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AB S TRAC T

A design concept for low-speed brushless v¡ind turbine

alternators is introduced. A prototype machine $Ias built and

tested to demonstrate the concept. optiural designs were

obËained by a Direct Search optimisation nethod. An

alternate desígn 1s suggested and conPared with the

protoLype design. A range of recommended rated power outputs

is suggested for each design.
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Chapter I

INTRODUCT I ON

1.1 General

The generatlon of electrlcal pos¡er from the wind has

received attentlon in recenE years in Canada ' Both the

Natlonal Research council and the Bristol Aerospace Limlted

havedevelopedtheverticalaxiswindmlllforPorùer

qeneratiorr. I Due to Ehe cold climate and the inaccessibillty

oflargeareaSofCanada,therequlrementofregular

malntenance on Èhe brushes and the slip rlng,s 1ímits the use

of conventlonal alternators in windrnill aPPlications' Thus'

the development of a maintenance-free alternator in remote'

unmanned locations is desirable. The objectÍve of this

thesis is to develop an efflcienE, dírecÈ-dr1ve, fulIy

controllable brushless alternator for the vertlcal axis

windml1l aPPlÍcation.

The average wind speed in Canada 11es ín the 7 to I 3

rn.p.h. range. For a 8'7 ft diameter vertical axís r¡índ

turbine,theshaftspeedisaboutt00tol50r'p"m'The

mechanical po\.7er that can be obEained ls about 60 to 200

watts. Slnce only a sma11 amount of power is extracted frorn

Èhewlndraspeed-uptransmíssionisnotdesirablebecause

ËhefrlctlonallossinthegearsconstitutesagreatPortion

-1
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The ideal machineof the povrer generated "

application should have the

for thls

following characteristlcs :

(l) Capability of low speed operatlon (40-200 r'P'm')

with reasonable efflciency (75% or above),

(2) Controllable self excítation '
( 3 ) Capabil I ty of self s tart ing '
(4) No slip rlngs"

A dlrect-drive, fu11y controllabIe, brushless alternaEor

will saÈisfy Èhe above characteristics "

I"2 Factors Af fectlng

SysEen

The Performance of The Wind Power

Theoretlcally, the mechanical power extract.ed from wind

is proportional to the area inÈercepted by the turbine anrl

Ëhe cube of wind speed. A large amount of mechanical po\.ter

fs expected from an efficient turbl-ne síÈuated in a strong

wind location. Ho\.Iever, due to the Iow povrer coef f f cient t

about 0.35, of the wind turbines, only a small porÈlon of

the available povrer is obtained from the wind " Figure 1. I

shor,¡s the theoreEical electrical power outPut of the

vertical axis windmill with a 757, efficient Eenerator

coupled to

turbine is

it " Since the mechanical Po\47er outPuÈ f rom the

1ow, any additional of speed-up rnechanisn loss
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wf11 further reduce the

alternator. The brushes

some losses ln mechanical

-4-

mechanic a1 Por¡ter

and the b earings

power "

input Èo the

also constitute

The vertical axLs turbine has a low startlng and

accelerating torque. :If. a I 0: t rat.io speed-up transmission

is applled, the starÈing torque requlred is ten tfmes the

fricÈ1on torque of the alternator plus the friction torque

of the gearbox. For such a high torque, the wind turbine nay

not be able to start or to accelerate '

A dlrect-coupled machlne can ease the starÈing and

accelerating problems. However, due to the low shaft speed

(i00-150 r.p.m.) of the Èurbine, an alternator r¡ith larger

diameter is required.

Due to the varlation of the v¡índ speed, a conÈro1lable

fleld excitatÍon can provlde an easy \'¡ay to match the

machlne to Ehe load over a wide range of speed ' The

capabillties of self start and self excitaEion are also

necessary for the applícation of Èhe wfndmill ln remote

locat.ions where an alternate electrical supply is not

available "

The intermittent oPerating characterisÈ1c of the windmill

may cause additional Problems in cold environment " The



cold weather fn wlnEer,

in Èhe Arcticr creates a

\.lhen the windmill stoPs

danger of fros tlng the

-5-

and the all year round cold climate

starting problem for the generator.

due to lnsufficient v¡1nd, there ís a

b rushes and the s I ip r ings .

The brushes and

svchronous alternator

the slip rings o f. a conventlonal

require regular mainEenance such as :

(I) Cleaning and machlnlng

(2) Replacing the degraded

envíronment r and

(3) Adjusting, cleaning and

of the slip rlngs,

slip rings due to corrosive

replacing the brushes.

When the windmills are used in remote areas I the

maintenance cost tends to be high. The malntenance cost can

therefore be mininized tf the brushless alternators are used

ins tead .

In order to accomplfsh a high efficiency wind Power

sysEem, a direct-drlve, fu11y controllable brushless

alternaÈor ís desired.

i.3 Types of Brushless Alternator

There are four main types of hrushless machlnes
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(1) Permanent magnet machine;

(2) Rotating rectifier brushless machine:

(3) Inductor alternator; and

(3) Statfonary field brushless machine.

