 4,29 607 526 273 0.00 -2.73
1.0 .1 190.0 0.3 0.4 2.9 416 332 1,78 0.00 -1.7B
1.4 .1 1900 0.3 0.3 .93 2,58 .98 L.06  0.00 1,04
1.0 .1 1900 0.4 0.4 4,43 6.38 5B 270 0.00 -2.70
1.0 .1 196.0 0.4 0.5 2.6 319 23 Li13 0.00 -1.18
1.0 L1 1904 0.3 0.3 .37 L7 2,300 Lod 0,00 -1.04
1.0 .1 2209 0.3 .3 4,32 607 527 .72 000 -T2
S A f.1 220.0 0.3 0.4 2.9 406 327 L.75 0.00 -1.75
.0 .1 220.0 0.3 0.5 1,92 257 L9 1,05 0,00 -1.03
1.0 1.1 220.0 0.4 0.4 4,32 652 507 2,63 0.00  -2.83
1.0 .1 220.0 0.4 0.5 2.5 312 277 112 0.0 -2
1.0 L.t 220.0 0.5 0.3 .37 37 44 Lo 0.00 -1.00
f.0 .t 250.0 0.3 0.3 4.3 608 527 271 0.0 -7
1.0 1.1 250.0 0.3 0.4 29 A0l L1 L7000 0000 170
1.6 {4 250,90 0.3 0.3 L 2,36 191 L.03 0.00 -1.03
1.0 {1 250.0 0.4 0.4 423 &4 4,92 2,54 (.00 -2.54
1.0 1.1 250.0 0.4 0.5 232 L3 17 L0607 000 -1.07
1.4 1.1 250.0 0.5 0.5 3.3 712 47 0,98 .00 -0.98
1.0 LI 809 0.3 0.3 4,67 .37 &80 36B 0 000 348
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ENERBY FACTOR DATA {(cont.)
Inc  Bplgax) L/& Ts Tr INI: -1.8 -6 -1.4 1.2 -1 -.8
230 E e 803 it tiieeteiietieteiiattitetosestaciseritissiisttiadtitaiottiotstsesiistestsisttsis
1.0 L3 40.0 0.3 0.4 354 517 453 2,58 0.00 -2.58
1.0 1.3 40,0 0.3 ¢.3 2,3 348 2.9 L76 0.00 -1.70
1.¢ 1.3 40,0 0.4 0.4 604  B.14 7.02  3.96  0.00 -39
1.¢ 1.3 40,0 0.4 4.3 3,27 480 4,12 2,43 0,00 -2.32
1.0 1.3 300 6.3 0.3 4,03 5.96 4,98 2.9% 0.00 -2.94
1.0 1.3 70,0 0.3 0.3 512 .80 7.32 413 000 -4.13
1.0 .3 70.0 0.3 0.4 3.96 G569 4,87 2,70 , 000 -2.70
1.0 1.3 70.0 6.3 4.3 2,62 382 317 L7 400 LA
1.0 1.3 7.0 0.4 0.4 501 8.6 7.44 397 0.00 -3.97
1.0 1.3 0.0 0.4 6.5 3.3 500 413 2,36 0.00 -2.30
1.6 .3 7.0 0.5 0.3 4,67 6,49  4.8B7 2.0 0,00 -2.80
1.6 1.3 100.0 0.3 0.3 5.4 Bl 731 406 0,00 -4.0h
1.0 1.3 100.0 0.3 0.4 4,01 575 487 .67 0.00  -2.67
1.0 1,3 100.0 8.3 0.3 C .82 374 303 L.62 0,00 -f.82
1.0 1.2 100.0 0.4 0.4 6,32 9.00  7.6B 4,03 0,00 -4.05
1.0 {3 100.0 0.4 0.8 377 5 402 2,15 0,00 -2.13
1.0 1.3 100.0 0.5 0.3 4,92 63 4,30 2,31 0,00 -2.3
1.0 1.3 130.0 0.3 0.3 .65 8,12 7.32 404 0,00 -4.04
1.0 1.7 136.0 0.3 0.4 4,03 577 4,87 .64 0.00 -2.b4
1.¢ 1,3 1300 0.3 0.3 2.6 369 2,94 155 000 -1.35
1.0 1.3 130.0 0.4 0.4 6,33 .20 7.7 397 000 397
.0 1.3 130.0 0.4 0.3 3.8  5.06 377 LB 0.00 -1.98
1.0 1.3 130.0 0.3 9.5 5,02 &A% 4,17 197 000 -1.97
1.0 1.3 160.0 9.3 0.3 3B 826 .31 3.M 0 000 -3W
1.0 1.3 140.0 0.3 0.8 4,07 576 479 239 400 -2,%59
1.0 1.3 40,0 0.3 0.3 2,63 364 2,83 L3 00 -1.31
1.0 1,3 160.0 0.4 0.4 633 9.28  7.84 385 0.00 -3.84
1.0 1.3 140,90 0.4 0.5 .88 49F L3 1.BY 0.00 -1.B1
1.0 1,3 160.0 0.3 8.5 505 6,47 395 L.eA 0,00 -1.544
1.0 1.3 190.0 0.3 6.3 5.9 83 .34 387 .00 -3.87
1.0 1,3 1590.0 .3 0.4 4,07 573 471 2,34 0,00 -2.54
1.0 1.3 190.0 4.3 0.5 2.3 363 .77 LS00 .00 -1.50
1.0 1.3 19,0 0.4 0.4 6,29 9.23 .76 .82 000 -3.B2
1.0 1.3, 1%90,0 0.4 0.3 .89  4.87 3.4 L7 00 -1.70
1.0 1.3 190.0 0.3 0.3 315 63 3.8 LS5 006 -L.35
1.0 1.3 220.¢0 0.3 0.3 5,99 8.3 7.34  3.BO 0.00 -3.80
1.0 1.3 220.0 0.3 0.4 §,06 568 461 2,49 000 -2.49
1.0 1,3 220.0 0.3 0.3 .63 362 2.1 L 000 -89
1.0 1.3 220.0 0.4 0.4 616 %16 I 371 000 -3
1.0 .3 220.0 0.4 0.3 .89 4.84 3,29 1.6 0.00 -1.4
1.4 1,3 220.0 0.3 0.5 .28 b2 576 1.4B 0 000 -1.4B
1.0 1.3 250.¢ 0.3 8.3 6,03 832 7.3 378 0.00 -3.78
1.0 1.3 230.0 0.3 0.4 4,02 5,62 4,52 .40 0,00 -2.40
1.0 1.3 250.0 - 0.3 0.3 2,60 381 2,88 149 000 -1.49
1.0 1.3 230.0 0.4 0.4 .95 9,03 7.80 G640 0,00 -3.64
1.0 1.3 250.0 0.4 0.3 .83 476 Z20 1,52 Q.00 -1.52
1.0 1.3 250,90 4.3 0.5 9,32 b.6B 367 L.46 0,00 -1.44
1.0 1.3 40.0 0.3 0.3 .61 9.8B 8,83 4,93 0.00 -4.93
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ENERGY FACTOR DATA (cont.?
fnc  Bpleax} L/G Ts Tr NG -8 -Le -l -1.2 -1 -8

3Ee200200002s08100700¢0000022000e03000etdtietitiitisttitistatiotiottttoitesttiittitsissitset
1.0 1.5 46.0 0.3 0.4 471 691 603 346 0.00 -3.46
1.0 L3 40,0 0.3 8.3 .43 463 3.9 .29 0.00 -2.29
1.0 1.9 - 4.0 0.4 0.4 741 10,86 9.6 532 0.00  -5.32
1.0 L3 8.0 0.4 0.3 4,33 430 559 328 0.00 -3.2B
{.0 .3 40,0 0.5 0.3 42 B3 7.02 394 0.00 -3.94
1.0 1.5 70,06 0.3 0.3 6,22 16,28 9.83 371 0086 -5
1.0 L 0.0 0.3 0.3 347 .58 A8 L6700 -3.67
1.0 .5 0.0 0.3 0.3 .93 5200 437232 0,00 -2.32
{.0 L3 1.0 0.4 0.4 7.39 11,75 16.42 540 0,00 -5.40
1.0 .5 70,0 0.4 0.3 4,94 7.06 372 311 000 3.1
1.0 .5 704 0.5 0.3 6,48 9.7  7.33 36 0,00 -3.83
1.0 L5 100.0 0.3 0.3 6,57 10.42 9.%¢  5.63 C.00 5,63
1.0 1.3 100.0 6.3 0.4 523 6% 663 363 000 -3.43
1.0 1.5 100.0 0.3 0.3 4 13 44 22 000 -2.22
1.0 1.5 100.0 0.4 0.4 8.02 12,12 10,80 5,61  0.00 -3.81
1.6 e 1060.0 0.4 4.5 .16 7,26 G660 300 Q.00 300
1.0 1.3 10d.0 0.5 0.5 7,00 9,77 7.06 3.40 0.00 -3.40
1.0 .3 130.9 0.3 0.3 6.77  10.63 10,03 556 0.00 -5.56
1.0 1.5 130,90 0.3 0.4 525 177 &6 337 0.00 -39
1.0 L& 130.0 0.2 0.3 3.3 541 407 2.6 600 -2.10
1.0 L3 130,90 0.4 0.4 8.26 12,33 1L10 564 0,00 -3.44
1.0 1.5 130.0 0.4 0.3 .35 7.27 5.3 2,80 0.00 -2.80
1.0 1.5 130.0 0.3 0.5 7.5 970 6,44 303 0.00  -3.05
1.0 1.5 140.0 0.3 0.3 7.02 16,75 10.06  5.54  0.00 -5.54
1.9 1.5 60,0 0.3 0.4 525 .77 461 351 0,00 -3.51
1.0 1.5 160.90 0.3 0.3 L3 S04 397 201 Q.60 -2.401
.0 1.3 150.0 0.4 0.4 8.3t 12,52 1L3% 5.9 0.00 -3.54
1.0 1.5 160,90 0.4 0.5 .49 7.3 5.5 .58 0.00 -2.58
1.0 1.5 160.0 0.3 0.3 7.62  9.92  4.88 0 2,80 0,00 -2.40
1.0 1.5 1909 0.3 0.3 7.1 16,81 1041 5.4 .00 -G.49
1.0 1.5 190.0 0.3 0.4 .28 7,73 633 344 000 -3.44
1.0 1.5 150.0 0.3 0.3 L3 502 391 L.9B 0,00 -1.98
1.0 1.5 190.0 0.4 0.4 B.19 12.46 11,44 5.3 0.00 -5.36
1.0 1.3 190,90 0.4 6.5 558 7.3t 493 .43 0.00 -2.83
1.0 1.5 190.0 0.3 0.5 7.6 1034 633 L33 000 2,73
.0 1.5 220.0 0.3 0.3 7.17  10.81 10.12 5.43  0.00 -5.43
1.0 1.5 2200 0.3 0.4 .20 7.66 642 338 0,00 -3.38
1.0 1.5 220.0 0.3 0.3 337 501 3.8 L7 000 -1L.97
1.0 1.9 220.0 0.4 0.4 7.78 12,28 11.43 513 0.00 -5.15
1.0 1.5 220.0 0.4 0.3 S.04 7,30 474 230 0,06 -2.30
1.0 1.5 220.0 0.3 0.3 7.79 10,47 6,33 220 0.00 -2.20
1.0 1.5 250.0 0.3 0.3 7.22 10,78 10,11 536 0.00 -5.3
1.0 1.5 250.0 0.3 0.4 17 7.7 &2 LY 000 -3.29
1.0 1.5 250,90 0.3 0.5 338 497 379 196 000 -1.94
.0 L5 230.0 0.4 0.4 7.46 12,04 1L3F 4,9 000 -4.9%
1.0 1.3 250,90 0.4 0.3 .48 7.6 437 213 .00 -2.13
Lo .5 25300 03 0.3 7.0 10,62 6,23 2,05 0.00 -2.03
1.0 L7 #0.0 0.3 0.3 6,35 11,49 1136 b.44 0.00  -b.44
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ENERGY FACTOR DATA {(cont.)

inc  BHplmax) L/% Ts Tr iy -1,8 -6 -4 -1.2 -1 -.8
3R e E et Ra i s it ittt eiiieritessttotiiaeioteriiiitatsiissitcteissoaieisciiioscitessd]
L.0 1.7 40.0 4.3 0.4 %77 B9 7.85 448 Q.00 -4.48
1.0 1.7 40.0 0.3 4.5 4,35 610 Q16 92 0,00 -2.92
1.0 1.7 40,0 0.4 0.4 6,91 13,58 13.20 7.0 0.00 -7.04
1.6 1.7 40,0 0.4 0.5 5,39 8.5 .52 429 0.00 -4,29
1.0 1.7 400 0.5 0.5 493 11,8 10,07 531 000 53
1.0 1,7 1.0 6.3 3 g.90 12,57 12.82  7.89 0.00  -7.4%
1.0 1.7 70.0 0.3 8.4 6,37 976 B.BI 4,87 0,00 -4,87
1.0 .7 7.4 0.3 0.3 4,48 6,84 5.89 3,07 600 -3.07
1.0 1.7 70.0 0.4 0.4 7.49 14,79 14,55 7.7 0. 00 -7.74
1,0 1.7 70,0 0.4 0.5 6,42 %48  B.12 A28 00D -3,
1.0 1.7 70.0 0.3 8.5 8.04 12,93 11,28 535  0.00 -5.33
1.0 1.7 160.0 0.3 0.3 7.14 12,89 12,95 7.63  0.00 -7.43
1.0 1.7 100.0 0.3 0.4 6,43 9.9¢  8.88 4.84 0.00 -4,84
1.0 1.7 190.0 0.3 0.5 4,31 678 5.72 2,92 000 -2.92
1.0 1.7 100.0 0.4 0.4 8.19 15,38 15,08 B.07 Q.00 -B.07
1.¢ 1.7 100.¢ 0.4 0.5 £.82 10,02  B.05 4.5 0,00 -4.15
1.0 1.7 100.0 0.3 0.5 8,40 13,32 11,26 5,13 0.00 -G, 14
1.0 1.7 130.0 0.3 0.3 7.3 1310 12,99 7.4 000 -7.42
1.4 1.7 130.0 0.3 0.4 6,45 9.97  B.90 4,81  0.00 -4.81
1.0 1.7 130.0 0.3 0.3 4,22 671 560 2,83 Q.00 -2.83
1.0 1.7 130,0 0.4 0.4 8.60 15,59 15.39 © 8.1% 000 -B8.19
1.0 1.7 130.0 0.4 0.3 7.08 10,09 7,83 394 .00 -3.94
1.0 1.7 130,90 0.5 0.3 8.83 13,51 10,85 4,62 (.00 -4.82
1.0 1.7 140.0 0.3 0.3 7.35 13,23 1318 7.64 0.00 -7.44
1.0 1.7 180.0 0.3 0.4 £.42 10,08 8,93 4,65 0,00 -4.45
{.0 1.7 150.0 4.3 0.3 4,15 671 551 2,65 0,00 -2.45
1.0 1.7 140.0 0.4 0.8 8,82 15.9% 15,68  8.1% 000 -B.iS
1.0 1.7 140.0 0.4 0.3 7.28 10,23 7.60 F.A5 000 -3.83
1.0 1.7 140,0 0.5 0.5 9.32 13.7% 10,33 4.6 0.00 -4,34
1.0 1.7 190.0 9.3 0.3 7.5 13,31 13,28 L7t 000 -7.71
.0 L7 190,90 0.3 0.4 6.41 10,08 8,89 4,56 0.00 -4.,56
1.0 1.7 190,90 8.3 0.3 4,13 &71 530 2,59 000 -2,59
1.0 1.7 190,0 0.4 0.4 B.B6 14,13 16,00 7.9% 000 -7.9%
1.0 .7 190,0 0.4 0.5 7.4 10,43 7.42 3.4 .00 -3.44
1.0 1.7 190.0 0.3 8,3 9.38  14.40 10,95 393 600 -3.93
1.0 1.7 220.0 0.3 0.3 7.60  13.2% 13,38 7.76  0.00 -7.7h
1.0 1.7 220.0 0.3 0.4 5,32 10,05  B.87 4,44 0,00 -4.43
{.0 1.7 220.0 0.3 0.5 4,11 673 S50 2,53 0,00 -2.33
1.0 1.7 220.0 0.4 0.4 8.89 1418 16,09 7.7% 0,00 -7.75
1.0 1.7 220.0 0.4 0.5 7.68 10,33 7.3 3.2 .00 -LAG
1.0 1.7 220.0 8.3 0.5 9,70 14,88 11.0B 3,53 0.00 -3.53
1.0 1.7 250.0 0.3 0.3 7.37 1327 3.4 7.79 000 -7.79
1.0 1.7 250.0 0.3 0.4 6,23 9.9 879 437 0.00 -4,37
1.0 1.7 250.9 0.3 0.5 3,09 A1 548 2,82 000 -2,52
1.0 1.7 250.0 0.4 0.4 8.79 15.89 14,13 7.65  0.00 -7.45
1.0 1.7 280.0 0.4 0.3 7.74 16,31 70100 31 000 -3 U
1.¢ 1.7 250.0 0.5 0.5 3,79 1642 .20 337 000 -L37
1.¢ 1.9 40,0 0.3 0.3 6.98 12,38 13,88 830 000 -B.30
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EMERGY FACTOR DATA (cont.)