( I ) PermanenE maqnet machlne

The permanent magnet machines have no control over the

field excitation. To maintaln a constant voltage for

various wl-nd speed, a regulator rated at f ulr output po\.7er

must be incorporated between the alternator and load " The

cogging or detenÈing forces cause starting problems when

coupled to a 1ow torque wind turbíne. rn addition, the cost

of the permanent magnets is comparatfvely expensíve. Apart

f rom t.hese disadvantag,es, the permanenÈ magnet machine is

comparatively small and light r^'eight and has an inherentlv

high efficiency.

(2) Rotâting rectifier brushless machine

This type of machine has a fully controlrable f iel<1. rt

is essentially tsro machínes on the same shaf t. The sÈator of

the exciter provÍdes field to induce votlage ín the roror

winding. The voltages are rectified and fed to the rotor

f ield of Èhe alternator. Thus, Èhe field excltation of the

alternator can be controlled by adjustlng the stator current

of the exciter "



This alternator requlres the design of t\,/o machines and

therefore is costly. Because of the probable inefficiency

of two machines, the overall efficíency w111 be reduced,

hence it fs not economical for lor¡ raÈing alternators '

(3) Inductor alternator

Present designs are limited to h igh speed , h igh

frequency, síngle-phase alternators'

s tudy is under\,¡ay to investigate the

Guy-type lnductor alternator for wind

Currently a Pa:.al1e1

applicabilitY of the

turb ines .

(4) Stationary field brushless nachine

This type of alternator is slmilar to the Lundell

machine, except there Ís no winding in its roÈor' Fig l'2

shovrs two configurations of this tyPe of alternator' The

field is provlded by concentrated axíal winding about the

shaft or the inside of the frame. A magnetic fleld is

produced across the auxÍllary airgap on the rotor r hence

voltage is induced ofi the stator phase wlndlng. The main

advantage of this machíne is that no brushes are required,

and yet the excitation is fu1ly contro1lab1e. slnce the

rotor is simply of the claw-po1es type ' it is econonical to

manufacture.
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I"4 Scope of The Thesis

A reliable, simple and fully controllable brushless

alternator for windmill applications ls desirable for

unmanned locatlons and the cold weather in Canada " The

development, of a statlonary field ' brushless alternator

capable to operaLe at reasonable effícieny ( 757" ot more )

over a lride range of wind speeds is the main theme of this

thes is.

The studies of the development are as follows :

( 1) Concept and t,heory of the design '
(2) Sample design of a prototype rnachine,

( 3) Tests on the prototype,

( 4) Final desÍgn,

(5) 0ptimal design, and

(6) Alternate desfgns.



Chapter II

BRU SHLE S S LUNDELL ALTERI'IATOP. S

2. I General

A brushless Lundell alternator is a modified convenËional

Lundelr machlrr.2 3. Fig. z.r shows the main feature of a

brushless Lundell alternator. The rotor is slmlllar to the

Lundell type wlth claw-po1es, but the field winding 1s

sÈaËlonary instead of rotating " Thus, no brushes are

required for feeding current to the field winding. The field

winding is placed along the lnside surface of the frame on

both sides of the sÈator back core" The frame and the

end-rings are made of magnetic materials to forr¡ Part of the

magnetic path for saving material. The stator winding is the

conventional three-phase winding. The magnetic path is

shot¡n by broken lines " There are two auxÍ1iary alrgaps

beÈ\'reen the end-rlngs and the rotor Pole-c1aws. The main

magnetic flux, produced by Èhe field coí1s at the frame,

travels along the frame to the first end-ring. The magnetic

flux passes t.hrough the first auxiliary airgap to the pole

claws ( say, North poles) . Here the f 1ux d istributes arnong

the poles and penetrates into the stator through the main

aírgap. The flux goes circumferentially along the stator

back core and returns through the maln airgap at one pole

pitch apart to the south poles. Here the flux crosses the

10
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second auxillary airgap to the second

to the frame " thus comPleting the fu11

end-rlng and returns

magnetic cireuit.

The stator has a three-phase double-1ayer lap wlnding.

Thfs machfne has three different raÈed open circuit voltage

ouËputs, as will be discussed 1ater, and hence requireS at

least four ldentical winding sections. The teeth a:.e tapered

and the slots are rectangular in shape. The sLator core

larninatlons are skesled one slot pitch '

2 "2 Design Procedure

A design must meet a set of specifications and

cotlstraint,s. The specif lcations are usually the f ol1owÍng:

rated poqrer, rated voltage, Po$ter factort efficiencyr

frequency and the r.p.n. of the machine. Generally, the

constralnts are efflciency, the cost and the weight of the

machine. For this thesis the design speclfications are

describled in Chapter Three. The desfgn procedure is

divided into seven major ParÈs :

( I ) Poles and frequencY '
(2) Main dimenslons '
( 3) StaEor wínding design '
(4) Leakage reactance'

(5) l{agnetlc circuit'

(6) Fleld windlng design'



(7) Losses and

- t 3-

effíc fency.

Each part of the design procedure will be discussed in

the succeeding sections.