Inc  Bplmax) L/B Ts Tr N -8 L& -1.4 -1.2 -1 -8
(3283383000303 00003 0 R 000 aiiRitoiatetiitasitaesitieiiniiaeiitssintiitotiiititisiacststts

1.0 1.9 4.0 0.3 0.4 6,35 16,71 999 &M 000 -5
1.0 1.9 40,0 0.3 0.5 333 7.6% b.64 3.6B 0 0,00 -3.68
1.4 .9 40.0 6.4 0.4 7.13 1478 159 .26 000 9.2
1.0 1.9 40,9 0.4 8.3 6.09 10.58  9.85 5.6 0.00 -5.63
1.9 1.9 400 0.5 0.3 7.22 12,97 1330 7,38 0,00 -7.38
.0 1.9 70.0 0.3 4.3 7.23 1366 1570 10,25 0.00 -10.35
1.0 1.9 70,0 0.3 0.4 6,94 12,05 11.49  4.3Z 0.00  -6.32
1.9 1.7 7040 4.3 0.3 537 8.8 7.82 199 000 LYY
f.0 .9 704 6.4 0.4 7.49 16,30 18.76 10.83  0.00 -10.83
{.0 L9 70.0 0.4 4.3 7.41 12,39 (L2 570 0,00 -5.70
1.0 .9 70.0 0.5 0.3 8.33 1538 1s41  BO5 0,00 -8.05
{.0 .9 100.0 0.3 0.3 7.25 14,02 606 10,38 0.00 -10.38
.o .2 100.0 0.3 4.4 7.0 12,26 1L71 639 0,00 -6.39
1.6 L9 100.0 0.3 0.5 .16 8.8 7.82 387 000 97
1.0 1.9 100,90 0.4 0.4 g.00 17.28 19.49 1L59 0,00 -11.59
1.6 1.9 100.0 0.4 0.3 7.80 &2 1.4t 578 000 -5.78
1.0 1.9 106.0 0.3 0.3 8.57 16.06 16.B6 8.05 0,00 -B.03
{.0 £.9  130.0 0.3 0.3 7.42 14,38 1629 10,51 0,00 -10.31
{.0 1.9 130.0 0.3 0.4 7.10  12.45  11.88 6.3%4 0,00 -6.34
1.0 1.9 130.0 0.3 0.3 .09 8.82 774 700 0,00 -3T70
{.0 .9 130.0 0.4 0.4 8.43 17.34 19,90 12,03 0.00 -12.03
1.0 1.9 130.0 0.4 0.5 8.19 1337 11.24 554 060 -5.54
1.6 1.9 130.0 0.3 0.3 8.60 14,30 16,67 7,33 000 -7.3
.0 1.9 140.0 0.3 4.3 7.48 14,34 15,38 10.68  0.00 -10.68
1.0 .9 100 0.3 0.4 7.05 12,68 1199 625 0.0 B2
1.0 1.9 180.0 0.3 4.5 4,9 8.8 772 359 0.00 -3.59
1.0 L9 160.0 0.4 0.4 8.79 17.91 20,19 {2,583 (.00 -12.33
1.0 1.9 140.0 0.4 4.3 8.46 1339 11,32 532 0.00 -5.32
1.¢ 1.9 60,0 0.5 0.3 8.8 16,80 1678 T7.45 0.00 -7.45
1.0 1.9 190.0 U 0.3 7.5 14,66 16,76 10.86  0.00 -10.85
1.0 1.9 150.0 0.3 0.4 6.9 12,72 12,04 &.12 0,00 -&.12
1.0 1.9 1909 0.3 0.5 4,93 8.9 775 330 (.00 -3.30
1.0 1.9 190.0 0.4 6.4 8.93 18,20 20.45 12,54  0.00 -12.54
1.0 1.9 190.0 0.4 0.3 8.72 1392 {128 .00 000 -5.00
1.0 1.9 190.0 0.3 0.5 9.18 17.26 17.89 7.42 .00 -7.42
1.0 1.9 220.0 6.3 0.3 7.56 14,69 16,92 10.98 0.00 -10.98
1.0 1.9 220.0 0.3 0.4 6,90 12,73 12,04 5.9% 000 -3.93
1.0 1.9 220,90 4.3 0.3 4,89 899 79 AL 400 -4
1.0 1.9 220.0 0.4 0.4 8.98 17.98 20.71 1270 0.060 -12.70
1.0 1.9 220.0 0.4 0.5 8.80 1410 11,32 475 0,00 -4.75
{.0 1.9 220,49 0.3 0.5 9.28 17.8f 1B.29  7.09 .00 -7.09%
1.0 .9 230.9 0.3 0.3 7,32 14,469 16,99 1104 0,00 -11.04
1.0 1,9 250.0 0.3 0.4 6.78 12,68 11.%7 578 0.00 -5.78
1.0 1.9 250.0 0.3 0.5 4,87 %.00 7.7 i3 000 -3.33
1.0 1.9 230.0 0.4 0.4 B.94 17.83 20.82 12.70  0.00 -12.70
1.0 1.9 250.0 0.4 0.5 8.84 1423 11,27 4,48 0.00 -4.48
1.4 1.9 25040 0.3 0.3 9.42 18,00 1879  7.03  0.00 -7.03
1.0 2.1 8.0 0.3 0.3 7.86 12,68 14,48  9.24  0.00 -9.24
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ENERBY FACTOR

DATA (cont.)

fnc Bpimax) L/G Ts Ir iNI: -1.8  -1.6  -1.4  -1.2 -1 -8
E25500300 002 0 eeeieisudetietiesiisestotaiocieiteiioiecotiteitcicicitsfoiofeotiteitstesttiss
1.0 2.1 40,0 0.3 0.4 4,61 11,33 11,75 6,83  0.00 -6.83
1.0 2.1 40,0 0.3 0.3 3.43  8.42  7.86 4,35 0.00 -4.35
.0 . 2,1 3090 0.4 0.4 7.56 14,84 17.43 10,58 .00 -10.,38
.0 - 2,1 404 0.4 8.9 6.60 11,648 11,78 6,87  0.00 -6.47
1.0 2.0 40,0 0,5 0.5 7.78 13,43 15,70 B.06 0,00 -B.04
1.0 2.1 70,0 0.3 0.3 7.72 14,28 17.80 13,53 0.00 -13.33
1.0 2.1 70,0 0.3 0.4 7.24 13,42 14,33 8,37 0.00  -8.39
1.0 2.1 70,0 0.3 0.5 J.88 10,26 10,28 5.33 0.00 0 -3.33
1.0 2,1 700 0.4 0.4 8.40 16,44 20,97 15,14 0.00 -15.14
1.0 2,1 70,0 0.4 0.3 7.73 13,90 14,81 8.06 0,00 -B.06
1.0 2.1 7 0.3 4.5 8.7% 15,85 19.96 12.94  0.00 -12.94
1.0 2.1 100.0 .3 0.3 7.56 14,33 18,21 13.8%4 0,00 -13.84
1.0 2.1 100.0 0.3 0.4 7.3 13.79 14,92 B.43 000 -8.83
1.0 2.4 100.0 0.3 0.5 5.68 10,37 16,36 5.7 0.00 -5.17
.o z.1 100,0 0.4 0.4 8.96 17.47 21.98 16,38 0.00 -16.38
1.0 2.1 1090 0.4 0.5 8,03 15,61 15,45 8,11 000 -B.U1
1.0 2.1 00,0 0.5 0.5 8.77 16,55 21,20 13,60 000 -13.40
1.0 2.1 136.0 0.3 .3 7.64 14,78 18,65 1411 0,00 14,14
1.9 2.1 1300 0.3 0.4 7.40 14,07 15,20 B.46 0,00 -H.4%
1.0 2.1 130.0 0.3 0.3 .63 10.51 10.40 4.99 0,00 -4.99
1.0 2.1 136.0 0.4 0.4 9.40 17.%7 22,53 17.10 0.00 -17.10
1.0 2.1 130.0 0.4 0.3 8.31 15,03 1554 7.89 0,00 -7.89
1.0 2.1 130.0 0.5 0.5 8.72 16.60 21.54 13,16 0,00 -13.1%
1.0 2.1 186,90 0.3 0.3 771 15,00 19,17 14,54 Q.00 -14.54
1.0 2.1 1800 0.3 0.4 7.42 14,44 15,52 8.3%3 0.00 -8.35
.0 2.1 140.0 0.3 4.3 .91 10,70 1051 4,84 0,00 -4.B4
1.0 2.1 166.0 4.4 0.4 9.83 18,52 22.9% 17.9%4 0.00 -17.%%
1.0 2.1 1460.0 0.4 0.5 8,70 15.43 15,77 .73 000 -1.73
t.0 2.1 160,00 0.5 0.3 9.04 16,90 22,14 13,52 0,00 -13.32
1.0 2.1 190,90 0.3 4.3 .76 15.08 19.48 14,93 0,00 -14.93
1.0 2.1 1900 0.3 0.4 7.37 1464 15,75 B.24 000 -B.2A
1.0 2.1 190.0 0.3 0.5 5.50 10.8 10,70 481 0,00 -4.B1
1.0 2.1 190.0 0.4 0.4 10.09 18.83 23,29 18,78 0.00 -1B.78
1.0 2.1 190.0 0.4 0.5 8.9 15.94 1621 7.4 0.00 -7.42
1.0 2.1 190.¢0 0.5 0.5 9.61 17.15 22,70 14,11 0.00 -14.4d
1.0 2.1 220.0 0.3 0.3 7.74  15.1%4 19.72 15,28 0.00 -15.28
1.0 2.1 220.0 0.3 .4 7.32 14,78 15,86 8.10 0,00 -8.10
1.0 2.1 220.0 0.3 0.5 .93 10.%7  10.87 479 0.00 -4.79
1.0 2.1 220.0 0.4 0.4 10,27  18.83 23,39 19.03 0,00 -19.03
1.0 .0 220.0 0.4 0.5 9.07 16.22 146,35 4,98 0.00 -6.98
1.0 2,1 22000 - 0.5 0.5 9,82 17.23 22,94 14,75  0.00 -14,7%
1.0 2.1 2500 8.3 0.3 7.70 15.13 19,83 15.46 0.00 -15.4%
1.0 2.1 250.0 0.3 0.4 7.15 14,75 1584 7,97 000 -7.97
1.0 2.1 230.0 0.3 0.3 5.3 .01 10,94 4,73 0.00 -4.73
1.0 2.1 250.0 0.4 0.4 16.19 18,89 23.60 19.22 000 -19.22
1.0 2.1 250.0 0.4 0.3 9.14 16,50 16,43 6.6 0,00 -h.81
1.0 2,1 256.0 0.8 0.3 9.97 17.34 23.40 15,05 0,00 -153.03
0.8 .1 40.0 0,3 0.3 0.00 2,17 324 .71 L4 -0.00
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ENERGBY FACTOR DATA (cont.)

inc  Bplmeay) L/G Ts Tr LI EIE T B 0. B Y e Y -1 -8
833038033000 000 300000000 0t0sseititeitotetitsiitiiaiistsaitisttitesteistitiesitisitetit

0.8 LY 4.0 0.3 0.4 .00 L85 2,30 184 0.97 -0.00
0.8 .1 400 0.3 0.5 0.00 123 L3 L2162 -0.00
0.8 .1 8.0 0.4 0.3 0.00 2,94 374 73 L3 -0.00
0.8 .1 40,90 0.4 8.5 0.00 L33 202 L& 0.9 -0.00
4.8 L1 3.0 0.3 6.5 0.00 1.83 4z 2,00 L1 -0.00
6.8 .1 7.0 0.3 0.3 8.00 2,47 351 L% L49 -0.00
0.8 b 700 0.3 0.3 0,00 L300 2.3F 0 LW .97 -0.00
4.8 L1 70,0 0.3 4.3 0.00  L.2% 167 1200 0,37 0,00
.8 Lt 70,0 0.4 0.4 6,00 319 .88 .70 L2 -0.00
4.8 .1 70,0 0.4 6.5 600 Le? 2,03 L3 077 -0.00
0.8 L1 70,0 4.3 0.3 0,00 195 .32 L7 6B -0.00
0.8 .1 100.0 0.3 4.3 0.00. 2.8 369 291 1.43 -0.00
4.8 .1 100.0 0.3 0.4 .00 1,98 2,39 L.B?  0.87 -0.00
0.8 .1 100.0 0.3 0.3 .00 L3 L67 L1364 -0.00
4.8 LU 100.6 0.4 0.4 0,00 318 409 2,82 L.Z3 -0.00
6.8 L1 100.0 0.4 0.3 0,00  1.76 209 1.4  0.66  -0.00
0.8 .1 100.0 0.5 0.5 0.00 2,04 2,26 L3O 0.64 -0.00
0.8 .1 130.0 0.3 0.3 0,00 279 L1 2% L4 -0.00
6.8 .1 130.0 0.3 0.4 0,00 2,04 2,62 1,88 0.B4 -0.00
6.8 .1 130.9 0.3 0.3 0.00 137 L.4B  1.09 0.8 -0.00
0.8 .1 136,90 6.4 0.4 .00 315 415 285 L2000 -0.00
0.8 1.1 130.0 0.4 0.3 0,00 L7686 2,00 L3 057 -0.00
0.8 .1 130,90 0.5 0.3 0.00 2,06 2,13 L2 048 -0.00
4.8 L.t 160,90 0.3 0.3 0,60 2.86 3.B6 2.97 1.4 -0.00
0.8 .1 160,90 0.3 0.4 0.00 2.08 2,44 1.85 0.B0 -0.00
0.8 .1 160,10 8.3 0.5 0.00  L.40  L70  L.06  0.41 -0.00
4.8 f.1 0 160.0 0.4 0.4 6,00 30 413 Z2.8F L1 0.0
.4 f.1 160,0 0.4 0.5 0,00 L7200 L,99 L2750 -0.00
0.8 .1 140.0 4.3 0.5 0.00 2,03 26 .14 6,38 -0.00
0.8 .1 190.0 0.3 0.3 0,00 2,90 390 2,98  1.45 -0.00
0.8 .1 1%0.0 0.3 0.4 0,00 2,40 2.64 L8l 077 -0.00
0.8 .1 190.0 0.3 0.5 .00 Lad 1,74 105 039 -0.00
0.8 .1 190.0 0.4 0.4 0.00 306 407 280 107 -0.00
0.8 .1 190.0 0.4 0.3 0,00 L70 1.95  L20  G.46  -0.00
0.8 f.1190.0 0.3 0.3 0.00 2,04 1.98 108 031  0.00
0.8 .1 220.0 0.3 0.3 0,00 2,93 %92 2.9% L4500
0.8 i 220.0 0.3 0.4 0.00 2,10 263 178 0,74 -0.00
6.8 .1 220.0 0.3 0.5 .00  La0 L7 L4463 0,00
0.8 1.1 220.0 0.4 0.4 0.00 300 399 2,74 L0 -0.00
4.8 t.1 220.0 0.4 0.5 600 L7 L9015 642 -0.00
0.8 .1 220.0 0.3 0.5 0.00 2,07 195 105 0.26 0,00
0.8 t.1 250,09 0.3 0.3 0,00 2,95 393 00 1.4F  -0.00
0.8 .1 250.0 0.3 0.4 0.00 210 2.6 LY 071 -0.00
0.8 .1 250.0 6.3 0.5 0,00 LI L7 LW 0.3 -0.00
4.8 f.1 250.0 0.4 0.4 0.00 ot 390 2,44 100 -0.00
0.8 .t 250.0 0.4 0.3 0.00 144 1,88 109 039 0,00
0.8 f.1 230.0 0.5 0.3 0.00 2,06 193 L43 0,23 0,00
0.8 .3 8.0 0.3 0.3 0,00 302 4,38 379 02 -0.00
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ENERGY FACTOR DATA {(cont.)

inc  Bplmax} L/B s Tr i -1,8 -t.e -14 0 12 -1 -.8
5282227200020 0000iesittittieiieiitceisscittestotietistisiiscitiiisstidetititoifetictitessts

0.8 L3 30,0 0.3 0.4 .00 230 322 457 L3 -0
0.8 1.3 400 0.3 0.3 .00 L71 Z.16 1.68  0.87  -0.00
0.8 1.3 8.0 0.4 0.4 0,00 403 526 381 L% -0.00
0.8 L3 80,0 0.4 0.3 .00 2,13 2.8 23 L29 -0.00
4.8 1.3 800 0.5 0.5 6,00 2,39 3.3 2.8 L5 -0.00
0.8 1.3 0.0 0.3 4.3 0.00 3.40 491 409 .10 -0.00
0.8 1.3 700 0.3 0.4 0,00 2.66 337 .67 L3I -0.00
0.8 .3 70,0 0.3 0.3 0.00 L.BL 238 170 G800 -0.00
0.8 .3 0.4 0.4 0.4 0.00 4,45 5.38 382 1.8 -0.00
0.8 L3I 6.0 0.4 0.5 0.00 23 2,91 222 .09 -0.00
0.8 LI 70,0 0.3 0.3 0.00  2.8: 42 24 LB -0.00
0.8 .3 100.0 0.3 0.3 0,00 371 513 407 2,02 -0.00
0.8 1.3 100.0 0.3 0.4 0.00 275 3.62 266 L2 0,00
0.8 L3 100,09 0.3 0.3 0.00 .L.8s 233 L&l (.68 -0.00
6.8 1.3 160.0 0.4 0.4 0.00 4,48 35.72 397 L76 -0.00
0.8 L3 100.0 0.4 0.5 .00 2,52 297 2.08 0.9 -0.00
0.8 1.3 100.0 0.3 0.3 ¢.00 305 334 220 0.8 -0.00
0.8 L3 1530.0 0.3 0.3 0,60 3.87  5.25 4.0 .02 -0.00
0.8 1.3 136.0 0.3 0.4 0.00 2,82 IL.6b 265 L1 -0.00
0.8 1.3 130,90 0.3 0.5 00 L9 2,34 1L.33 0.62  -0.00
4.8 1.3 130.0 0.4 0.4 0.00 4,38 5.87 401 1,73 -0.00
0.8 1.3 130.0 0.4 U] .00 2,33 Z.92 L9448l (.00
0.8 1.3 1360 0.5 0.3 .00 312 323 LB7 0.8 -0.00
0.8 f.3 140.0 0.3 0.3 0.60  3.97 533 410 2,02 -0.00
0.8 1.3 160,90 0.3 0.4 0,00  2.87 348 2461 113 -0.00
0.8 1.3 180.0 0.3 0.5 0.00 1.94 235 1.0 0.38 -0.00
0.8 3 16040 0.4 4.4 0,00 4,30 589 3.9%  L.ed -0.00
0.8 1.3 180.0 0.4 0.5 0.00 2,47 283 LBl 671 -0.00
0.8 1.3 160.0 0.3 0.5 0.00 07 310 L4 0,34 0.00
0.8 1.3 190.0 0.3 0.3 0,00 403 540 A1 2,04 -0.00
0.8 L3 1900 0.3 0.4 0.00 2,89 366 2,57 1.08 -0.00
0.8 L3 190.0 0.3 0.5 600 L9 3 L4 058 -0.00
0.8 t.3 190,90 0.4 0.4 6,00 421 5,84 3.9 135 -0.00
4.8 1.3 190.0 0.4 0.5 0.00 2.44 278 L71 0.4 0.00
0.4 .3 190.0 0.3 0.5 0.00 3.09 308 1.38 0.4 -0.00
0.8 .3 220,40 0.3 0.3 0.00 407 5,43 410 2,05 -0.00
0.8 1.3 220.0 6.3 0.4 6,00  2.89 3.8 253 .04 -0.00
0.8 1.3 220.0 0.3 0.3 .00 1,95 2,35 L.49  0.33 -0.00
6.8 1.3 220.0 0.4 0.4 0,00  4.12 577 385 1.9 -0.00
G.4 1.3 220,90 0.4 0.3 0.00 2,42 2,73 Le4 059 -0.00
4.9 1.3 220.0 0.3 0.3 .00 316 305 LST 0,37 -0.00
4.8 1.3 256.0 0.3 0.3 0.00 4,09 5.4%F 4,09 206 -0.00
0.8 £.3 50,0 0.3 0.4 6.00 2,92 e 2.4 1,00 -0.00
0.8 1,3 Z30.0 0.3 0.3 0.00 (.94 .34 1.48 0.1 0,00
0.8 .3 250.0 0.4 0.4 0,00 4.03  5.67 376 1400 -0.00
0.8 .3 250,90 0.4 4.5 0.00 2,37 .66 138 0,85 -0.00
0.8 1.3 250.0 0.5 0.3 6,00 316 302 182 033 -0.00
0.8 LI 40,0 0.3 4.3 0,00 408 603 506 2,89 -0.00
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ENERGY FACTOR DATA (cont.)
fac Bplmax) L/G Ts Tr L e B B Y N e Y -1 -8
3832500200030 000 2003000300000 0300000Ritaedetiitsititvettotodiicittitiststiccistittititiodi
0.8 1.5 40,0 0.3 0.4 0,00  3.07 429 344 1.B2 -0.00
0.8 .5 0.0 0.3 0.5 0,00 2,26 2.8 2,23 Lis 0.00
6.8 . LI - 400 0.4 0.4 0,00 5,40 6.99  5.07 .60 -0.00
0.8 L8 40,0 0.4 0.5 0.60 2.8 377 312 1L.71 -0.00
0.8 1.3 40,9 0.3 0.5 0.00  3.48 Abs 377 LU0 000
0.8 L5 70.0 6.3 6.3 .00 4,48 451 5,52 2.88 -0.00
0.8 L3 70,0 0.3 0.4 0.0 333 476 360 LT76 -0.00
0.8 .5 70.0 0.3 4.5 .00 2,40 517 2,31 L0 0.00
0.8 .3 70.0 0.4 0.4 0.00 5.8 7.5 523 .4 -0.00
0.8 .3 70,0 0.4 0.3 6,00  3.16 397 00 L&s 0,00
0.8 1.5 7.0 0.5 0.3 0.00 3.98 A8 337 L&Y -0.00
4.8 1.3 100.0 0.3 0.3 0.00 4.92 677 .42 274 -0.00
0.8 1.§ 190.0 0.3 0.4 0,00 364 4,83 358 1.7 -0,00
0.8 L3 100.0 0.3 0.5 0.00 2,44 512 .18 0,93 -0.00
0.8 .3 100.0 0.4 0.4 g.60 600 7.59 533 43 -0.00
0.4 1.5 100.0 0.4 4.3 0.00 340 404 2,84 L27  0.00
0.8 1.3 100.0 0.3 0.5 0,00  4.27 493 07 L1E -0.00
0.8 1.5 130.0 0.3 4.3 0.00 5.4 492 5.4 271 000
0.8 1.5 130,40 0.3 0.4 0.0 371  4.88 .53 L.60 -0.00
0.8 1.3 130.0 0.3 0.5 0.00 2.4 312 2,09 0.83 -0.00
0.8 1.5 136.0 0.4 0.4 0,00 5,87 7.86 547 232 -0.00
0.8 1.5 130.0 0.4 0.5 6.00 .40 402 244 L0 -0.00
0.8 L5 130,49 4.5 0.5 0,00 4,34 4,84 2.7 091 -0.00
6.8 1.3 160.9 0.3 6.3 0,00  5.28  7.07 5430 .67 -0.00
0.8 1.5 160.0 0.3 4.4 .60 378 489 348 L.5Z2 ~0.00
0.8 1.3 1a80.0 0.3 0.3 0.00 252 31t 2.0 4.77 -0.00
6.8 1.5 160.0 0.4 0.4 .00 573 7.9% 549 2,28 -0.00
¢.8 L3 1480.0 0.4 0.5 0,00 342 39 .83 0.7 -0.00
0.8 .3 160,90 0.5 0.3 0,00  4.35 477 .37 073 -0.00
0.8 1.5 190.0 0.3 0.3 .00 334 T.18 G4 Z66 -0.00
0.8 L3 190.0 0.3 0.4 0,00 3.80 4.88 3.42 1.44 -0.00
0.8 LS 1900 0.3 0.5 6,00 2.33 AU 197 478 -0.00
0.8 L5 190.0 0.4 0.4 .00 5.3 792 5.4 221 ~0.00
4.8 1.5 190.0 0.4 0.5 ¢.00 339 386 2,38 0.8B  -0.00
6.8 1.5 190.0 0.5 0.3 0.00 448 470 223 0.60 -0.00
0.8 1.5 220.0 0.3 0.3 0.00 539 7.17 5.4 2,67 -0.00
0.8 .9 2200 6.3 0.4 .00 379 4.8 337 L3 -0.00
0.8 1.5 220.0 0.3 0.3 .00 2,52 A1t 497 471 -0.00
0.8 .5 2200 0.4 6.4 0.60 5.3 7.84 5.7 14 -0.00
0.8 1.5 220,90 0.4 0.3 .00 336 377 279 0Bt .00
.8 f.3 220.0 0.5 0.3 0.00 432 471 .19 0.52 -0.00
0.4 1.3 230.0 0.3 0.3 0.00 5.4 7.19 542 2,46 -0.00
0.8 1.5 250.0 0.3 0.4 6,00 381 481 328 L34 -0.00
0.8 1.5 250.0 0.3 0.5 6,00 2,31 310 1.9 .89 -0.00
4.8 .5 250.0 0.4 0.4 0,60 S22 72§02 LBY -0.00
0.8 1.3 250.0 0.4 0.3 0,00 322 368 212 074 -0.00
0.8 1.3 250,90 0.9 0.5 0.00 4,58 4469 2,10 0.44  -0.00
0.8 .7 40.0 0.2 0.3 6,00 506 7.82 654 346 -0.00

—60-



ENERGY FACTOR DATA {(cont.)

Inc  Eplmax) L/6 Ts Tr WL -8 -Le -4 -2 -1 -.8
eitietittictitetitieattesiitciaciteistitoticiteiitttocitciicisitisteitcitotitottittofttasisi
0.8 1.7 40,0 0,3 0.4 0.00 3.9 552 4.4 2.3 -0.00
0.8 1.7 40,0 6.3 0.3 0.00 2.93 377 LBT  L4% -0.00
0.8 1.7 40,0 0.4 0.4 0.00 6,94 8.9 664 337 0,00
6.8 L7 400 0.4 0.5 0.00 3.85  4.89 405 221 -0.00
0.4 1.7 4.0 0.5 0.3 0.00 4,56 6.33 487 273 -0.00
.8 .7 70.0 0.3 0.3 0.60 5.7 B30 722 LT -6.00
0.8 .7 70,0 0.3 0.4 0.00 4,51 615 469 230 -0.00
.8 L7 70,4 0.3 0.5 0,00 3,07 446 04 Laag -0.00
0.8 1.7 70.0 0.4 0.4 g0 7.7 9.3 .14 343 -0.00
0.8 .7 70,0 0.4 0.3 0.00 4,07 538 3.9 L9 -0.00
0.8 .7 70,0 0.3 0.3 0,00 527 694 454 222 -0.00
0.8 L7 100.0 0.3 0.3 6,00 621 B.38 710 360 -0.00
0.8 .7 100.0 0.3 0.4 0.00 4,63 625 Aeh 219 -0.00
0.8 1.7 100.0 0.3 0.3 0.60 3.09 409 z.88 L2t -0.00
0.8 1.7 106.0 0.4 0.4 .00 7.36  9.80 7.3 317 -0.00
6.8 t.7 100,90 0.4 0.3 6,00 4,39 5.52 B3 LA -0.00
0.8 1.7 100.0 0.3 0.3 0.00 5.7 7,02 423 L% -0.00
0.8 .7 130.0 0.3 0.3 .00 6,53 B7F 7.03 0 LIT -0.00
0.8 1.7, 130.0 0.3 0.4 0.00 468 528 4465 2.1 -0.00
0.8 1.7 130,90 0.3 0.3 .00 310 405 .77 .09 -0.00
0.8 1.7 130,90 0.4 0.4 0.60  7.30 10,15 744 L0686 -0.00
¢.8 1.7 130.9 0.4 0.5 0.00 453 55 354 L4 -0.00
0.8 1.7 130,90 0.5 0.3 0,00 5.80 7.00 380 L.2B  -0.00
0.8 1.7 140,90 0.3 0.3 .00 6.76 B.92 698 3.47 -0.00
0.8 .7 1600 0.3 0.4 0.00 4.77 629 454 200 -0.00
0.8 1.7 160,90 0.3 0.5 0,00 316 401 2,63 LOL 0,00
0.8 .7 180.0 0.4 0.4 .00 7.337 1.3t 7.47 .96 -0.00
0.8 1.7 160.0 0.4 0.3 0.00 4.5 5.42 329 LIT -0.00
0.8 1.7 160.0 6.3 0.3 0.00 5.7 7.09 51 0.9% .00
0.8 1.7 190.0 0.3 0.3 ¢.00 6,84 %01 699 3.3 -0.00
0.8 1.7 190.0 0.3 0.4 0.00 4.80 6,27 444 1,90 -0,00
4.8 1.7 190.0 0.3 0.5 0,00 317 401 236 0.5 -0.00
0.8 1.7 190.0 0.4 0.4 0.00 7.3t 10,28 7,37 .91 -0.00
0.8 .7 190.9 0.4 0.5 0.00 4,57 5.3 318 Lis -0.00
0.8 1.7 190.¢ 0.5 0.5 0.00 602 7.17 37T 0.BO 0,00
0.8 1.7 220.0 0.3 ¢.3 0.00 6.90 9.08 497 335 -0.00
0.8 1.7 220.0 6.3 0.4 .00 4.81 624 432 1,82 -0.00
0.8 .7 220.0 0.3 0.3 .00 317 A0t 2,52 093 -0.00
0.8 1.7 220.9 0.4 0.4 0,00  7.08 10.28 7,32 2.80 -0.00
0.8 .7 20,0 0.4 0.5 6,00 440 531 305 06 -0.00
0.9 1.7 220,90 0.3 0.5 0,00 6,15 7.28  3.2%4 0.6 -0.00
0.8 1.7 250.0 0.3 0.3 0,00 &92 907 6% L34 -0.00
0.8 1.7 250.9 0.3 0.4 g.00 478 &18 4.3 LL7T4 -0.00
0.8 1.7 250,90 0.3 0.3 0.00 - 3.4 400 2.4 0.90 -0.00
0.3 L7 250.0 0.4 0.4 0,00 679 1011 T3 270 -0.00
0.8 1.7 250,90 0.4 0.5 0.60 451 .24 2.9 0,99 -0.00
0.4 1.7 2304 0.5 0.5 0,00 6,28 7,31 314 0,62 0.00
0.8 .9 40.0 0.3 0.3 6,06 5.8 9.82  8.21 433 -0.00
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EMERGY FACTOR DATA (cont.)

inc  Bpleax) L/ Ts Ir L -8 -Le -4 -2 -t -8
3183303020080 300¢0c03000000itooceiiieiietteitatititnitiiictiistetsetittiittciitsiioeittit]
0.4 1.9 4.0 4.3 0.4 .00 493 692 55 L% -0.00
0.8 1.9 40.0 0.3 0.3 0.00 368 4,48 359 187 -0.00
4.8 1.9 40.0 0.4 0.4 0.80 7.9 11,03 857 4273 -0.00
0.8 1.9 4.0 0.4 0.5 0,00 435 623 ST .80 -0.00
0.4 .9 40,0 0.5 0.3 0.00 3.5 8,31 626 343 -0.00
0.8 .9 70,0 0.3 0.3 0.06 A.6% 10,22 5.5 4,86 -0.00
0.8 1.9 700 0.3 0.4 0,00 5.55  7.49 598 .92 -0.00
4.8 .9 70.0 3.3 0.5 .00 378 530 392 L7 -0.00
0.8 L9 70,00 0. 0.2 0,00 8.2 1189 40 392 -0.0D
4.8 .9 70.0 0.4 0.3 0.00  5.20  7.06 5012 .40 -0.00
0.8 Lg 700 4.3 0.3 0.00 6,89 9.4 641 90 -0.00
0.8 .9 100.0 0.3 0.3 .00 7.23 16,47 9.04 4,72 -0.00
0.8 1.9 100.0 0.3 0.4 0.00 G568 7.88  5.95 .81 -0.00
0.8 .9 100.0 0.3 0.3 0.00 376 526 374 LE -0.00
0.8 .9 1000 0.4 0.4 0.00 B.73 12,35 9.81 409 -0.00
0.8 1.9 100.9 0.4 0.3 0.00 558 7,32 502 45 -0.00
0.8 1.9 100.4 0.5 4.3 .00 7.3 .73 5.8 131 -0.00
0.8 .9 130.0 0.3 0.3 6,00 7.57 10,70 903 4.6 -0.00
0.8 1.9 130.0 0.3 0.4 .00 574  7.95 3.9 270 -0.00
6.8 £.9  130.0 0.3 0.5 0.00 379 526 35 L3I0 -0.00
4.8 1.9 130.0 0.4 0.4 0.00  8.B0 12.66 10,00 403 -0.00
0.8 1.9 130.0 0.4 0.3 .06 578 7.35 471 L9 -0.00
0.8 1.9 136.0 0.3 0.5 .00 n.B3 977 577 L8 600
0.8 .9 180.4 0.3 0.3 6,00 7.92 10.B6 B.98 4.5 -0.00
0.8 1.9 160.0 0.3 0.4 .00 5,80 7.95 5.B6 Z2.58 -0.00
0.8 1.9 140.0 6.3 0.3 0.00  3.82 520 346 L2B 000
0.8 1.9 140.0 4.4 0.4 0,00 8.79 12.92 10,19 3.84 -0.00
0.8 1.9 1800 0.4 0.3 .60 .94 7.38 0 439 L&7 -0.00
0.8 .9 160.0 0.3 0.5 0.00 7.8 10,09 G LI -0.00
0.8 1.9 190,90 6.3 0.3 6,00 8.03 10,94 B.97 448 -0.00
0.8 1.5 190.0 0.3 0.4 0,00 581 7.92 576 247 -0.00
0.8 .9 190.0 0.3 0.3 0.00 3,83 &.18 338 LT O-0.00
0.8 1.9 190.0 0.4 0.4 0,00 B.70 12.96 10,24 375 -0.00
0.8 1.9 190.0 0.4 0.5 .00 603 7.3 420 L3 0.0
0.8 1.9 190.0 0.3 0.3 0,00  8.04 10,43 504 LO5 -0.00
0.8 1.9 22040 0.3 0.3 0,00 8.17 1108 8.92 437 -0.00
0.8 t.9 2200 0.3 0.4 .00 5.83  7.85 5.1 37 -0.00
0.8 1.9 220.0 0.3 0.5 6,00 384 G160 329 LYY 000
0.8 .9 220.0 0.4 0.4 0.00  8.42 12,91 10.22 362 -0.00
0.8 1.9 220,90 0.4 0.5 0,00 603 7.37 405 L3R -0.00
0.4 .9 220.0 G.3 0.3 0,00 B.16 10,60 495 0,92 -0.00
0.8 1.9  250.0 0.3 0.3 .00 8,20 11,03 8.88 432 -0.00
6.8 1.9 Z30.0 0.3 0.4 0.00 G580 776 547 2220 -0.00
0.8 1.9 230.4 0.3 0.3 0.00 3,80 512 LA L6 -0.00
9.8 1.9 250.0 0.4 0.4 0.00 8.28 12.78 10,15 3.5%  -0.00
0.8 1.9 280.0 0.4 0.3 .00 603 7.31 3927 LA -0.00
0.8 1.3 250.9 0.3 0.5 ¢.60 8.31 10,74 4,84 (.82 -0.00
0.8 2.1 40,0 0.3 0.3 0.00  4.48 1133 1041 532 0.00
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ENMERGBY FACTOR DATA (cont.)