2.3 Poles and Frequency

A windmill is a varíab1e speed prime mover so the

alternaEor has to operate over a range of speed. The lowest

operating speed of the alt.ernaEor is designated as the

threshold speed and the híghest as the furling speed. The

actual furling (or maxímum) speed of the wind turbine may be

considerably higher. The number of poles of the machine is

first estinated by using the given frequency at furling, Pf,

and the r.p.m. at fur1lng, Nf, wlth the expression :

120. rf
p=

Nf

Frorn EquaËion (2.1), the closesÈ even number

is used to compute the exact f.tequencies at

threshold. The frequency is expressed as :

P.IIf

r20
FtFf

(2 .1)

of poles, P,

frrr'lino end

(\12 ) (2 "2)
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where Ff ând Ft are frequency at furllng and threshold

respecÈivelY"

2.4 Ma in D imens íons

AfÈer the number of poles and frequencies are corÌlPuted,

the main dimensions can be determined. First t an averaqe

airgap f lux denslt.y, B ' f or the machine is assumed ' The

ave:-age flux per pole is therefore expressed as

z.Db.L. B
(wb/Po1e) (2.3)

P

r¿here Db is the sEator bore diarneter t

L 1s the core length.

The angular speeds of the machine at threshold and

furling are :

NI
nE = -- (rev./sec.) (z'tr)

60

Nf
nf = -- (rev./sec.) (2'5)

60

The e.m.f. per Phase is given bY

vp = 4.44 @.F.Tph.Kw

= 2.22 z.Db.L"Tph.Kv¡.8.n (V) (2'6)

q)
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v¡here F is Ehe oPerating ftequencYr

n is the angular sPeed,

Kw is the windfng factor,

and Tph is the number of turns per phase.

If Db, L, Tph, Kw are all fixed, VP is directly

ProPortíonal to B and n' 1.e. ,

Vp ø B.n (2.7)

For a constant voltage machine, Vp ís almost constant

betrueen nf and Dt, and theref ore B has to be varied

accordingly. The threshold flux density, Bt, is thus related

to Èhe furling flux densítY, Bf, bY

nf. Bf
Br = ----- (T)

nt
(2"8)

Since nf > nt, therefore Bt > Bf . To Prevent saturation at

1ow speed operation, the threshold airgap flux density ' Bt '

1s first chosen and then Bf is obtalned from Equation 2"8.

The electrical loading, ampere conduc tor per meter of the

airgap surface, at threshold and furllng is defined as

6.Tph.IfÈ
acr = --------- (a ' c. /rn" ) (2.9)

n "Db
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where IfE is the threshold full load current'

acr=1-l:l:lll (a.c./rn) (2.r0)
7t. Db

where Iff is the furling fu11 load current"

From Equations 2"6,2.8,2"9,2'10, the KVA outpuE at

threshold and furling of the machine can be expressed as

Qt = I0.955 Dbz.L.nt.acÈ.8È.K¡v (K\¡A) (2"i1)

Qf = 10.955 Db2.L.nf.acf.Bf"Kv¡ (KVA) (2"L2)

The output coefficient for threshold is defined as

Qr
Gt = ---

Db'.L.nr
-?10.955 acr.Br.Kw x Io, (2.L3)

and for furling as:

Qf
Gf.

Db-.L.nf
.?

10.955 acf "Bf .Kr,¡ x l0-' (2.i4)

From Equations 2"I3 and 2"I4, the ratio of the output

coefficient at threshold and furling ís exPressed as

cf Qf .nt

Ct Qt.nf
(2.1s)
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The raÈio bet\reen act and acf is obtafned from Equations

2.8, 2"lI and 2.L2 as

acf Qt
(2"r6)

act 0f

Since QE and Qf are specif ied outputs, the electrical

loadíngs at threshold and furling have to be different and

the di fference depends on the ratio o f Qt and Qf . By

calcuLating the raÈÍo Qf/Ff, the estlmated value of

electríca1 loading at furllng , acf. , can be obtaíned4. The

electelcal loadfng at threshold , acÈ, is evaluated from

Equatlon 2.I6" The outpuE coefficlents at furling and

threshold are calculated f rom Equations 2"I3 and 2.I4, wlth

an estfmated winding factor Kw betvreen 0.8 to 1.0, usually

0"9"

From Equatlon 2.13, the bore diamet.er, Db, of the machine

ís given by

(P.Qr*to-3) t 3

Db = - (m.) (2"t7)
(Kr" z .nt"GE)

where Kr is the ratio of armature length L to pole-pitch"

LL
Kr=-=

T N.Db/P
(2. i8)



GenerallY, Kr is

sÈator bore diameter

core can be comPuEed

-18-

chosen between 0.8 to 2"5.4

is determined, the length of

with the expression

Af ter the

the stator

Qtxl0-3
T-D_ (m. ) (2.19)

nt.GE.Db2

In Eouations 2.17 and 2.L9, the threshold value ís used

for calculation, becâuse the airgap flux density at

threshold is higher than that at furling. Lf Bf is used for

calculaËion, saturation may occur in the iron when the

machine ls operating at 1ow speed. The iron loss and leakage

flux would also be high"

The rotor peripheral speed is used to check the

mechanical safety of the machine. The roÈor Peripheral speed

at t.hreshold and furling are:

Vt = n.Db.nt (m./sec.) (2.20)

Vf - n.Db.nf (m./sec.) (2.2r)

The

r/s5,

it to

speed

rotor peripheral speed can reach up to abouË 30 to 60

but for mechanical rigidty, it is perferable to limít

less than 15 rn/s. For the design procedure Perípheral

1s used as a constraint. If it exceeds Ehe mechanical
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safety limits, a

has to be chosen

ate recomputed

satlsf 1ed.