Inc  Bpieax} L/G Ts fr XN -8 -L&  -L4 -1.2 -4 -8
(2338088003200 32040000000000 038008802 030¢b8sdisd2esiioitiiiesictisiicitttsiteitsiscttsiticet

4.8 2.0 400 0.3 0.4 0.00 5.90 8.4 677  3.62 -0.00
0.8 .1 40,0 0.3 0.3 0.00 448 G576 441 2,28 -0.00
0.8 2.1 .0 0.3 0.4 0,00 7,93 1521 1.1 5.3 0.00
0.8 0 B L 0.4 . 0.3 0.00  5.45  7.87  6.47 346 000
0.8 2.1 400 0.3 0.5 0.00 637 10.90 8,12 420 0.00
0.8 2.0 704 0.3 0.3 .00  7.32 1217 1.7 613 -0.00
0.8 2.1 700 8.3 0.4 0,00 662 9.37 7.4% 1.64 -0.00
0.8 2 T 4.3 0.3 .00 4% &5 494 218 -0.00
0.8 .t 700 0.4 0.4 .00 8,39 14,37 1217 509 -0.00
6.8 2.t 70 0.4 0.3 0.00 &40 9.06 661 3.06 -0.00
0.8 Lt 76,0 .3 4.5 6,00 8.00 12,38 8.82 3.8 0.0
0.8 2.1 100.0 0.3 0.3 0.00 7.8% 12.43 1L20 b.02  -0.00
0.8 2.1 100.0 0.3 0.4 0.00 673  9.59 7.48 354 -0.00
0.8 2.1 100,90 0.3 0.3 0,00 44 557 K73 L97T -0.00
0.8 21 100.0 0.4 0.4 0.00 .9.30 1512 1261 5,20 -0.00
0.8 2.1 100 0.4 0.3 0.00  6.93 938 644 274 -0.00
0.8 2.1 100.0 0.5 0.5 0,00 8,66 1276 851 19 -0.00
0.8 2.1 130,90 0.3 0.3 .00 B8.14 12.6% 1123 593 -0.00
0.8 2.1 130.4 0.3 0.4 .00 480 973 7.48 Il -0.00
0.8 2.1 130,40 0.3 0.5 0.00 430 A.60 4460 L77  -0.00
0.8 2.1 130.0 0.4 0.4 0.00  %.81 1535 12.92 530 -0.00
0.8 2.4 136,90 0.4 0.5 6,00 7.22  9.48  h.18 2,52 -0.00
4.8 2.1 130.¢0 0.5 0.3 §.00  9.38 12,89 7.67 2,58 -0.00
0.8 2.1 180.0 0.3 0.3 0.60 8.43 12,88 11.31 5.92 -0.00
0.8 2.1 180.0 0.3 0.4 0.00  b6.87  9%.8B6  T7.46 L2 -0.00
0.8 2.1 160.0 6.3 0.5 0,00 4.33 A60  A4.4% L6000 -0.00
0.8 2.1 180,40 0.4 0.4 .00 9.91 15.64 1325 5.2 -0.00
0.8 21 180.0 0.4 0.3 0.00 7.46  %.81 5.B6 221 -0.00
6.8 2.1 160,90 0.3 0.3 .06 985 1531 7.36 2,07 -0.00
4.8 2.1 190.0 0.3 0.3 ¢6.00 831 1299 11,38 590 -0.00
6.8 2.1 190.0 0.3 0.4 0.00 687 985 7.38 314 -0.00
4.8 2.1 190.0 0.3 0.3 ¢.00 455 461 443 134 -0.00
0.8 2.1 190.0 0.4 0.4 6,00 9.90 1573 1353 4.9 -0.00
0.8 2.1 196,90 0.4 0.5 0,00  7.67 9.74 568 1,98 -0.00
0.8 2.4 190,90 0.5 0.5 0.00  9.83 1401 7.3 1.3 0.00
0.8 2.1 220.0 0.3 0.3 .00 8.3 13,01 11,37 587 -0.00
0.8 2.0 220.0 0.3 0.4 0.00 482 9.80 7.30 302 -0.00
0.8 2.1 220,40 0.3 0.3 0.00 432 6,63 439 L49 -0.00
0.8 2,1 220.0 0.4 0.4 0.00 %79 13,75 13,59 468 -0.00
4.8 2.1 220.0 0.4 0.5 0,00 7.81 9.79 5.3 1.B0 0 -0.00
0.8 2.1 220.0 0.3 0.3 0,00 9.95 1431 7.3 L3 -0.00
0.8 2.1 230,90 0.3 0.3 T .00 8.38 12,99 11,34 5.84 -0.00
0.8 2.1 250.0 0.3 0.4 0.00 4.77 %68  7.15  2.83  -0.00
0.8 .1 750,90 4.3 4.5 0.00 4,47  b60 433 L4k -0.00
0.8 2.1 250.0 0.4 0.4 0.00 973 15,55 3.3 4.38  -0.00
0.8 2.0 250.0 0.4 0.3 .00 7.82  %.7%  5.22 0 LL67 -0.00
0.8 2.1 250.0 0.5 0.5 0.00 10,08 1448 7.48  L16 000
.6 .1 40,0 0.3 0.3 .06 0,00 106 153 120 -0.9%
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ENMERGY FACTOR DATA (cont.)

fnc  Bplmax) L/G Ts Tr  XNI: -1.B -1.6 -4 -1.2 -1 -8

EE e e a e et I e e iee g ee ettt tie ettt ettt estteetstestleetaetttesssitstssetslnsstetitesdass]
0.6 L. 80,0 6.3 0.4 0.85 0.00 0.85 1,09 079 -0.3%
6.6 1.1 0.0 0.3 0.5 0.66 0,00 0.6  0.75  0.50 -0.25
0.6 1.1 20,0 0.4 0.4 1,63 0,00 1,63 1,78 110 -0.49
0.6 1.1 8.0 0.4 0.5 0,82 0.00 0.82 0.9 070 -0.39
0.6 L1 80,0 6.5 0.5 0,98  0.00 0,98 (.13 0.88 -0.47
0.6 L1 70,0 0.3 0.3 1,28 0.00 .28 .49 1.23 -0.52
0.6 L1 70,0 0.3 0.4 103 0,00 .03 .21 0,77 -0.3
0.6 1.0 70,6 0.3 0.5 0.72 000 072 679 047 ~0.19
0.6 14 700 04 0.8 1.8 0.00 181 1.89 1,02 -0.41
06 L1 70,0 0.4 0.5 0,94 0,00 0,94 0.98 0.40 -0.29
0.6 1.1 70,0 0.5 0.5 L00 6.00  1.01 1,06  0.68  -0.36
0.6 L1 1660 0.3 0.3 140 0,00 140 1Bl 125 -0.45
f.6 L1 100,00 6.3 0.4 L1000 000 .10 126 0.78  -0.27
0.6 10 1000 6.3 0.5 6.7  0.00 077 0.82 0.4 -0.14
0.6 1.1 1000 0.8 0.4 .79 000 L79 1,99 1.08 -0.37
0.6 1.1 1000 0.4 0.5 0,98 0,00 0.98 1.00 0.5 -0.22
0.6 L1 1060 0.5 0.5 .16 0,00 1.0 102 .51 -0.22
6.6 11 1300 0.3 0.3 1.45 .00 1.45 1,87 1.31 -0.43
0.6 L1 1300 0.3 0.4 LIS 0,00 115 L3I 0.72 -0.24
6.6 L1 1306 0.3 6.5 0.80  0.00 0.80 0.86 0,38 -0.10
0.4 L1 130,00 0.4 0.4 1,78 000 178 2,001  1.08 -0.34
0.6 L1 1300 0.4 0.5 0,99  0.00 0.99 0.98  0.49 0,18
a6 Lt 130,00 0.5 0.5 145 0,00 115 0.94  0.41  -0.14
0.6 1.1 1800 0.3 0.3 1.4 0.00 1.48  L.91 1,35 -0.41
0.6 1.1 1400 0.3 0.4 .18 0,00 118 L33 071 0.2
6.6 .1 1800 0.3 0.5 0.82 0.0 0.82 0.88 0,37 -0.08
0.6 1.1 160,60 0.4 0.4 1,76 0,00 1,76 2,01 1.04 -0.31
0.6 11 1400 0.4 0.5 0.98 0,00 0.98 0.94 .44 -0.15
6.6 L1 0.0 0.5 0.5 1,49 0,00 1,19 0.88  6.35 -0.10
0.6 1.1 1900 0.3 0.3 150 0,00 151 1,93 1,37 -0.40
0.6 .1 1900 6.3 0.4 1,20 0,00 1,200 134 0.9 -0.19 -
0.6 L1 1908 0.3 0.5 0.8 0.00  0.83  0.89 6.3 -0.04
0.6 L1 1900 0.4 0.4 L73 000 173 1,99 0.98 -0.28
0.6 L1 190.0 0.4 0.5 0.97  0.00 0,97 090 0.4 -0.13
0.6 L1 1300 85 6.5 1,20 0.60 1,20 0.87  0.30 -0.08
0.6 L4 220,00 0.3 0.3 1.5 0,00 1,53 1.9 1,39 -0.39
0.6 1.1 22,0 0.3 0.4 1,22 0,00 1,22 1.38 0,67 -0.18
0.6 L1 20,0 83 0.5 0.8 0,00 0.8 0.9 0.35 -0.05
0.6 L1 2200 0.4 0.4 L7 0,00 L7 195 0.96 -0.2%
0.6 L1 0.0 0.4 0.5 0,95  0.00 0,95 0.88 0.3 -0.11
0.6 110 220,00 0.5 0.5 1,20 0,00 120 0.B7  0.26 0.0
0.6 L4 290,00 0.3 0.3 1.5 0.00 1.5 195 1.40 -0.38
0.6 1.1 50,0 6.3 0.4 1,23 0,00 .23 L34 0.66  -0.18
0.6 L4 2500 0.3 0.5 0.8 0,00 0.84  0.91 0.3 -0.04
0.6 11 750,00 0.4 0.4 .68  0.00 .68 .93 0,93 -0.25
0.6 1.4 /.00 0.4 0.5 0.93  0.00 0.93 0.85 0.3 -0.10
0.6 1.0 0.6 0.5 0.5 1,20 0.00 1.Z26  0.88  0.24 -0.05
0.6 1.3 80,0 0.3 0.3 1.4 0,00 149 2.14 1,48 -0.78
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EMERGY FACTOR DATA (cont.)

Inc  Epimax) L/& Ts Tr INI: -1.8 -L.6 -1.4  -1.2 -1 -.8
1433400230524 0000t00R000e0sietoteotiottsetiosietistitttiieitatsesiisiasiieiesitittictiiti

0.4 1.3 40,0 0.3 0.4 .19 G006 L1 LA Li0 -0.51
0.6 1.3 40.0 0.3 0.3 0,92 0,00 €92 104 0.6 -0.34
0.6 L3 4.0 0.4 6.4 2,31 600 2,31 2,48 L34 -0.49
0.6 .3 4.0 0.4 0.5 .15 600 LIS L33 0,98 -0.58
0.6 L3 .0 0.3 .3 1,37 000 1,37 L7 L2 -0.hb
0.8 .3 70,90 0.3 0.3 1,78 0,00 1,78 2,37  L.73 -0.74
0.6 .3 70.0 4.3 0.4 .44 0,00 1.44 171 108 -0.44
0.6 3 1.0 0.3 0.3 L0 000 L0 L0 0.86 -0.27
0.8 1.3 7.9 0.4 0.4 2,52 0,00 2,52 Z.b66  1.42 -0.38
0.4 1.3 70,0 0.4 0.3 .32 000 4L32 L37 0.8 0.4
0.6 1.3 7.0 0.5 0.5 .44 000 1.44 1.49 0.9 -0.3!
0.5 .3 100.0 0.3 0.3 L9 0,00 1.9 2,52 L,75 -0.54
0.4 1.3 1000 4.3 0.4 .34 .00 LM L77 L03 -0.38
0.6 1.3 160.0 0.3 0.3 .7 000 107 L5 0.5 -0.1%
0.4 1.3 100.0 0.4 0.4 2.4 0,00 2.4 2,81 L8 -0.32
0.8 1.3 100,0 0.4 0.5 1,38 600 .38 L4207 -0.3
0.6 .3 100,90 0.3 0.5 .5 000 1,55 L4 071 0.3
0.6 1.3 1360 0.3 6.3 2,03 0,00 2,03 2,60 1.82 -0.40
0.6 1.3 130,90 8.3 0.4 .60 6.00 1.60 1.82 1,02 - -0.34
0.5 £.3 130,90 0.3 0.3 it 60 Lt 26 0,54 -0.15
0.8 130 130.0 ¢.4 6.4 2,45 0.00 2,45 2.83 1.8 -0.47
0.6 1.3 130.0 4.4 0.3 1.3 0,00 1,38 139 0.9 -0.25
0.8 1.3 130.0 0.3 0.5 1.62  0.00 1,62 L38  0.57 -0.20
0.4 1.3 160.0 0.3 4.3 2,07 6.00 2,07 2,65 1.88 -0.3B
0.6 1.3 180.0 0.3 0.4 .44 0.00 1.64 183 6.9% -0.30
0.6 1.3 180.0 0.3 0.5 L1300 0.060 113 624 052 -0.12
0.6 1.3 160.0 0.4 0.4 2,85 0,00 2,45 2,83 L300 -0.43
0.6 1.3 160.0 0.4 0.5 .37 600 LI L34 062 -0.20
0.4 1.3 160.0 0.5 0.3 1,67 600 L7 128 0.48 -0.14
0.6 1.3 190.0 0:3 0.3 4t 600 2211 2,67 1,92 -0.56
0.6 L3 190.0 0.3 0.4 .66 0,00 166 LB 0.9 -0.27
0.6 1.3 150.0 0.3 G.3 .14 .00 L1426 0.30  -0.09
0.8 .3 190.0 0.4 0.4 2.42 000 242 279 183 -0.40
0.6 L3 190.0 0.4 0.5 1.3 000 1,35 L2 0.5B -0.17
0.6 1.3 196.0 0.3 0.5 1.9 0.00 1.89 127 0.42 -0
0.6 1.3 220.0 0.3 0.3 2,13 0600 2,13 .68 1% -0.55
0.6 1.3 2200 0.3 0.4 1,68 0.00 1.6B  1.87  0.9% -0.25
0.6 .3 220,90 0.3 0.3 .15 600 LIF LZ7 047 -0.07
0.6 1.3 220.0 0.4 0.4 2,37 600 2,37 7% 1,38 -0.37
0.6 1.3 220,90 0.4 0.3 .33 000 1,33 L2 0.58 -0.15
0.6 1.3 220.0 0.5 0.5 .70 o0 L7t 1280 037 -0.08
0.6 1.3 250.0 0.3 0.3 213 600 2,45 .68 199 (.54
0.6 1.3 2509 0.3 0.4 1,69 0,00 LAY LB7 092 0.7
0.5 1.3 250.0 0.3 0.5 1.1 0,00 115 128 0,88 -0.06
0.6 1.3 250,40 0.4 0.4 2,33 00 2,33 2,68 1,31 -0.34
0.6 1.3 250.¢0 0.4 0.5 L300 006 1,30 L2600 0.50 -0.14
0.6 1.3 250,90 0.3 0.5 170 600 L7000 L2903 -0.07
0.6 .3 40.0 0.3 0.3 2,00 000 2,00 2,89 .24 -1.04
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ENERGY FACTOR DATA (cont.)