-I:
m"a

ne\^t fatio of

. The staËor

again untí1

armature length to

bore diameter and

the mechanical

pole pitch

core length

safety is

2.5 Stator Wlnding Design

I^lhen a machlne ls deslgned for multiple output voltaBes,

a number of parallel circuit,s "I. 
requlred. For a 'm' phase

machine r¿1th ' a' number of paral 1e1 paths, the nurnber of

slots Ns must be a multiple of Iroâ¡ Í.e.,

inÈeger (2 .22)

The number of slots depends on the tyPe of windine

desired. In general, the integral slot wlndlng has an

inÈegral number of slots per pole per phase, while for the

fractional slot windlng, the number of slots per pole per

ohase can be a fr action.

Af ter the number of slots is determined '

ís calculated usÍng the exPression

the slot pítch

ys (2 .23)
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chooslng the ratio between tooth wldth and slot pitch of

about 0.3 to 0.7, the tooth pltch is calculated. If the flux

density ín the tooth 1s higher Ehan 1.8T, sâturaEion may

occur. A ratio beÈween tooth pitch and slot pitch must

therefore be changed to a higher value'

There are

c ommo nly u s ed

short-pitched

winding are :

many cho ic es

wind ing i s

coi1s. The

of armature wlndings " The most

a double layer laP winding with

advantages of double laYer laP

(a) ease of manufacturing

(b) fractional slotting can be used

(c) chorded spans are obtalned

A double-layer lap winding Ís used in this design. A

rln
phase spread of 60" or 120" is chosen to fix the coil span.

The electrical space phase angle bet\teen coil axes is then

calculated. The distribuÈion factor Kd of the wincling is

computed bY Èhe exPression

sin(k.6) /2
(2 "24)

k.Sinô/2

the nunber

the angle

r¿here

1{ ¡1

k

ô

ls

1s

of coí1s per pole Per Phase.

beEween coils emf.

The coil-span facÈor ke is obtained by the Equation



Ke - cose/2

where 1s the angle by ¡¿h1ch coil is short pitched.

sloÈ pitch to
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stator lamlnations are skewed one

cogging. The skew factor is

(2 "2s)

(2 .26)

'rne

Prevent

Ks
sin þl 2

=
ßtt

-l= tan - (yslL)r¡here

rrhere is the slot pitch,

is the core length.

The wlndfng factor is exPressed as

Kw = Kd.Ke.Ks (2 .27 )

After determining the winding factor Kvr, the estfmaÈed Kw

is replaced wiÈh the calculated va1ue. The stator bore

diameter, Db, core length, L, electrical loading and outpuÈ

coefficient are computed from Equatlons 2"9' 2"L0, 2.!3'

2"14, 2"17, and 2.19 " If the elecÈrical loading and output

coefficient a:-e too large, the maln dimensions have to be

recalculated.

ys

L

The number of turns required at furling and threshold is
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calculated wlth the followlng expresslon

Vp x 1.05
Tph = (2 " 28)

O.LL624 n.Kw.B.Db.L

where n ís the angular sPeed,

B is the airgap f Iux densitY.

The factor I.05 allows for a fírst estimate for the

voltage drop in the winding under fu11 load " The larg,er

number of turns between furling and threshold is used"

The fu11 load current at frrrling and threshold is

obtained by Ehe expressions

!lr
rf È = --,!--- (A) (2.29)

rn.Pf .Vp

where Wt is the rated output polrer at threshold,

Pf is the posrer f actor '
m 1s t.he number of phase "

\,J f
rff = ------- (A) ( 2.30)

m.Pf.Vp

where !lf is the rated ouËpuE por.rer at f urling'

The furling currenE 1s used t.o calculate the conductor

sLze "
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For 'a' parallel paths, the current per path at furling

rff
rPP = --- (A)

a

The number of coils per path per phase ís

(2.3t)

Ns
cpp =

m.a
(2"32)

The number of turns per coil is

Tph
TPc = ---

cpp

The nu¡nber of conduc tor per slot is

(2.33)

IIc = 2.Tpc (2.34)

A current densiEy, Js, and a sPace factor, Sf r are

assumed to calculate Èhe slot area, AS, and the slot deptht

ht " The conducto r size is expressed as

rpp )
Ascs (m.-)

Js

The area of t.he slot requlred is

(2 ,35)
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(rn. 2 
)

where a space factort Sf , of. between 0.4

(2.36)

to 0"5 !ras chosen.

The slot depth is exDressed AS

ht =

where I^lo is

As

\.1 o

(m. ) (2 .37 )

the s10t width

1f ht is too big, eit.her the current density Js or the

slot width 1{o has to be increased. The current density Js

can be increased if it is t¡Íthin the current densíty 1imit.

Howevern the t2n loss of the winding is directly

proporEional to the square of the current density, therefore

a small current density 1s recommended. If the slot wldth is

increased r sâturation may occur in Èhe teeth. In the case

r¿hen both current density and slot vrldth cannot be changed,

the sEator bore diameter and the core length have to be

increas ed .

2.5.I Copper Loss 1n Stator

The mean length of a coil 1s esÈimated \^'ith the method

suggested by Kuhl*"rrrr4. The shape of an armaEure coil f or

synchronous machíne ís shorvn in Fig 2.2 " The length of the

mean-turn ls exPressed as
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Fi gur e 2.22 The Shape of Armature CoiIs

Lrn=/ l- jll -:-: ll -: l*, n*n.*,.
(P.Cosø)

(n.) (2.38)

where cp = (coiI pitch)/(slot per pole)
Ia = Sin '(dci/ys)

dd = I.lo + s

b is the coil extens ion,

s is the coil clearance,

L is the core length,

hÈ 1s the slot depth "

COIT PITCB

LåN IE A1 TON S
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Total length of coils per path is

Lp = Lrn.Tpc.Cpp (m.) (2"39)

The resisÈance per path aÈ ZS0C is

P.Lp
Rp = (onn¡ (2'40)

Ascs

where P 1s the resistlvÍty of copper at ZS0C.

The reslstance per phase is wrlt.ten as

Rp
Rnh = -- (Ohm)

d

(2 " 4t)

The I'R losses aÈ furlinq and threshold can be calculated

with followlng expressions

clf = rr. Tf.f.2.Rph (LI)

clr = Er. rf.t2.Rph (I^1)

(2 .42)

(2.43)

2"6 Leakage Reactance

2.6.1 Slot Leakage Reactance

Fig 2.3 shows a slot wlth double-layer wlnding. The mmf

of the sloÈ currents will set uP leakage flux in each of the

five Þaths indicated in the diagrâm. These fluxes are



i nt

\oru, PArlts

Figure 2.32 Slot. Leakage Flux !Jith Double-Layer I.lindinçt

computed wlth the assumption Ëhat the fluxes pass straight

across the slots and the reluctance of the iron naths is

negllgible. For calculating Lhe slot leakage flux, there are

two cases to be cons ldered:

-27 -

(-h3

(a) Full pítch coils--coí1 A ancl coil B are of the same

phase.

(b) Short pitch coil--coll A

phase.

and coil B are out of
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(a) Full pitch coil

Since coil A and coil B are coils of the same phase, the

current.s 1n the slot are also l-n Dhase. The deriviation of

the leakage flux per slot per length of core is simí1ar to

A1ger" and Landsdorf' . It. is expressed as

2h3
"ts = 4"Tpc-.¡ro{ +

Wo

? h3
7a = Tpc- "lto{ -- +

I,IO

d

+
I{o+d

h1 112

3.l.io 12.1ù0
(2.44)

vrhere po 1s the permeability of air.

The leakage reactance for in phase coils 1S

Xs = 2 " n .F "L" .ts. Spi (Ohrn)

where spi is the number of slots per phase

(2 " 45)

(b) Short pitch coil

In Èhis case, some slots has in phase coils so Equation

2.44 can be applled. For those slots with out of phase

coils, assume the current in coil A leads Èhe current in

coil B by an ang,le 0 (2n/3 for Ehree-phase). The method

suggested by Langdorf is ,r".d7. The self-inductance of coil

A is proporËional to the leakage flux 7a" 7a is expressed as

d
+

I^Io*d
(2.46)
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leakage fltrx

induc tance

¿b. Ib is

-29 -

of coil

expressed

B is proportlonal

d5

to the

? nt
Lb = Tpc-.po{ -- +

llo

d

I,lo*d

2.hl + h2

J " t,¿o

A due to the

mutual flux

(2.47)

unit current

l eak ag e "l,ab .

The mutual inductance of coil

in coil B is DroDortional to the

The mutual leakage flux is

? hl - h2
,lab = Tpc- "lto{ ------- +

4 .',l.Io

NJ

;;

Ã

+
d *\rro

( 2.48)

due to the unit

Ieakage flux )'ab.

B are derived in

The mutual leakaqe flux ,1"ab of coil B

current in coil A is equal to the mutual

The leakage induc tance of coil A and coil

Appendix I and they can be expressed as

La

Therefore

phase coils

(l^2

(Laz

)" ab'
7

/tbA

)L/ 2

)r/ 2

0

e

+

+

+

I

2.À.a.åab " cos

2.,/"b"åba.cos

(2.4e)

(2"s0)

(2,51)

out of

The total leakage induc tance Per slot

LT=La+Lb

IS

the leakage reactor per phase due

in a slot is

= / F.L.LT"SpoXo

ro

(2.52)
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where Spo is slots per phase \,tith out of phase coil,

F is the frequency at furling or threshold '

In general, some of the sloEs of fractional-pitch wlnding

will be occupied by coil sides of the same phase. Thus, the

total slot leakage reactance is the sun of Equation 2.45 and

2 .52

Xst = Xo + Xs (2.s3)

2.6.2 0verhang Leakage Reactance

There are only empírical formrrlae for calculating

overhang leakage reactance. The overhang leakage reactance

is estimated wiEh an empirical formula sug!lested by AIger6.