Inc  Bplmax) L/G Ts Tr iNr: -1.8 -6 -1.4 -1L2 -1 -.8
8388388030000 30080200008000¢80080020tia0eiseesbeistitteitiiiotiositotititoteietticttttittist]
0.4 .5 40,0 0.3 0.4 1,60 0,00  1.60 2,03 1,47 -0.68
0.5 .3 40.0 0.3 0.5 L2330 000 1,23 139 091 -0.45
0.6 LI 400 0.4 0.4 .09 0000 309 3300 2,08 -0.92
0.6 1.9 80,0 0.4 6.5 .33 000 L3 L77 L -6.73
0.4 L3 40,0 0.3 0.5 1.8 000  1.B3 2,09 1.0 -0.8B
0.6 .3 70.0 0.3 0.3 2.3 000 2,38 6 231 -1,00
0.6 LI 70,0 0.3 0.4 L83 6000 L9 229 143 -0.39
] .3 0.0 4.3 0.5 1,33 0,00 133 148 0,89 -0.34
0.5 L3 70,0 0.4 0.4 3.3 0,00 336 354 LB -0.78
0.4 L3 70.0 0.4 0.5 - .76 000 176 L3 112 -0.55
0.6 L3 70.0 0.5 0.5 .94 000 194 2,60 1.27 -0.48
0.6 £.5 100.0 6.3 0.3 2,62 000 0 2,62 33 237 -0.87
G.b L3 100.0 0.3 0.4 .64 000 2,04 2,36 LAY -0.52
0.6 1.3 100.0 0.3 0.3 .42 000 142 L33 079 -0.24
0.6 1.5 100.0 0.4 0.4 .27 600 327 LI .02 -0.89
0.4 1.5 100.0 0.4 0.5 L85 0.0 L8 L% Lol -0.42
0.6 L3 100,40 0.5 0.5 2.08  0.00 2,08 208 0.9 -0.43
0.6 1.3 130.0 0.3 0.3 274 0,00 2,74 3.4 238 -0.81
0.6 1.3 130.0 6.3 0.4 .12 600 212 .41 .37 -0.46
0.6 .3 130.0 6.3 0.5 .47 0.00 1.47 1.8 0.72 -0.20
G.4 1.3 130.0 0.4 0.4 .26 0,00 3.26 3.B6  Z.0B  -0.63
0.6 L3 13,9 0.4 0.5 .87 0,00 1,87 L8 0,92 -0.33
0.6 1.3 130.0 0.5 0.3 2,20 6,00 2,20 193 073 -0.28
0.4 1.5 160.0 0.3 0.3 2,82 600 2,82 351 Z.44 -0.78
0.6 1.3 14040 0.3 0.4 2,17 600 2,47 2.44 1,33 0.8
0.4 1.3 160.0 0.3 0.3 t.30 000 1,30 1.62  0.68 -0.14
0.6 1.5 180.0 0.4 0.4 .22 600 322 %86 2.08B -0.57
0.6 1.3 180.0 0.4 0.5 1.8 0.00 1.85 f.84 0.B4 -0.27
.6 1.3 160,90 0.3 0.5 2.3 600 223 L77 0.64 -0.19
0.4 1.3 190.0 0.3 0.3 2,88 0.00 2,88 354 248 -0.75
0.6 1.3 190.0 0.3 0.4 .20 000 2,20 2.45 L7 0.3
0.4 L3 190.0 0.3 0.3 L0 0,00 150 1.4 0.6 -0.13
0.6 1.5 190.0 0.4 0.4 .16 600 316 3.B0 2,08 -0.33
0.6 1.3 196.0 0.4 0.3 1,82  0.00 1.82 1.0 0.78 -0.Z23
0.8 1.3 190.0 0.3 0.3 227 000 2,27 L7 056 -0.44
0.4 .3 220.0 0.3 0.3 2,92 0.00 2,92 334 .2.52 -0.73
0.6 L3 220.0 0.3 0.4 222 000 2,22 2.4 124 -0.33
0.6 1.3 220.40 0.3 0.3 £.30 0 0,00 1,30 1.6 0.63 -0.10
0.6 .5 220.0 0.4 0.4 L9 hoo 307 L7000 1A% -0.49
0.4 1.5 220.0. 0.4 0.5 .79 000 L79 L7 073 -0.ED
0.4 1.3 220.0 0.3 0.3 2,30 000 2,30 L.78 0.50 -0.11
0.6 L.d 250,40 0.3 0.3 2.9 000 2% 354 .55 -0.72
0.6 .3 250.0 0.3 0.4 2,22 000 2,23 245 121 -0.3
0.6 1.5 250.0 4.3 0.5 150 000 1.50  1.67 0.6 -0.09
0.4 1.3 250,10 0.4 1.4 318 b.00 38 356 L7 -0.4b
0.6 1.3 250.0 0.4 0.5 .75 0,00 1,75 1.62 0.6 -0.18
0.6 1.3 230.0 0.5 0.3 2,30 000 2,30 177 0.45  -0.09
0.6 .7 4.0 0.3 0.3 2,58  0.00 2,58 373 2,88 -L34
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ENERGY FACTOR DATA (cont.}

Inc  Bplaay) L/& Ts Tr wr: -t.8 -6 -1.4 -1.2 -1 -.8
SRR ROt Rt i iateetiiotasessseitiietesinieiateiitioeieteiiiotottietotitctetstsesetitotsessss
6.6 1.7 40.0 0.3 0.4 .07 600 2,07 2.6 1.89 -0.g8
.4 1.7 0.0 6.3 0.5 .50 0,80 1,60 1,78 1,16 -0.08
& 1.7 40.0 0.4 0.4 L9000 3,937 426 2.6 -L.1%
0.4 1.7 300 0.4 0.5 1,97  0.00 197 2,27 166 -0.78
0.6 1.7 40,0 0.3 0.5 2.3 o600 2,39 2.6% 2.0 -1.12
0.6 .7 70,0 0.3 0.3 3020 000 3020 4.0 3.0 -1
0.6 1.7 70.0 0.3 0.4 2,48 000 2.8 2.9 1.88 -0.74
0.4 L7 76.0 0.3 0.5 .72 600 172 L9 Ll& -0.47
0.4 1.7 70.0 0.4 0.4 431 0,00 4,31 4531 2,43 -1.08
0.4 .7 70,0 0.4 0.5 2,26 0,00 2,26 2,36 1.46 -0.72
0.4 .7 70,0 0.3 0.5 2,63 000 2,63 .47 1.6 0,88
0.4 1,7 106,60 0.3 0.3 L300 33 430 .98 -L13
0.4 1,7 100.0 4.3 0.4 261 0,00 2.8t 3,03 1.8 -0.87
4 .7 100.0 0.3 4.3 .82 6,00 1,82 1,96 1.03 -0.34
0.4 1.7 106.0 0.4 6.4 4.23 0,00 4,25 4.8 2,80 -0.89
0.4 1.7 100.0 0.4 8.5 24 0,00 2,41 2.46 131 -0.3%
0.6 1.7 100.0 0.3 0.5 2,87 000 2,87 .73 1,24 -0.%4
1.b 1.7 1300 0.3 0.3 3.8 000 352 44 300 -L07
0.6 1.7 130.0 0.3 6.4 2,70 000 2,70 3.0B 179 -0.40
0.4 1.7 130.0 9.3 0.3 1,88 0.00 1,88 2,00 0,94 -0.26
8.4 1.7 130.0 0.4 0.4 4,19 0,00 4,19 500 Z.68 -0.81
0.6 1.7 130.0 0.4 0.3 24 0,00 2,84 2,45 L19 -0.43
0.6 1.7 130.¢0 0.3 0.5 299 0,00 2,99 .61 0,97 -0.38
9.6 1.7 160.0 0.3 0.3 J.62 0 000 3,62 449 304 -1.03
0.6 1.7 160.0 0.3 0.4 2,77 6,00 2,77 3.1 LT3 -0.54
0.4 1.7 140.0 2.3 8.3 1,92 6,00 1,92 2.43  0.89 -0,2
0.6 1.7 150.0 9.4 0.4 4,12 0,00 413 5.03 2,70 -0.74
0.4 1.7 140.0 0.4 0.5 2,42 000 2,42 .39 09 -0.35
0.6 1.7 140.0 6.5 0.3 J.02 0 000 3,02 2,48 0.B1 -0.26
0.6 1.7 190.0 8.3 0.3 L0 o000 370 4,32 307 -0.99
0.6 1.7 196,40 0.3 0.4 2,81 000 2,81 310 1,66 -0.48
0.6 .7 1800 | 0.3 0.5 .93 000 1.3 2,05 687 -0.47
0.6 1.7 190.0 0.4 0.4 4,06 0,00 4,06 5.00 2,67 -0.48
0.6 .7 190.0 0.4 6.5 2,40 0,00 2,40 2,35 L0l 0.3
0.6 1.7 190.0 0.5 ¢.3 .07 000 303 2,45 6.7t 0.8
0.4 1.7 220.0 0.3 0.3 376 0,00 3,76 433 309 -0.97
0.4 1.7 220.0 0.3 0.4 2,83 000 2,837 309 L6t -0.44
0.6 1.7 220.0 0.3 0.3 .92 6,00 1,92 2.06 0.B5 -0.14
0.6 1.7 220.¢0 0.4 0.4 4,00 0,00 4,00 4,92 2,61 -0.83
0.6 1.7 220.0 0.4 6.3 2.38 0,00 2,38 232 0.99 -0.26
0.6 1.7 220.¢0 0.5 0.3 3.06 0,00 3,06 2,41 0.8 -0.14
0.6 1.7 250.¢ 0.3 4.3 3.8t 0,00 3,81 4532 31 -0.94
8.6 1.7 250.0 0.3 0.4 2.84 0,00 2,84 308 1,56 -0.40
8.4 .7 230.0 4.3 4.5 .92 6,00 1,92 2.0 .83 -G.12
g.4 1.7 250.0 0.4 0.4 397 000 3,97 4,82 2,50 -0.59
0.6 1.7 250.0 0.4 0.5 2,35 000 2.3 225 0.89 -0.23
0.6 1.7 2530.0 6.3 0.3 30400 000 3,080 2.3 0,80 -0.11
0.6 1.9 40,9 0.3 0.3 .21 0,00 32 469 361 -1.67
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EMERGEY FACTOR DATA (cont.)
Inc  Eplmax) L/ Ts Tr i -t.8  -t6 -4 -1.2 -1 -.8
[itepetiticeticiositectitiotsiististecittiteitoritictecittiioctiiiotioteettesitetseisttciitet]
0.6 1.9 40,0 §.3 0.4 2,58 600 2,58 &3 2.3 -LU
0.6 1.9 40.0 0.3 0.5 199 6,00 L9922 LA 072
0.6 1.9 40,0 0.4 0.4 4,82 6,00 482 533 LI -0
0.6 1.9 46,0 0.4 0.5 2.45 0,00 2,45 2.4 2,07 -L.47
0.6 L9 0.0 0.3 0.3 L0 600 3,00 337 .54 -1.39
0.6 1.9 70.0 6,3 0.3 .74 600 374 511 3.B0 -1.46
0.6 1.9 70,0 4.3 0.4 Ioe0e 310 37Y L3 -0.9k
0.b .9 70.0 0.3 8.5 .46 000 2,16 245 L4k -0.39
0.6 1.9 70,0 0.4 0.4 .38 6,00 538 5.81 308 -135
0.6 1.9 1. 0.4 0.5 2,83 600 2,83 298 LB -0.91
0.6 .9 76,0 0.3 0.3 .42 0.00 342 358 .10 -1
0.6 1.9 100.0 6.3 03 4,13 0,00 413 534 L72 -1.45
0.6 1.9 100.0 0.3 0.4 3.2 000 3.2 379 231 0.8
0.6 1.9 100.0 6.3 0.5 2,27 006 2,27 243 131 -0.43
0.6 1.9 160,90 .4 0.4 L3 000 534 LI 326 -1.13
0.4 1.9 1069 0.4 0.3 303 600 303 301 1,65 -0.49
4.4 L.y 160,90 0.5 0.5 .74 6.00 374 339 162 -0.70
0,8 f.9  136.0 0.3 0.3 4,3 0,00 4.3 3.4 3713 -LW
0.8 1.9 130,90 0.3 0.4 336 000 3,36 B8 227 -0.7%
0.6 1.9 1360 0.3 0.5 2,33 000 2,33 248 1.2t -0.33
0.8 .9 130.0 0.4 0.4 .23 000 523 A28 336 -L08
0.4 1.9 130.0 0.4 0.5 369 000 309 L0 147 -0.58
0.6 L9 130.0 0.5 0.3 392 000 392 AW 122 -0.48
0.6 1.9 180.0 0.3 0.3 .49  0.00 4,47 557 374 -L3
0.6 1.9 140.0 0.3 0.4 .44 0,00 3.4 387 2.20 -0.48
0.4 1.9 180.0 0.3 0.3 2,38 0.00 2,38 2.3 1.3 0,27
0.4 1.9 180.0 0.4 0.4 .44 0,00 3514 433 338 -0.92
0.4 1.9 1460.0 0.4 0.3 3.07 600 307 303 LIT -0.44
0.6 1.9 140.0 0.5 0.5 3.9 6.00 3.9 337 00 -0.34
0.8 1.9 190.0 0.3 0.3 4,58  0.00 458 G617 -LZ7
0.6 L9 190.0 0.3 0.4 .48 0,00 348 3.B7 0 213 -0.42
0.6 1.9 190.0 0.3 0.3 2,40 0,00 240 2,52 L0 -0.22
0.b .9 190.0 0.4 0.4 3.00 0 6,06 505 632 337 -0.85
0.6 1.9 190.0 0.4 0.5 3.0 0,00 305 300 128 -0.37
0.6 1.9 190.0 0.5 0.3 401 .00 401 336 091 -0.28
0.8 1.9 220.0 0.3 0.3 4,65 0,00 465 362 376 -LZ3
0.8 1.9 220.0 0.3 0.4 348 000 3,48 384 2,07 -0.3b
0.6 1.9 220.0 0.3 0.5 2.3 0600 2,39 2,53 L.0B -0.18
0.6 1.9 220.9 0.4 0.4 4.9 000 4.9 628 33 079
0.6 1.9 22,0 0.4 0.5 L 6 304 2,9 L2 0.3
0.6 1.9 220.0 0.5 0.3 .08  0.00 408 333 0.8 -0.18
0.6 1.9 250.0 0.3 0.3 471 600 470 G681 37T -9
0.4 1.9 250.0 0.3 0.4 .82 600 352 3.8 194 -0.5
0.4 1.9 Z50.0 0.3 0.3 2,38 000 2,38 2,53 1,06 -0.15
0.6 1.9 230.0 0.4 0.4 4,87  6.00 487 621 3.2 -0.73
0.6 1.9 250.0 0.4 0.5 3,00 000 3,00 2,90 13 -0.29
068 1.9 730.0 8.3 0.3 4,05  0.00 403 330 0.77 -0.14
0.4 1 80,0 0.3 0.3 L9 600 3,90 572 4,40 -2.04
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ENMERGY FACTOR DATA (cont.?

inc  Bplmax} L/G Ts Tr W -t -ty -1 -2 -1 -.8
Fieddetizeieiteisiitaieiatitiititosespisotiieiiodetieitititettitotetatetotitseiteteciteised]
0.6 .1 8.0 0.3 0.4 345 000 315 404 2,88 -L33

%

0.8 2.4 40,0 0.3 0.5 .42 600 2,42 470 477 -0.89
0.6 2.1 KD 0.4 0.4 .87 0,00 5.87 633 399 -LE
0.6 2.1 809 0.4 0.3 2,99 0,00 2,99 348 2.3 -L83
0.6 2.1 40,0 0.5 0.5 367 0,00 367 420 310 -LT70
0.6 .1 100 0.3 9.3 4,53 G600 433 622 4T0 -2.08
0.6 2.1 10 0.3 0.4 77 &00 377 435 2.9 -1.19
&6 S N 0.3 0.3 2,65 400 0 2,63 302 LB -0.73
0.8 2.4 100 0.4 0.4 6,52 0,00 4.32 683 .87 -LTO
8.8 1 7.4 0.4 0.3 346 0,00 346 ZTL 2,32 -1.13
0.6 2.0 700 0.3 0.5 432 600 432 459 .61 -1.34
1.6 2,1 0.4 3 0.3 .05 600 5,05 6.48 4,53 -1.83
0.6 2.1 100.0 0.3 0.4 395 0,00 95 463 2B -0
0.4 2.1 1000 0.3 0.5 2.7 600 2,75 LU0 1.6 -0.53
0.4 2,1 100.0 0.4 0.4 6,33 .00 65 T7.43 401 -1.43
0.4 .1 1064 4.4 4.3 L76 0.00 376 385 2,07 -0.B6
0.6 2.1 100.0 0.5 0.5 473 000 473 473 L0 -0.B4
0.6 2.0 130 0.3 0.3 329 0.00 5,29 b2 A48 LT3
0.6 2.1 1304 0.3 0.4 4,08 0.00 4,08 470 281 -0.94
0.6 2.0 1300 0.3 0.3 2,83 0,00 2,83 303 53 -0.4¢
6 2.1 1300 0.4 0.4 6,36 0,00 836 7.70 413 -L.ZA
0.6 2.1 130,90 0.4 0.5 3.8 0.00 384 387 1.8 -0.48
0.4 2.1 130.0 0.5 0.5 4.9  0.00 4,95 4,68 1.57 -0.40
0.8 1 e 0.3 0.3 .46 0,00 5.86 0 b7h A52 -LA3
0.6 2.1 10,0 0.3 0.4 4,19 600 419 4,72 L7 0.8
0.6 2.1 160.0 0.3 4.5 2.9 600 2,90 3.04 (.42 -0.33
0.6 2.1 1a0.0 0.4 0.4 6,28 0.00 624 7.78 417 -L.14
0.8 2.1 160.0 0.4 0.5 3.82 600 382 379 L&Y -0.55
0.5 2.1 160,90 0.3 0.3 .08 6,00 5.08 459 1,28 -0.43
0.6 2.1 190.0 0.3 0.3 3.9 0.00 5.35 481 454 -1.58
0.6 2.1 190.0 0.3 0.4 .23 0,00 423 472  L.48 -4.77
0.4 2.1 190,90 0.3 0.3 2,92 0.00 292 306 1.3 -0.27
.6 2.1 190,40 0.4 0.4 6,08 0,00 608 T7.78 417 -1.04
0.6 2.1 190,90 0.4 0.5 L7190 L7 78 158 -0
0.6 2.1 190.4 0.5 0.3 17 000 517 457 LI -0.3
0.4 2.4 2200 0.3 0.3 e 0,00 563 682 453 L4
0.4 2.1 2200 0.3 0.4 4,23 600 423 4,49 258 -0.70
0.8 2.1 220.9 0.3 0.3 29t 600 2,91 307 L3 -0.23
0.4 2.1 220.0 0.4 0.4 3.9 0.00. 5.9 778 409 -0.9%
0.6 2.1 22040 0.4 0.5 76 0,00 376 3B L4704
0.4 2.1 220.0 0.3 0.3 3,27 000 5.7 439 L.07T  -0.23
0.4 2.1 250.9 0.3 0.3 .69 0.00 5.6 681 4533 -1.50
0.6 2.1 250.0 0.3 0.4 4,28 0,00 4,28 465 2.42 -0.83
0.6 2.1 250.0 0.3 0.3 2,90 600 2,9 366 1,33 -0,19%
4.6 2.1 2E0.0 0.4 0.4 3.85 0,00 5.8 7.48 398 0.9
0.8 2.0 0.4 0.4 0.3 372 6,00 372 et L4 -0.34
0.4 2.1 50,0 8.5 0.3 3.29  0.00 529 456 100 -0.17
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t Ayt 0p3, 044, 045

Xni : =148, -146, 144, -112, -1, -0.8
In order to limit the current in the winding 70 kA is

choosen as mmf limit during this computation,

3+4 OBSERVATIONS ON THE OBTAINED ENERGY FACTOR DATA

Typical énérgy factor vs hormalized switch-on
position (Xni) curves for different conduction periods
are shown in figy 318} as seen from this figure energy
factor increases while normalized conduction period
(Xni) is increased; Therefore unity conduction period

maximizes energy factor, Additionaly it:iis observed

that (xn.