(2.54)

where

')
38.4n.F.¡t.o.Tpc-.Db"Ns. (3p - I)

Xoh =
2.p

p ts the coil pltch fractlon.

The zíg-zag leakage and the d ifferent ial leakage are

usually srnall enough to be ígnored. Therefore, the total

leakage cons idered ls the sum of the slot leakage reactance

and the overhang reactance o The toÈal leakage reactance per

phase is

XT=Xoh*Xst (2.ss)
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2 "7 Magnetic Circult

The tot.a1

the ampere

expressed as

ampere turns per pole

Èurns for each part.

required is the sum of

Thp f llrv nêr nnlo ier-_

@ = Bt.T.L (wb ) t, q,Á\

rvhere z is Èhe pole-pit,ch.

The fluxes in different parts are determined accordingly "

Assume the average flux densíties in t,he stator back core,

f rame, end-ring,s and poles as Bc, Bf , Be r, and Bp

respecLively. The estÍmated flux denslties are dependent on

Èhe magnetlc characteris tic of the material . For an op timum

use of the material, high flux density is desired; but due

Ëo magnetic saturatlon, a value belor¿ l.8T is usually

chosen.

The required cross-secÈional area A of each component of

the magnetic circuit can be calculated by the Equation

(r.2 ) (2.s7)

{n fhâf ñârl'

dens i ty .

vA=
B

v

B

is the flux

is the flux

where of magnetlc circuit,



Hence Èhe dlmenslon of

1s obÈained "
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each part of the magnetic clrcuit

2.7.1 Total Ampere Turns Per Phase

The magnetic characteristlc of materlals are obtained by

experiment. The ampere turns per pole of each Part of the

magnetic path, excepÈ the main airgap, is Èhe length of that

part multiplied by the corresponding magnetic field

intenslty from the magnetic curves. The presence of the

slots increases the gap reluc tance so the effective airgap

reluctance has to be determined. A method suggested by ìi"G.

say is to f ind an effective contracted slot pltch wlth the

expression

ys" = ys-KoI.lo

Ko is the Carter coef fic ient.

(2.s8)

Carter coefficlent Ko is obtained

from the ratio of slot width to

effective Dole area becomes

from the Carter's curve

gap length. Hence the

Ap = ys'.L.Sp

Sp 1s slots per pole.

(2.5e)

The effective alrgap f lux densfÈY ]-S

@
Bg=--

Ap

r¡here

where

(2.60)
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pole at the main afrgap 1s

ATmg

where Lg is the length of the aLt gap'

The sum of the total ampere turns in serÍes

required ampere turns Per pole for the rnagnetic

demagnetizing ampere turns per pole for armaÈure

ATar = 1.35 Kw.Tp}:'"l-ff./P

The Èotal A"T. Per Pole Pair

twlce the sum of Ehe total A.T.

the A"T. of armature reaction.

(2.61)

is the total

circuiË. The

reaction is

(2"62)

ATfd for the f ield 1s equal

of the magnetic circuit and

2.8 Field Windíng Design

The

voltage

numb er

rectified output voltage is used as the exciter

Ef . slnce there are several rated output voltagesr a

of paralleI field circuiÈs are required '

The cross-secËion area of the field winding is expressed

ATfd
Acf = ----- (*.2 )

Sf.Jf
(2.63)
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lrhere Sf is the space factor (beÈ\'reen 0'4 to 0'5)'

Jf is the current densitY.

A current density, Jf, 1s chosen to calculate Acf. Allow

sixty percent of the stator back core for placlng the field

windine and calculate the length of the frame'

The conduc t.o r si-ze ls expressed as

ATf d "p.Lf. )
Asc (m.') (2"64)

^ C FCd!. ¡it

n
v¡here P is the resistivíty of copper at 75-'C,

af is the number of Para1le1 Paths,

Lf is the rnean turn.

The number of turns required for each Path is

ATfd
Tpf (2 .65)

af.Asc.Jf

The resistance per paÈh is exPressed as

P"lf.Tpf
Rf (otrm) (2'66)

Asc

The rotat l2n 10ss of the fleld 1s

Ptf = ATf d," p.Lf .Jf (I.I) (2"67)
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2 "9 Iron Loss

The iron loss ls calculated in the two separate Parts:

the teeth and the core. The weight of the teeth and the core

are calculated. The lron loss is expressed as

Pe

)r')
f "65 B-.F-.t-.\,rt
-----;;.;;;---- (!r) (2.68)

where B is the average flux density'

F is the frequencY of the machíne,

t is the rhfckness of the lamination,

!¡t ls the welghÈ'

Dens fs the density of the laminations'

ps is the resistiviÈy of the material '

Substitute the weight and the flux density of the teeth

and core lnto Equatíon 2.68 accordingly. The total iron loss

is the sum of the iron loss of the teefh and the stator

COrê.

2.10 Eddy Loss

The Equation suggested by M.G" Say is used to calculate

the eddy current loss in the conductors in s1oËs. First'

estimate the width of copper'bb'occupied ín the slot. Then

flnd the number of layers of conducËot'c'1n the slot. The
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average eddy current loss ratio is expressed as

Ked = (o"r,)4("2/g) (2'69)

r¿here

n"lto.F.bb 7tn
o = ( )"'

2. P "\to

The average eddy current loss is equal to Ked multiplied

2
bv the I"R loss of the conductors ln the slots '

2.Il Temperature Ríse

The po!¡er loss in the wlndings are dissipated as heat.

The loss heat is Èransferred by a cornbination of conduction,

radiation and convectl0n. Assume t.he machine as a

homogeneous body with surface area A, the poI.Ter transferred

by conduction across the interface bet\,teen air and machine

surface is

Pc = Kc(Tl ' T2).4 (!J) (2'70)

where Kc is the coefficient of air (10 to 50) '

Tlisthefinaltemperaturelnsldethemachine,

T2 ls the ambient temperaEure of the air'

The power transferred by radiation is

pr = 5.7 x10-8 .*(rt4-r z4).t (l't) (2.71)

where 6m ls Èhe emissivity of the material "

The po\arer transferred by corlvection fs

pv = z.^pl/ '(rt-T2)5 
| 4.o (t¡) (2'72)
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vrhere ap is the number of atmosphere pressure

The f inal temperature Ti is obtalned by using an

iteraÈion method on Equatlons 2"70,2'71 and 2'72'

2"I2 Ef f iciencY

The losses in varíous part of the machine aTe summed up.

The efficlencies at furling and threshold is calculated from

the Equation

PL
Ef f = ] (7") (2"73)

PL+!I

where PL is the to tal Power los s '
!¡ is the rated outPut PoI^ter.

The above design procedures are applied for a sample

design ín Èhe following chaPter '



Chapter III

SAMPLE DESIGN

3, I Speclfication For Design

A set of specifications has been chosen for the sarnple

desfgn to demonstrate the concept and the feasibility of the

proposed design. The specifications are given in Table 3. I .

There were some limítations on the design due to the

consEraint of the available material. The armature

laminatlons and the frame are available, which fix the

stator bore diameter, the slot nurnber, the toot.h v¡idth and

the length of the frane. The design procedure discussed

earlier has therefore to be modified. A computer Program is

writ.ten for the purpose of design ancÌ 1s given in Appendix

II.

TABLE 3. I

Sr¡eciflcatlons of Design

Speed (r.p.m.)

Fu11 load por.Ier (I^l)

Power f.actor

Phase voltage (V)

Number of phase

Threshold

87

20

0.6

8,16,32

ts rr r | 1 ñ û:...-
r1/,

r Án

nÁ,

x th </

'ì

38
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Details of aval1ab1e stator laminations

Bore DíameEer Db

Outside DiameEer Dos

Number of SloEs

Slot Pltch YS

Slot IÀlldth l^lo

Slot Depth ht

0.3046 m.

O.43I5 m.

72

0.O16 n.

0.008 çr.

O.O3 m"

taperedTeeth

The length of the frame , Lf, is O' 1 t m' and the

thickness, Tf, is O"Oll m. The staEor core length, L, is

chosen aL o"o2538 m. Twenty four poles are chosen to give

an outpuÈ frequency of L7.4 Hz at the threshold, and 34"8 Hz

at furlíng. The perlpheral speeds at furling and threshold

are checked by Equatlons 2.20 and 2.2I, and found to be 2.77

m/s and 1.38 m/s respectively. They satísfy the requirement

that the perÍpheral speed be less than i5 m/s'

The design schedule is shown in Table 3'2'

3 "2 SEator I^linding

Since the number of poles chosen 1s 24, it gives one

slot per pole per phase. The phase spread is 600. Integral

slot double-1ayer lap winding is used " Full pitch coils are

used such that the distríbution facÈor and coil sDan factor
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TABLE 3.2

Desien Schedule

a t, oolPul

t¡¡ts80!D MFLIiG

¡¡lriG

loLL to¡D (l¡)
tolt lo¡D F¡lB (¡)
trr! toll¡c! (rl
Pt¡sr tol¡¡Gl {r¡
c!¡¡tr1 Pl¡ PrBr (¡)
PO¡!t t¡ctoR
t¡!0!!tcl (82)
sP!!D (¡P!)
ÍtBlt o! Flls

::l:-::*:":::

r¡€rlrrc to¡D¡t6 (?l
TLHRIC rcrDrfc (¡Cll)
oEgûÌ @r¡rrçllr1 lar rn?s/a..t't
s1¡îOt æ¡t Dr¡EEt (l¡
sslo¡ @lslDt DI¡iËtt (t)
c8os5 co¡l Ltfon (l)
lrcr lrrctr (r)
POLB PIæl (l)
n¡r! omsrDt Durntt (t)
lircft!s of ltt f¡¡i! Gl
IrlG?B Ot ñ¡ lr¡rl (ü)
nD-rrte omsrDl Dr¡rntt lt)
zrD-r:rc lrsIDl Dr¡rElB (l)
trrcfrr5s ot El trD-ttlc (rl