J) value which correspcnds to peak of this

curve shifts toward -1.6 from -1.2 while conduction
period is increased; However, optimum (Xni) value is

also affected by B and ts/K) tr/A as discussed

p(max)
below| Therefore shifting from -116 to -112 in(X .)
value denoted in figp 3,8 is valid for this speeiakl:

case onlys

In fig; 319, energy factor vs.normalized
switch-on position curves for different B values are
showny. As seen from this figure energy factor is

increased by increasing B and it is maximized

p(max)

when Bp(max? = 231 T, It is observed that increasing Bpimax)

shifts Xni value which corresponds to peak of the curve,
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from -1.6, to -1 4;

In figs 3410 energy factor vs X jcurves with

respect to different A/g values are shown; This_figure

shows. that increasing A/g does not change optimum Xni

value. As seen from same figure, increasing A/q also

maximizes energy factor at B =211 T4 In fig 3411,

p(max)

’ A
effect of Bp(max) on energy factor vs /g curves are

shown; For B values higher than 113 T, optimum

p(max)

%/g occurs at 250p1ﬁoweﬁer, for lower B values

p(max)

(ipe lower than 143) optimum occurs at lower A/g values
also depending on tooth widths. For larger tooth widths
this optimum value is shifted lower A/g values as well,

for example at B = 143 T optimum A/g occurs at 250,

p{max)
190, 160 for normalized tooth widths 033, 044, 015 res-

pectivelyy

For A/ 100 and for B
g p({max)

increase in energy factor is observed by making A/g lar-

1.7 only 4%

gér than 160 at 241 T Therefore it is not mezningfull

to air-gap larger than A/g's than 160,

In figp 3412 the effects of availéble tooth
widths on energy factor are shown; It is observed that
té/x = tré\ = 044 maximizes energy factor. But in
order to observe the effect of tooth width on energy
factor accurately, E vs (ts/% or tr/i ) curves should
be used} For each Energy factor vs (tr/A , ts/i ) curves

there are 3 points computed; Therefore in order to draw
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exact shape of theée curves, energy factors of inter-
mediate tooth width values are also computed for this
part of the work; However, for obtaining accurate op-
timum value of accurate calculation should be done for
rest of the parameters; This will be given in optimi-
zation.work in chapter 4} Therefore this approach done
here is, only for obtaining exact shape of energy factor

vs (tS/A , tr/x ) curvesy

In figp 3113, energy factor vs,tr/k curve. for
different tS(A values are showni It is observed that
energy factor decreases while the difference between
rotor and stator tooth width increases; Inotherwords,
while the tooth widths of rotor and stator converge to
each other, energy factor increasés and it is$ maximized
when tooth widths of stator and rotor are equal to each

other;

Since, rotor tooth width can not be less than
stator tooth width because of the constraint ts/A tr/A ,
then each curve starts at different tr%A.value which is
tr/ =ts<A r Therefore the peak value of energy'faétor
is begining point of this curve as seen in figy 34134
As discussed above, increasing in value of Bp(max)

- increases energy factor;. It is possible to see same

effect cf B in fig 3313} Additionely it is obser-

p{max)
ved that the difference between energy factor vs tr/A

curves for different tsfkvalues get closer to each other.
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As mentioned above for a fixed stator tooth
width, energy factor is maximized when stator-rotor pairs
are identical and and this situation correspond to the
points marked with letters a, b, ¢, d in figy3.13 of
these curves; Therefore it is possible to observe the
variation of energy factor while stator and rotor tooth
widths change equally without destroying symmetry bet-

ween them as denoted by dotted lime in figp 3113}

Since it is understood that energy factor maxi-
mizes if rotor and stator tooth widths are equal to each
other, then the effect of variation of identical tooth

pair on energy factor should be investigated

In figp 3114, energy factor vs identical tooth

width curves for different B values are shown, In

p(max)
order to draw exact shape of the curve, energy factor
values are also computed for intermediate values of tooth
widths which are not available in table (347). As seen

from fig 3424, it is observed that the value of tooth

width which maximizes energy factor depends on B
p(max)

As seen from this figure for B= 1.1T ts/x =tr6\ =0435
maximizes energy factor, but while B increases the opti-
muh value of tooht width shifts toward 0.4, But, these
curves have X4 value which is -1.4,. However, it is known:
from earlier discussions that while B, reduces, the X4
value which maximizes energy factor shifts from -144 to

41}6 t Therefore the optimum value of tooth width
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should be investigated ét Xi= ~146 for low values of B
As denoted by dotted. line, for Bp= 1.1 T, optimum tooth
width is about 0.40 for B= 241 it is observed that the
optimum tooth width is 0442 while A/g=250, ch=l

and xni= -144. This result for optimum tooth width is

verifies the result of non-linear theory developed by

Harris Lawrenson and Huges

Although it is known that A/g =250 maximizes
energy factor at Bpkmax) 143 T, the ef fect of A/g on
energy factor vs tooth width should also be investigated;
As shown in figy3,15 variying A/g does not change the
optimum value of tooth widthy It is known from earlier
discussions in this section that while A/g is increased,
energy factor increases but smalley. in amount for Bp(max)

higher than 143 T}, Same property may be seen in this

figurey

Until here, some observations for the effect
of parameters on energy factor are determined; According
to these observations, it it understood that following

parameter values maximize energy factor;

¥ni = <144 : x_ =1

. - A .
e tBy(max) =2+L 1 Mg =250

t_/ =t _/, = 042

S"A r' i

But, since these observations has been obtained
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by using the computed energy factor data tabulated in
table (347), can not give accurate values of parameters
which maximize energy factor}; Above results can only .°

give rough values of parameters,

Mmf Limit: As mentioned in section 31314 upper limit of
mmf is choosen as 70 kA. Whole energy factor data tabu-
lated in table(3.7) are computed. under this restriction;
Besides that, in order to see the effect of this cons-
train, energy factor: is computed for different mmf limits,
In figp 3116 energy factor vs mmf limit curves of optimum
design found above with respect to different Bp(max)
values are shownyj As may be seen from this figure, energy
factor increases while mmf limit increases and after cer-
tain value of this limit, it becomes asymtotical; How-
ever this value of mmf limit reduces by decreesing Bp(max)

so that energy factor vs mmf limit curve becomes nearly

asymtotical at B = 111 Teslay

p(max)
As mentioned earlier, these curves are belong
to optimum design which is found in this section at 70
kA mmf limitp But, as demostrated in optimization’work
given in chapter 4, for mmf limits lower than 40 kA, the
optimum values of parameters change, Therefore, this
situation should be taken into account in choosing mmf

limits design stage

CONCLUSION:

In this chapter, energy factor data of Udss
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-under different magnetic loading switching conditions
are computed by applying the method described in pre-

vious chapter with the aid of a computer programi

The effect of air-gap parameters on energy
factor are observed by using computed energy factor
dataj Observation taken from this data that energy fac-
tor is maximized when conduction period ch, maximum

flux density B take highest values in their ranges;

p(max)

Whenever normalized switch—on‘instant”is.concerned;'it
is observed that optimum value of Xni depends on the

value of B

and X . However, while B and

P(max) p{max)

X, take their optimum values (ipe 241 T and 1 respec-

tively), X, ;= -1+4 maximizes energy factory

Whenever x/g is considered, it is understood

that for B 1,5 T energy factor is increased by

p(max)
increasing A/g so that A/g =250 maximizes energy fac-
tor;y As seen from figy 3Lll after certain value of %/g
rise in energy factor is not so considerable; This value

of A/g depends on B mainly}, For example at B

p(max) p(max)

= 241 T the increasing of energy factor is24% by changing
A/g from 160 to 250 provides only 2% increase in

eneréy factory Therefore it is not meaningfull to increase;
A/g larger than 160, Nevertheless, last percentage given

above decreases by decréséingB so that at B

p(max) p(max)™

145 T it tends to zero; Under the value of 145 T, optimum

A/g is shifted to lower A/g values by increasing tooth
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widths,

The most important result found here is to

understand that energy factor increases while tooth
widths of rotor and stator converge to each other so
that energy factor is maximized when rotor -stator

tooth widths become identical; While other parameters

it is observed that normalized tooth widths of rotor and

stator should be 0.42¢ But as Bp(maxj‘reduCesvto 1417 it

is observed that optimum ts/k and tr/i is 0435 which is
the result found in the works in literature; But this
value of tooth widths maxmize energy factor at Xpi= -1.4
If it is remembered from above discussions, optimum Xni

value shifts toward - 1.6 while B decreases

p(max)
Therefore for Bp(max) =141 T optimum ts& and tra
valuees should be searched at X,i= -~1t6 At this situa-

tion it is understood that optimum normalized tooth
widths of rotor and stator is around 0.4 as denoted by

dotted line in figy 31144

An upper ‘limit of mmf has been choosen 70 kA
for limiting the-current in the winding,; Whole computed
energy factor in this chapter and therefore observations
are valid under this restrictionp However in order to see
the effect of this constraint on energy factor; energy
factor vs mmf limit curves are obtained and it is éeen

that while mmf limit increases, energy factor increases
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as expected, After certain value of this limit, it be--
comes asymtotical as shown in fig, 31164 This value of
mmf limit reduces by decreasing Bp(max)* In obtaining
of these curves in figp 3116 optimum design found in
this chapter. is usedjHowever as will be shown in next
chapter optimum design changes by variying mmf limit

Therefore energy factor should be computed

In this,chapter, the rough values of optimum
aitr--gap pérameters found. However, since the main pur-
pose of this work is to find optimum air-gap design,
the values of parameters should be computed more accur--
ately, For this purpose an optimization method should

be used

In the next chapter the approach used for
finding accurate optimum values of air-gap parameters by

the help of an optimization method will be presented;
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CHAPTER 4

OPTIMIZATION

4.1 INTRODUCTION

Until here, energy factor results for Udss have
been obtained by using the method described in chapter 2.
These results are important for observing the variations
of energy factor with .respect- to different:motor patra-
meters. However, the main purpose of this thesis is to
find the optimum air-gap parameter values of Udss which
produces maximum steady-state average torque. The results
above can only give a rough idea for optimum parameters
of Udssi For obtaining more accurate result, the values
in the parameter sets should be increased. But, it means
that ten thousands of energy factor values must be calcu-
lated, This is not a practical solution for obtaining op-
timum values of motor parameters. Therefore an optimiza=
tion method which can find theioptimum parameter values
in desired accuracy and in a short time period should be

used.

In this work, such an optimization method which
may be called "A Form of Directional Search" has been
used. This chapter presents the theory and application

of this method.
412 GENERAL OPTIMIZATION APPROACH

An optimization problem may be generally for-

mulized as follows
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Optimize F(X)

Subject to gi(i) for i=lipps,m

where £(X) is the function to be maximized and gi(X) is
the constraint functions and X is a vector which contains
independent optimization parameters; The optimization and
contraint functions are computed by using independent op-
timization parameters; A general optimization procedure

of the SRM design, the following stages should be consi-

dered

1) Independent motor parameters should be

choosen from which the performance may be

calculated.
2) The constraints should be identifiedy

3) A method for computing of'performance
function in terms of independent parameters
should be available, In chapter 2 such a
method has: been presented for obtaining

energy factor of Udss,

412;1 INDEPENDENT MOTOR PARAMETERS

Following parameters are choosen as the independent

optimization parameters in this worky
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1) A/ _ : rotor tooth pitch over air-gap length,

2) ts/x : stator tooth width over rotor tooth
pitch

3) tr/A : rotor tooth width over rotor tooth
pitchyg

4) X ; ¢ normalized switch-on position

5) X . : normalized conduction periodi}

6) Bp : peak value of stator pole average

flux density,

41.2.2 CONSTRAINTS

Some practical restrictions in manifacturing
and in utilizing of SRM for optimum design should be
taken into account. These constraints-and their reasons

may be summerized as follows}

a) Constraints on ts/k and tr/A : THere are two separate

constraints on teeth widths of rotor and stator;

1- In order to increase winding space
tr/}\ = ts/?\

2- In order to minimize OUT position

inductance
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tr/A +ts/2\< 1

b) Constraint on mmf value: If a practical motor is
assumed, current limit action should be taken into
account as mentioned in chapter3; Therefore, for this
work, an upper limit of 70 kA is assumed for limiting
the current in the winding: This is a value which will
saturate a Udss having identically slotted teeth pairs
with a normalized tooth width 044 and with an W/g
value which is 70 tozén average flux density of 241 T
for IN position; But in order to see effect of this
limit an optimum values of parameters different mmf

limits are used in next sections of this chapter}

4,3 THEORY OF OPTIMIZATION METHOD USED IN THIS WORK

Since the independent parameters vector is,

= A
X (ch' BPf /g' tS/A *r'A ' “ni

This method: here, choses gradient vector
which has the highest positive magnitude; Then the
maximum value of the performance function is sought,
and the value of related parameter which corresponds
to peak value of that curve is found, Then, while
this parameter is held constant at that value, new
gradient vector which belongs to other parameters are

calculated as mentioned abovei This procedure is
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repeated until the magnitude of all gradient vectors
have zero or negative value. These last values of para-
meters correspond to maximum value of optimization func-

tiony

414 APPLICATION OF THE METHOD

In this work, the described optimization method
has been applied by the aid of a computer program; The
program flow-chart and its detailed descriptionh is'given

in Appendix B.

The procedure for finding of optimum values of
parameters may be mainly split into two different sear-.
ching steps. One of them may be called as coarse search
and it is valid from initial point to local maximap The
other searching step is fine search and it is valid from
local maxima found at the end of course search, up to

maxima is founds

The parametéf intérVéls in two séaféhing steps
are not samei In coarse search, thé searching step lenght
of any parameter is higher than the step lenght of fine
search for that parameter, The ain of the coarse search
is to make the procedure faster and find the rough val-
ues of optimum parametersi The purpose of fine search
is to find accurate optimum values of parameters; Briefly,
by using fine search step lenghts of parameters along the

whole optimization application, then time consumption is
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very highy

In this work, the step lenghts for coarse and

fine search are chosen as follows,

Coarse Search(Step 1) Fine Search(Step 2)

X 0.2 0.05

nc
B 0.2 0.05

p
A 30 10

/g

to/y o Tl 0.1 0.01
X_ . 0.2 0.01

ni

Moreover, number of points defines mmf vs B countour is

increased from 20 to 40 for fine search.

Therefore, those independent parameters may

take the following values during the coarse search;

ch : 0.6, 0.8, 1

B, : 1.1, 123, 1.5, senrmmbnena,2pl
*/g : 40, 70, 100, rensevuveecnn,250

t /y st /s 0.3, 0.4, 0.5

X s : 1.8, =1.6, =14, cuvvucrn,-048
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Coarse and fine searchs contain two seperate
mode, one of them is searching mode and the other is
progress mode} As explained in Appendix B, search mode
finds the parameter which can maximize energy factor
and in the other mode this parameter is incremented in

maximum energy factor direction.

The procedure followed by the computer pro-

gram written may be summarized as follows.

This program strats to search the local maximum point
from any initialpoint which can be arbitrarly chosen by
the user; At this instant program is in. teh search modet
It searchs the parameter which maximizes energy factor.
To do this, only one parameter is changed while others
are held constant as described.For this purpose, energy
factor is computed and rate of change of function is
found as follows.

E(X;) .~ E(X,)

Average rate of change of E(X)= L

For other directions of rate of change of the
function E(X) is also found in a similar manner; For
the problem here, since there are 6 variables, 12 rate
of change vaues (for increment and decrement) are cal-
culated and parameter which has highest rate of change
in magnitude and its direction (increment or decrementy -

are found.
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This above process continues until all rate of
change of parameters have values zero or less than zero,
Then, program jumps to the second mode which is maximumi
The indicated parameter in search mode is changed in the
direction found in search mode (increment or decrement)
When energy factor starts to decrease, then that para-
meter is held constant at last value and program jumps
again to search mode in order to seek new parameter and

new direction which maximizes energy factor:

The above process continiues until none of the
parameters increases energy factor any more in search
mode. Then the last set of values of parameters found
correspond to coarse local maximum value of energy fac-
tor};, Then program jumps to step’2 where fine search is
done in order to find the local maximum point with better
accuracy, smaller values of step lenghts are used which
are given above. The same procedure used in coarse search
(step 1) is followed for this step, but the initial point
in this case is the coarse local maxima found at the end

of coarse searchi

During the computations of energy factor values
for optimization, intermediate values are found by using
cubic spline and linear interpolation techniques since
tsn' trn parameter sets contain less number of values

cubic spline method is used for these two parameters;

For other parameters linear interpolation method is used.
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4.5 RESULT OF OPTIMIZATION

In all optimization methods the maxima found
depends on initial point if f(X) has local maximums more

than oney

During this optimization work, different ini-*
tial points are triedi But it is observed that for para-
meter ranges and step lenghts of coarse search given in
previous section, '3 different local maximas are found .as
denoted in table (4.1). As may be seen from this table,
it is observed that parameters B_, X_, X ., A/ _ reach

p nc ni g
same values for all local maximum whatever they take ini-
tial values. Therefore local maximas found are independent
of initial values of these parameters; But same thing can
not be said for ts/A and tr/k + It is observed that ts/A
and tr/A don't reach same values at local maximas;

Therefore it is understood that the local maxima found

depends on the initial values of tr/A and ts/A k

Common and important properties of these three
local maximas are, all of them have rotor and stator
tooth widths which are equal to each other(iie ts/A =
tr/A )+ Inotherwords, whatever initial Udss has tooth
widths, they become identical at local maximas,. It is
understood that energy factor function has peak values
at each ts/k = tr /A points while other parameters are
held constant, Since the sets of ts/A and tr /A for

the coarse search are,
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>\

(0.3, 044, 045)

t /A : (0.3, 044, 045)

Then the combination of these two set offers 3 seperate

symmetrical pairs as below,

t /y = 043 t /, = 043
t /y = 045 t /y = 045

Therefore, for the coarse search conditions
given in previous section, three type of symmetrically
slotted Udss are taken into account in the search,

three different local maximas are found;

If the previous step lenght condition: is
changed from 0.l to 0405 for ts/k and tr/k , it is ob-
served that local maximas found have similar properties
as the case of step lenght 0il as shown in table (442)
But in this new case (step lenght= 0,05) the number of
found maximas is 5. This is an expected result because
for the new coarse search condition the values of ts/k

and tr/A are

’

t /y :. (043, 0135, 044, 0445, 015)

t. /s : (0,3, 0135, 044, 0445, 045)
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IHITIAL POINT (Desing) LBCAL HAXIHNA

inc B l/g ts/l tr/l  ini  FReceiving tise Inc Bp /g ts/l tr/l -—;;; ————— Hax.En.;;;;;;
3Rt ay eyttt ittt e riiiiotiieietotesttsiistiatiisositisiiseiisiiistttaietinteieitisicitttetsteisittistassisstt
0.60 L1000 40,00 0,30 0,30 ~1.80 00:03:52 {00 2,10 230,00 0,30 0.30 -1.40 20,012

0.60 1,30 190,00 0,40 0,30 -1.BO 001 04:01 1,00 2,10 230,00  0.40  0.40 -1.40 23.838

0,80 1.50 160,00 0,50 0,30 -1,20 00:03:28 1,00 2,10 750,00 0,30 0.30 -1.40 20.012

0.80 .90 130.00 0,30 0,50 0,80 00:03:24 .00 2,10 230.00  0.50  0.50 -1.40 22,950

1.00 1,10 100.00 0,50  0.40  ~1.00 00:04:15 1,60 2,10 250.00  0.40 0,80 -1.40 23.838 _
.00 1,10 220,00 0,80 0,80 -1, 00:02:47 1,00 2,10 250,00  0.80  0.80 1,40 23.838

0.60 2,10 40,00 0,40  0.40 -1.00 00:05:13 1,00 210 250,00  0.80  0.40 1,40 3.838
Table 4.1 Optlmlzatlon results concernlng 3 dlfferent local maximas

Kttlt!ttttili!ittitixXtttiil!li!ttttl!!litiiXXXXXXXt!XXXiXXXXX*XXXSlt!ttttt!titt!!tt!t!itlttitiiiltlltttitttXtttiti#ltllttt!t!!!t

INITIAL POINT (Desing) LOCAL HAXIHSA ’
{nc Bp /g tril ts/1  Ini  Receiving time Inc Bp /g tr/l ts/l Xni ‘Hax.En. Factor1
Kx!tttlttXXXX:i!l1lit#i!ttl!ik!tttttX!XZt!Xttt!!XtilttiikXttztXtittitlltitittttt{i!!!i!itttlt!tiItiXttii!lilttttltitltl!ttt!l!!tt
140 .10 40,00 0,30 630 -1.80 00:09:00 1,00 2.10 250.00  0.30  0.30 -1.40 20.012
160 1,50 100,00 0.45 0.35  -1.60 00:22:22 1,00 2,10 250,00  0.45 0,45 -1.40 23.792
nLee 1,70 190,00 0,50 040 -L.20 00320119 L.60 - 2,10 250.00 0.4  0.43 -~1.40 23.752
.00 1,40 70,00 030 0.30 -1.80 00:15:58 1,00 AZ.!O 250,00 0.45 045 140 23.752
1.00 190 220,00 0,35 030 -L8) 00:09:47 .06 2,10 250,00 0,35 0 0.35 1,40 22.104
0.80 170 40.00 0.50 0.30 ~1.40 00:08:09 1,00 2,10 250.00 0,30  0.5¢ -1,40 22,950
1.00 1.30 250,00  0.30 0.33 -1.00 00:16:42 1.00 2,10 250.00 0,45  6.45 ~1.40 23.732
1,00 1,50 220,00  0.40 0,30 -1.20 00:11:23 1,00 Z.10 230,00  0.40  0.40 -1.40 23.838
0.8¢  2.10 40,00 0,50 0.30 -0.80 00:03:07 1,00 2,10 250.00  0.30  0.30 -1.40 22,950
0,60 1,30 250,00 0.40 0,30 -1.00 00:08:52 £.00 2,10 230.00 0.40  0.40 ~1.40 23.838 1
0,80 2.10 130,00 0,50 0.45 -1.40 00:12:52 1,00 2,10 280,00 0,43 0.43 -1.40 23.752

Table 4.2 OptiﬁizatiéﬁAresults concerning 5 different local maximas

~98-



The combination of these two sets offers 5

symmetrically slotted Udss which are

’

ts/A = 0.3 tr/h = 043
ts/k = 0435 t /A = 0435
t /) = 0.4 t /y, =04
t.s/)\ =10"45 t /y, = 0145
ts/A = 045 tr/A = 045

Then, it can be said that energy factor function
has a peak value at each ts/A = tr/A while other para-
meters are hold constant; Therefore, in order to maximize
enegy factor, tooth widths of stator should be identicaly
Then for obtaining optimum values of air-gap parameters,
search should be made by considering only symmetrically
slotted UdssiFor this purpose tr/A and ts/A are simul-
taneously incremented in the optimization and a new op-

timum is soughty

As seen from table (4.1) and (4.2) the optimum

values of tr/A and ts/A should be around tr6‘=ts/x =014,

At the end of the fine search the following

values of air-gap parameters are found for 70 kAT mmf

limity
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X =1 :

= : A/ = . - . .
nc Bp(max) 21 /g 250 : ts/A 0rd : tré\’*oﬁ4

Xni = =143

Energy Factor= 241406 kN/m2

The fact that the optimum occurs at limiting

value of chand B is excepted in view of the results

p(max)

found in section (3.4) Since optimum value ob-

Bp(max)
tained here is 2;1 T, optimum value of A/g which is 250
is also excepted result as observed in above mentioned

section;

An interesting result here is the fact that the

energy factor is optimized for tr/A =ts/A = 0pdp As it

is well known from the point of view of average torque
optimization, optimum values are reported to be 0.42

or this parameter in literature, The inspection here in
the case that the optimum of this parameter is also de-
pendent upon the switching instant; If switching ins-
tant was X . = - 14 instead of the value found here

ni

(X ; = -1p3) indeed the optimum tooth widths ratio

would have been around 04421 The difference between the
optimum found here and the optimum at xni = -144 is
about 614% and energy factor values are 24,406 KNm—2

respectively}
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4.6 EFFECT OF Mmf LIMITS ON OPTIMUM VALUES  OF PARAMETERS

As mentioned in section (4:2.1), an upper limit
of mmf“has been chosen 70 kA for limiting the current in
the winding. The optimum values of air-gap parameters pre-
sented in previous section are obtained under this restric-
tion. However in order to observe the effect of this res-
triction on optimum air-gap parameters; different mmf
limits have been also tried; In table (4.3) related com-

puter output is given Upper limit of B is choosen

p(max)
vs 231 T for this search;. As seen from this table, after
100 kA mmf limit there is no rise in energy factor; Addi-
tionaly to increase mmf limit 80 to 100 kA the rising

percentage of energy factor ié 4% Therefore it may not

be meaningfull to shift mmf limit to values higher than

80 kA for Bp(max) 211 T}

Whenever optimum values of parameters are con-
sidered, it is seen that.fof mmf limits higher than 40
kA optimum normalized tooth widths ts/A , tr/f is 044
But under this value of mmf limit ts/A s tr/A is shifted
to 0.48 by decreasing mmf limit, Additionaly Xni change
its optimum valve from -1;3 to -1424 at 20 kA, Other

parameters prevent their values whatever mmf limit is

4.7 EFFECT OF B ON OPTIMUM VALUES OF PARAMETERS

p(max)

All optimization work up to here, considers

that upper limit of B is 241 T+ In this section

p{max)

T. C
Yiikseks
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I¥ITIAL DESIGEN OFPTIHUN DESIGN
-;(nc B lig tr/l ts/1 Xni HMF Liait A'nc Bp /g tr/t el ini Hat.En.Facton
mxmmuxuxzzitxmxz:xxmxxxxxmmmxsmxxmzxmammxxmxxmxxxxxxxxxxmxmmzxzxxxmxmxxxxxxmxxxxxmxj
0,40 L0 4000 0.3 030 -1LEBD it 1.00 2,10 250,00 0,48 0,48 -1.24 3,281 |
-;é\’) 1,10 46,00 0,30 6,30 -L.8 I - 1,00 2,10 230,00  0.43  4.45 130 13,870
—(1.(:.0 1,10 40,00 0,30 0,30 -l &G 1,00 2.10 250,00 0,43 043 -L30 17,841
-{!.&G t.e 80,00 0,30 0,30 -1.8D a0 1,00 2,10 280,00 0,40 .40 -L.30 20,834
-:3.6@ .10 46,00 030 0,30 -LE0 4 1000 2,40 250,00 0,40 0080 1,30 23,174
—c—r—;;l 1Li0 40,00 03¢ 0,30 -1.80 70 1,00 210 250,00 0,30 080 -LEO 24,804 :
-21.60 10 40,00 0,30 0,30 -L.BO 8¢ 1,00 .10 250,00 0.40 0,40 -1,30 25,350 ;
0.0 1.6 80,00 030 0,36 -1.BD 90 .60 2,10 250,00 "a\.#ﬁ Qf%ﬁ} -1.30 .2§..12.7 ;
0.0 110 80,00 0300 0,30 -1.B0 190 £.00 2,10 250,00 0.40  0.40 . —‘!.'30 o .25.4%” %
-x-}té() 1,10 40,00 0.3 0,30 -LLEO 10 £.00 .10 230.00  0.40 G40 130 26,458
0.0 110 30,00 0,30 030 -1.80 129 1,00 2,10 250,00 080 0,40 -1.30 26,498

Table 4,.3 Optlmum air- gap naramﬁters w1th respect to different Mmf limit

J S - ” oo . -
zxszsszxzzzxmxmxzszzzzzszszmmxismnzzsxzsszxsmxzsizm:szszxmzzszxzmxzmxzxmmaxzzxzxzmzmzxzfuszzmms
INITIAL BESIGH OFTIHUE DESIGH
Inc  Bomax /g fril te/l fni Upper lim.of Bpmax Ymc  Bpmax 1/ tr/l ks/l ini Hax, En.Factor
zszxxsxszszmxxmzzzzzxxzzzm:mzz;zxmxmszmxsxzxxsxzzzzxmixzixszamxzmzmzxmmnmmszszz:izsmzzmxzxw
0,80 L0 40,00 430 030 -LBD 2.1 100 2,10 250,00 0,80 0.4 -LL3D 35,505
4,50 4,100 40,00 030 0.3 -LBO 2.4 1,00 2,00 250,00 041 041 LA 22.474 ‘
0,50 i 8000 .30 .30 L3 1.9 1,00 L.9% 245,00 3.46 f.40 -1.30 20,704 1
0,60 10 40,00 0.3 0,30 -L1.BD 1,8 1,00 L300 220,00 0,30 0,40 -1.48 18,830
|
!
4,60 LD 8,00 030 B3 -1.80 1.7 .40 470 220,00 0,40 G40 L0 17,3461 '
0,60 110 &G00 030 038 -LL.ED i.b ims LA0 190,00 13.41}, 8,40 -1,30 5.307
4,60 1100 40,00 470 430 -8 1.3 1,00 1,50 190,00 0,80 0.0 -LE 13,159
8,60 L8 8000 4300 030 -1LBO 1.4 1,60 1,40 190,00 0,40 (.40 -1.30 {1,188 !
|
8,40 L0 A0,00 0 430 0,30 -LR0 1.3 .00 130 190,00 o.40 030 -LE 9.384 }
.80 1100 40,00 0,300 0,30 -L.EG 1.2 L0 1.20 180400 0,40 040 -1.68 7.902
1
o,80 0 L 40000 03¢ 030 -LED 1.1 L0010 180,00 0.4 0,40 -1Lad &. 600 1

Table 4.4 Cptimum air-gap parameters with respect to different Bp(max)

limit
-102-



of the work, the effect of on optimum motor

Bp(max)

parameters are observed, In table (4:4) the variation of

energy factor with B is shown for 70 kA mmf limity

p(max)

As seen from this table normalized conduction period

ch and normallzed tooth widths tsé‘ s Pr& do not show
any change in their previous optimum values with changing
Bp(max) valuest It is also observable that for maximizing

energy factor, it. is observed that B and ch take

p(max) "
their permitted highest values asexcepted from the ob-

servations done in chapter 3.

Whatever A /g is concerned, it is observed that

. A i i
optimum values of /g is decreased by decreasing Bp(max)p

As rememebered in section (3.4), this situation is cleariy
seen in table (4.4),. For this part of the work only step
lenght of A/g is choosen as 5 for denoting variation
of optimum A/g values with respect to different'upper
limits of Bp(max)p
If the effect of normalizéd switch-on position,
X3 is considered, it is observed that optimum X1 value
is shifted from -143 to ~1.6 by decreasing B

p(max) as

discussed in section (344),

In order to illustrate variation of optimum

design parameters under both B and mmf limits, the

p(max)
table shown in table (4.5) is prepared, By using this
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table, energy factor vs B curves for different mmf

p(max)
limits are shown in fig 446, This figure indicates that

approximately 20% increase is achieved by increasing

B from 149 T to 2.1 T at 80 kA4 Similarly at 110 kA
p{max)

same increase is observed in energy factor with increasing

Bp(max) (ipe from 149 T to 241T).

Percnetages shown in this table indicate the
difference between energy factors of design found in
chapter 3 section 4 which is X .= =114 A/ =250, t_/ =

- ni g s’A

tr/A =0.42, and optimum designs are found by optimi-

zation method at same mmf and B limitsy
p(max)

4(8 CONCLUSION

In this chapter, accurate values of optimum
air-gap parmeters of SRM has been found by the help of the
optimization method given in section (4F3 )+ By using
this method, optimum values of parameters are found in a
couple of minutes; Otherwise, if the whole data is cal-
culated in desired accuracy for selecting highest energy

factor among computed data, it would take several hours

or may be daysi

Optimization method used here, is briefly
searchs local maximum point by progressing in the direc-
tion of maximumi. This method involves two steps which are
coarse and fine search. The purpose of coarse search is

to reduce processing time; Coarse search is used until
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reaching the vicinity of local maxima; Fine search is «
used for founding accuratc values of optimum parameters
around local maxima and naturally searching step lenght

is lowered for accuracytt

During the optimization work, it is understood
that energy factor function has peaks (i.e local maxima)
at each ts/A =tr/A points while other parameters are
held constant; This verifies the observationsdone in
chapter 3 about tooth:widths. Optimization. procedure
stops the search when it founds any local maxima al-
though there may be other maxima having higher energy
factor value,. In order to overcome this problem and to
find local maxima having highest energy factor value,

search is done among symmetrically slotted structures;

In this optimization work, optimum values of
parameters are found under different mmf limits and

different B limits} During this search it is seen

p(max)

that optimum normalized conduction period is always

unity whatever upper limit of B and mmf limit areg

p(max)

It is also observed that optimum B )value

p(max
is always equal to its upper limiting value, However

normalized switch-on position Xni depends on upper

limit of B and mmf limits as well, tsﬁ t A

p(max) r

are equal to each other and for mmf 20kA they are egual
to 014, But at mmf mmf, 20kA, optimum ts/A ,tr/x are

shifted from 014 to 0.48 by increasing Bp(max)
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If the optimum design found in chapter 3 by
the help of observations is used in place of optimum
designs found here at the same mmf and Bp(max) limits
the difference of energy factors of them is between 0
and 32% as shown in table (4P5)p The implies the

importance of optimization work done here:

By obtaining ortimum values of air-gap para-
meters under different constraint values general frame
of optimum design criteria is identified In the next
chapter, results and observations taken during this

work will be summarized;
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CHAPTER 5

CONCLUSION

In the last 20-25 years, product quality and
production speed has been improved by developing improved:
forms of controlled electricaldrives, drive based on
switching reluctantance motors (SRM) is regarded as a
new alternative in the qqmpetition between AC and DC
drives}; Srm offers hiéhbébwér output, per unit volume,
high system @fficiency and low manufacturing cost; The
drive circutry of SRM is simple and dependable compared

to inverter fed induction motors}

However, because of the effects of saturation
for the performance functions are not available, There-
fore, instead of using analytical expressions, experi-
mentally measured or numerically computed data are gsed
for the purpose of design} Current .SRM design ﬁeéhniques
are generally based.on experimenﬁally obtained informa-
tion}; However, in order to obtain optimum design para-
meters, performance function should be accurately found.
For obtaining these performance functions in desired
accuracy, field solutions should be used;. However, esp-
ecially for thg design purpose, it is a very time con-

suming process and is not desirable;

The purpose of this thesis is to find optimum
values of parameters of asymmetrically slotted structures

with acceptable accuracy but with limited effort; To do
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this, a method recently developed and used for symmet-
rically slotted SRM's is adopted to asymmetrically
slotted structures by the help of the digital computer
programs. By using this approach, it is possible to
computed. steady state average torque a doubly salient
structure under specified magnetic loading and switching
condition by the aid of energy factor concept, Energy
factor is simply coenergy of the scaled model of orginal

geometry of SRMi

An important advantage of this work is its
applicabilty on a personal computer rather than a main
frame system. Problems that orginate from PiC's slow
execution time is overcamed by developing some technigques

as presented in chapter 3.

Available data for this work is permeance vs

stator flux density B

¢ curves of symmetrically slotted

structures In order . to cover the parameter range en-
countered in SRM's, the available data is extended and
also put into a suitable form for this work by using

some interpolation and extrapolation techniques,

By the help of the method mentioned above,
energy factor data of asymmetrically slotted SRM's are
computed ..and .tabulated in the tabde 3.7y The purpose
of this approach is to observe the variation of energy-
factor with respect to air-gap parameters and to find

rough values of parameters which maximize energy factor,
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During these observations, it is seen that, maximum

peak flux density B and normalized conduction

p(max)

period Xie take their highest permitted values what-
ever the values of other parameters are, However, op-

timum value of normalized switch-on position Xni

depends on the values of B and chp Therefore

p(max)
for maximizing energy factor, Xni should be selected

according to the values of B and xncp Whenever,

p(max)
rotor tooth pitch over air-gap length; A/g is con-
cerned, it is observed that optimum A/g value de-

pends on the value of B

and low B values

p(max) p(max)

(ire lower than 145 T) it also depends on the value

of tooth widths; While B increases optimum A/

p(max)

increases so that for B

= i A
p(max)—zfl T optimum /g

value 1is its limiting value which is 250, For Bp(max)
=113 T optimum A/g=250, 190, 160 while normalized
stator and rotor tooth widths ts/A , tr/A is equal to
043, 044, 045 respectively, The most important obser-
vation of this work, is about tooth widths; It is

seen that tooth widths of rotor and stator should

be identical for maximizing energy factor; Inother-
words, it is understood that while tooth widths of

stator and rotor converge to each other, energy

factor maximizes;

In order to hold the current in reasonable
level in the winding, 70 kA mmf limit is found to be

suitable}; Therefore all computations is done under
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this constrainti

By the help of the computed energy factor
data mentioned above, one can easily predict opti-
mum design parameter values; These, however, will
be rough values of parameters; By the above approach,
in order to find accurate values, more than ten thou-
sands of energy factor should be computed,. This is
not a practical solution for optimization. Hence, an
optimization method is used in this work, for find-
ing accurate values of air-gap parameters of SRM; The
essence of the method given in chapter 4.is to seek
local maxima by progressing in direction which maxi-
mizes the objective function so that there is no need
to compute energy factors of all structures,. By the
help of this procedure optimum values of parameters
are found in a couple of minutes on an IBM PC X T
computer. During this part of the work, it is obser-
ved that, optimum designs found - there have iden-
tical teeth pairs whatever the initial design is
Therefore it is understood that energy factor func-:
tion has peaks (or local maximas) at each identi-
cally slotted structures while other parameter are
held fixed, Optimization method stops the search
after finding any local maxima although there may be
an other maxima having highen energy factor value
In order to find local maxima having highest energy

factor, search is also done among symmetrically
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slotted SRM's}, In optimization work done in this
thesis, accurate optimum values of parameters are
also found under different mmf limits and different

B limits ¢ During this search it is found
p(max)

that it is not meaningfull to increase mmf limit
beyond kA as further increase, increases energy-

gactor marginally at practical B values (ie

p(max)

1.9 - 241 T)4 For smaller B limits mmf limit

p(max)
may be safely taken as:50’kAF«Whenever,effeqt“of

is concerned, it may be stated B

Bp(max) p(max)is

directly proportional to energy factor and there-

fore the design should aim highest B values,

p(max)

Mmf limit and upper limit of B also affects

p(max)
optimum values of air-gap parameters summarized as
in table 4.5.so0 that optimum t/% ratio at practical
mmf limits (mmf limit greater thaﬁ 50 kA) is found
to be 0141 This value however also depended on the
switching angle}; In the optimization work here, the
switching angle Xni is assumed to be adjustable as
desired, It is observed that if X i 1s held a& -1.4

to optimum t/, occurs- ati 0142 :for By =2¢1 T4

p(max)
BmeéX? For smaller mmf limits when Xni is left free
to vary, optimum t(kapproaches 0+£47 by increasing

Bp(max)* If on the other hand Xni is limited, opti-

mum value is found to be around 0¢335 .Whenever A/g

is considered, at =211 T only 5% increase is

Bp(max)

observed in energy factor by increasing A/g from
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160 to 190 and this percentage decreases with dec~

reasing B y Therefore there is no meaningfull

p(max

to A/g larger than 160 for B 145 T4+ For lower

p(max)

values of B optimum A/g values shown in tablile

p(max)
(44+5) sholud be taken in to account

In summary, general guidline are set for
the designer and the effect of all possible para-
meters on the performance is clearly illustrated;
Since, only a complete understanding of SRM behaviour
can clarify whether SRM has any chance as variable
speed industrial drive system; This thesis may help

to provide answer to this questiony
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APPENDIX A

Cubic Spline Interpolation

Given a number of points which represent a func-
tion £(x), it is possible to obtain £(x) for intermediate
values of x, by using cubic spline interpolation., Advantage
of this method is that it assures the continuity of the
function and its derivative. Given n pivotal point, a cubic
polynominal is used to interpolate the function in each
interval, that passes through the end points of the inter-
val. Let g(x) denotes the entire interpolating function
F(x). Since it is cubic polynominal in each interval, its
second derivative is piecewise linear function as shown

in the figure.

\dQﬁ

>

e e —
o —

Xt XpH X2 X3 X4 X

Fig, Asl} Second derivative of function £(x)
The second derivative of f(x) at any interval of x can be

written as piecewise linear function.
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X=X,
LA TP

g"(x):g"(xi)+ (g“(xi+l)—g"(xi) ) (A-1)

x.l+l-,-xi

ere X, X X.
wh i i+l

Intergrating this equation twice and applying the condi-

tions that g(xi)=f(xi) and g(xi+l)=£f(i+l), one can find;

g"(x i) (xi+l-x )3
Fi(x)=g(x) — —Ax. (x. l-x) +
6 Ax. i i+
i
g'(x. ) x—x.)3 . " 1 x: ,=x |
2 i+l i _ Ax1(x-xi) + f(xi) i+l L+
6 Aki Axi

X—X.
f(Xi+l) - (a-2)

Axi

where Axi=xi+l—xi. But in this equation second derivaties

g"(xi) (i=gl...n ) are still unknown. In any function,
left and right derivatives must be equal to each othen.

Then, in order to satisfy it

Fi (xy) =Fj_,(x;) (A-3)

Fi"(xi)= Fi:l(xi) (A-4)

Applying this condition and collecting terms yields a set

of linear simultaneus equation of the form,
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AX 2(x -X
i-1 " l+l 171 " " —
g (xi) + g (xi)+g (xi+l)—6
Ax Ax
f(x.,) - £(x, ,)
= i-1 (A=5)
( Axi) ( Axl_l)
where i=1, ....n-1
In matrix form;
o 7 [« T
a; b, 1 0 0 0...0 0 g (xl)
0 a, b, 1 0 . Ay O g"(xz)
0 0 ay b3 1 O 0 X .
] N . -
} N ~ ~
1 ~. N
| N \ ~
| AN ~ N
N
l \ . N ~
| \ ~ 'b
' n-2 n(x )
0 - — - _ 5 an 9 '%p1
A G =
AX 2(x -X. )
where a.= i-1 ’ bi _ i+l “i-1
AX Ax
-1
A % G £ F or A = G F

f(xi+l)-f(x)

AX.
( Xy

)2

(A-6)

However there are n-1 equation and n+l unknown. Then one
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8

should obtain two additional equation, which are simply,

g"(xo) and g"(xn) =0 (A-7)

With there last two equation and the matrix (A-6), it can

be possible to obtain g"(x) value.

Then equation (A-2) is used to find Fi(x) where x in

Xi.<:)(<: X + 1

As shown eg. (A-6) the A matrix is tridiayonal, and it
contains at most three unknown. But if this method is used

for equal intervals of x then the A matrix becomes,

4 1 0 0- - o]
|

1 4 1 0 :

{

A= 0 1 4 1 :
\ \\ \\ ‘

\ \ |

\\ \\‘\O

.1

Which is constant for equal interval cases. Then for any
function where x intervals are equal to each other; inter-
mediate values can be found by using eq. (A-6) once. The
obtained g"(xi) for i=o,...n, are valid for calculating
for all intermediate values in eq. (A-6). This situation

brings considerable simplicity of evaluating of this method;
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APPENDIX B

DESCRIPTIONS OF PROGRAM USED IN THIS WORK

As mentioned before, from first step to last step
of this -work several computer programs have been used. How-
ever these programmes have been applied on a personal compu-

ter instead of a main frame computer.

Since the memory area and speed of PC's afe limi-
ted with respect to those systems, in developing these
programmes pre-cautions have been taken. In this section,
flow-charts and brief description of some important programs
used during this work are presented as well as the technicues

adopted to able to solve the problems on a PC.

(B.1.2) PROGRAM FOR COMPUTATION OF PvsB CURVES OF ASYMMETRI-

CALLY SLOTTED STRUCTURES

The flow-chart of program used for computing PvsB
curves of asymmetrically slotted structures and its sub-~rou=
tine are shcwn in fig (B-1') and fig (B-2 ) Input data for
this program is normalized PvsB curves for symmetrically
slotted structures. This data has been located in the compu-

ter file as denoted in fig (B-3).

In this program, identif ication. of parameter values
for corresponding symmetrical pair is done according to the
equations and constrains given in chapter 2. In order to find
the permeance data of corresponding structure from the input

data, program uses a search and interpolation sub-~-routine.
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If desired structure has unavailable parameter values, this
routine 1is capable of calculating its permeance value by
using an interpolation routine. The interpolation method
is linear, because of the reasons described in chapter 3. .
However, any other interpolation method can be applied to

this program by making minor changes in it.

The search method adopted:rfor finding permeance
value of desired structure is quite interesting in this
program. Instead of coﬁparingithe'parameterSuof«a~structure
with structures available in the data, computing the array
number of that sturcture by using a method described below
has been used. In this manner considerable advantage is

gained from the point of view of computer execution time.

As shown in fig (B-3), the input data is loaded
into the computer memory in secuential manner instead of
random manner. Inotherwords every parameter has a specific
number N so that eacﬁ parameter changes at every Nth per-
meance data. For this work; parameters have N values as'

follows.

Parameter Ni
B 1
A
21
/ g
t/h 168
Xn 504
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Then, related parameter takes specified value firstly after

arroy number which can be found as,

Array Number, S, = (Ki - I'x N, ) ea. (B.1)

where i= 1, 5 .

where k is the order number of raleted parameter values in
that parameter range. If the above ecuation is applied to
each parameter seperately then summation of those results
plus 1 denotes the exact array number.ofzdes;yed structure
in the -whole data. For presenting this method clearlY} an
example may be useful. Lets suppose that a structure has
following parameter values.

i _ A _s
X,= 0.8, t = 0.4, ,6_ 190, B= 1.5 T

For Xn: For this step of the wWork Xn has following values.

(0.0 , 0.2 , 0.4, 0.6,, 0.8 , 1)
1 2 3 4 5 6

As seen above 0.8 is Sth value in xn set. Therefore k=5

?

for Xn=0.8. Then array number of xn denoted by anis

an= (5-1) x 504=2016

It means that all structure which have Xn=0.8 value start

“after 2016th array ‘vhateverother parameters have.
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For t/A : t/kmay take following values for this step of the

work.

1 2 3
As seen above 0.4 is an value in t/x set. Therefore k=2
for t/A = 0.4,
Then array number of t@\ =0.4 is
S = (2-1) x 168=168
t
/A
For 5/g: A/g set contain following values for this work.
( 40 , 70 , 100 , 130 , 160 , 190 , 220 , 250 )
1 2 3 4 5 6 7 8
As seen above 190 is 6tP value in A/g set, then k=6.
Therefore, '
s v = (6-1) x 21+ 105

For B : 1.5 T is the 15th value in B set shown below.

(0.1,0.2,0.3,0.4,0.5,....,1.4,1.5,1.6,1.7,1.8,1.9,2.0,2.1)
1 2 3 4 6 ---. 14 15 16 17 18 19 20 2

Then k=15, the array number of Bl.5 T is found as,

SB= (15-1) x 1+14
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After computing the array numbers of parameters seperately,
the location S of permeance value in the data can be found

as

[

S= S = S + 8 + SB+1

Then

S= 2304

h

It means that the 2304t permeance value in the whole data

belongs to the structure given above.

As seen from above example by using this method the
search of permeance value of desired structure in the data
can be made considerably than the procedure of comparing the
desired structure parameter with the available data one by
one until it is found. Since this program needs to find
permeance of the structures many times, this method provides

a great saving of computer run-time.

Additionaly, since there is no need to load parame-
ter values to the computer memory. In otherwords to load
only permeance values is sufficient. It is enough to know
the location form of the parameters in the data file as
mentioned above. This situation provides a saving of memory

area by the percentage of 80%.

Since this method offers a solution to the speed
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and memory area problems in a PC applications, same tech-

nique is used in further programs in this work.
(B.1.2) PROGRAM FOR COMPUTATION OF ENERGY FACTOR DATA.

In energy factor calculation similar search
and interpolation techniques are used. The area of B vs F
contour has been computed by using trapezoidal rule. Since
practical motor parameters have been assumed thoughout
this work, the mmf side of the contour has been limited
at 70 k AT. However thié program is capable to limit the
mmf at any other desired mmf value. Nevcrtheless, the
variation of energy factor with respect to mmf limits
mentioned in chapter 4 has been found by using this
facility of the program. The flow-chart of this program

is shown in fig (B-4)
(B.1.3) OPTIMIZATION PROGRAM

An other important program developed in this
work is the optimization program. The procedure of op-
timization technique has been given in chapter 4 and
the flow-chart of related program is given in fig (B.5).
The major property of this program is to contain several
sections and sub-sections. In order to distinguish, these
sections in the text, they are named in the following

manner.

Step 1, Step 2: These are the main sections
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in the program. Step 1 refers the section which does the
coarse search. It starts from initial point and continiues
until reaching a local maxima, Step 2 is the fine search
section and it starts from local maxima found in Step 1
and end at accurate maximum point. Basically program
follows the same routine for these two sections, however

the step lenghts in the searchs are not the same.

Search Mode, Progress Mode: These sections
behave as sub-sections of both Step 1 and Step 2 (coarse
and fine search).

Search mode tries to find parameter and its
direction which maximizes energy factor. The search
progresses with the direction found in progress mode while
other parameters are kept constant. Progress mode changes
the identified parameter in the defined direction until

energy factor decreases.

Direction phase: Direction phase is a sub-sec-
tion in search mode. It provides to examine the parameter
in two direction by increasing and decreasing the value
of related parameter.

As seen from the program flow-chart, this
program has a compact form. Inotherwords, all sections
and sub-sections utilize useful part of each other.
Therefore at necessary instants, program should know
its current situation. This can be provided by the help

of the program flags. All necessary sections are defined
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by these flags which cam be set or reset

(0.1)., Some of

the other important symbols and functions of these flags

are as follows.

Flag

SWI (Step Flag)

MD (Mode Flag)

SW (Direction
Flag)

Reset (0)

Defines Coarse Search

Defines Search Mode

Defihesrthat’para—
meter is examined

in one direction

Set (1)

Defines Fine

Search

Defines Progress
Mode

Defines :that pa-

rameter is exa-
mined into two

direction.

Energy factor program which has been previously described

are used as a sub-routine in this program.

interpolation, t

t and xnicublc spline

r/)\

However for

inter-

polation technique and for other parameters linear inter-

polation technigque have been used.
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Fig: Bil FLOW-CHART FOR COMPUTATION OF ASYM? P vs B CURVES

I

INPUT P_ vs B for Symmetrical
Structure

F

Select Asymmetrical Structure

|

Tdentify Sym:. pair for stator
side of Asymmetrical Structure

I

Find Py of this structure: Go
search subroutiney Ppg = F *

Con vert P to P
ns

|

Identify Sym. pair for rotor si-
de of Asymmetrical structure

|

Find Permeance Pnr by using Sub-
routing. Convret to Pr

Convert P- to P
nr r

l

. .
Calculate P (p= s r

S

is there\;Hy\\m¥
Yes

asymmetrical

structur

No

Store Asym. Permeanice Data

END
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TABLE B.2 SUB-ROUTINE FOR SEARCHING AN INTERPOLATING

P(J) : Parameter g
where P(1l)=B, P(2}a% _,
P(3)=f/)‘ Pl4)=X

£, is

P{(J) avail
able

Take first pivotal point

— !

Search current structure from

Take first parameter; P(1l)
I

Yes

P(J) avail-

P{J)=P(1)

Yes

P(J) =P(1)

Prepare storage place for
interpolation result -

Take second pivotal pnt

Collect and store inter-

o
polation result (r(g,K)=gp | £{!k )= ART data

> ) Prepare storage place: for
interpolation resultF

I

ke new parameter P(J)

INTERPOLATE (find F)

RETURN

-130-



Figy B3

FLOW-CHART OF ENERGY
FACTOR PROGRAM

INPUT (Mmf vs B, data

Select initial structure

T

—_—

Define conduction period, store

inM
{

Start hatching of X paxis

l
Find B (B%( Xn —Xni) )
>

Find B (B=—Bp (Xq_xni+2 ) )

Find corresponding F value

.

Go Search & Interpolation Sub.

[

Store obtain F value

|

Increment Xn

J=1

N= 2 xM

Go area Computing Subroutine

1

INC J

Store the value of Area in AR(J)

N=2xM

Eny Factor = (AR (1)-AR(2))xtgn
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Table Bi4

OPTIMIZATION PROGRAM FLON;CHART

Initialize all markers

f

INPUT F vs B,

]

Take parameter PJ) while
other fixed
)|

1

take new PJ

T

Csympute energy factor Ef

i

average rate of
of eny factor Faw

Compute
change

Eav

Store new maximum value, P(J) ,
rate of change 3
(Maxdir = Eav : Max=E

£
Yes is
it search

Change P(J} in opposite direc.

change the direc:

= Eégggggﬁntwo

dir

Change P(J) to max; direction

1

P(J) = Po(J)
J=1,4t¢,N

T

Reset search mode, MD=0

Reset direction flag:

1

Take new parameter P(J)

is Yes
P(J) fixed
r -
f

Yes

Take new parameter

Enter new inter-
vals

test
maxina flag
PN=0

Frint optimum val-
ues and maxwentfch

‘Set mode flag (MD=1)
Set direction flag (SW =)
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