::i:::

¡IIDI IG
tûlBn ot P¡r¡LuL cIEcgIl
rgiS!¡ ot 5lor5
sLols/Po!!Æ8¡s!
cor D0cl@s/sLø
tû8rs,/Plt¡LLtL cr8cfi t
PIæ8 l¡Crc8
DEl¡I8rIO¡ f¡CO¡
r¡tDIrG t¡c10t
cotDoclo8 slzr G.r2)
cmR¿rT DBtsIll (¡/r..2)
SlOI PIEf, (i)
SLOÌ rImC (i)
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are equal to one. The stator laninatfons are skewed by one

slot pltch " The skew factor obËained from EquaEion 2.26 is

0.99. Hence the wind ing factor is equal to 0.966.

There are three rated output voltages and the minimum

number of parallel paths required is four. The winding

diagram is shown in Fig. 3.1. The number of turns per phase

is equal to 198. A spac e f actor of 0.4 is used in

calculaËing, the conductor síze. The conductor síze is

-620" 1289 x I0 "m. The resistance and the I-R loss of stator

winding are calculated from Equations 2.40,2.4I,2.42 and

2 "43. The leakage reactance per phase 1s obtained from

Equations 2.44 and 2.55 because all the cofls are fu11 pitch

coils "

3.3 MagneÈic Circuit

The average airgap flux density at threshold for Ëhe

mal-n afrgap and the auxiLary alrgaps are all equal to 0.6 T.

The average flux density 1n the pole and 1n the end-ring are

chosen to be 0"4 T and 0.675 T. The pole width is taken as

O "7 of the pole pitch. The average flux Per pole is

calculated from Equation 2.56. From Equation 2.57 the

thickness of the pole and the end-rings are determined.

The ampere turns of each parE a:.e calculated. The

armature reaction is deÈermlned by EquaÈion 2"61. The total
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pair turns out co be 3500 A.Tampere turns per pole

3 " 4 Field Wind ing

There are three exciter

clrcuits are required. Since

core are fixed, the cross-sect

1s also fixed"

voltagesr so four parallel

the f rarne and the s tator back

ion area of the f ield ç¡inding

A 0.4 space factor is used for calculation. A current
L)

densíty greater than 5.7 x 10" A/m- 1s required to fit in

the area provided" Since the fleld loss depends on the
6)

current density, JF, the minimum value of 5.7 x t 0" A/m- is

used. From Eouations 2"63 and 2.64 the conductor síze and

-5 ?
Lhe number of turns per path are 0.21 x 10 m and 78. The

,
I'R loss of field winding is obtained from Equatlon 2.66.

3.5 Performance

The efficiency at furllng and Èhreshold are calculated

to be 31.77. and 4"0% respectfvely. The weight of the

machine is 63 Kg " The temperature rise inside the machine
o0is 45"C at threshold and 40-C at furling " The performance

of the machine is not satfsfactory because of the

1írni tations of Èhe material.

p ro to type ma ch ine of the sample design was builc
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unsatisf actory perf orrnance " The main

of Ëhe machine is Èo demonstrate the

the design, to test the

calculations.

design procedure and to

3.6 lfeasurmenÈ of ìfaterial Properties

vrere tested in the laboratorv

characteristics of t.he material.

of the material are not

larninations and the frame

to obtain the magnetic

The experiment set up is shor¡n in Fig. 3 "2 " The test

specirnen had tl¡o coí1s around i t " The prirnary coil was

connect.ed to Ehe povler supply through the amplif ier and a

two-'eray switch. The secondary co11 r.ras connected to the

integraEor of the analog computer and then to a X-Y plotter.

Since Ehe integral of the secondary voltage wlth respect Eo

time is equal to the flux linkage in the specimen, the

output from the integrator would give the chanqe in f1ux. A

d.c" current \ùas supplied to the primary síde. By changing

the current direction with the switch, a change in flux vras

recorded in the plotÈer " The fleld intensity vras calculated

by dlvidlng Èhe ampere turns of Èhe primary coil by Ehe mean

length of the specimen. The corresponding flux density rdas

derived from the amplitude of the curve, the number of turns

purpose of

concept of

verify the

The magnetic characteristics

known" A specimen of the stator
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les t
specioen

Figur e 3.22 Experimental Set-Up of l{aterial Properties

Measurment

in the secondary side and the cross-section area of the

specÍmen. By using different input currents and calculating

the corresponding field intensit.y and flux density ' Èhe

magnetic characteristic curve of the material was plotted.

Flg. 3.3 and Fig. 3.4 show the magnetic characteristics of

the laminations and the f rame respectlvely. These t\,7o

curves \{ere used in the preceeding design and the comPuter

design program.

Pc uer
SUPPY

T wo-
uay

switch
Äna log

cc¡tPuter
plotter
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Chapter IV

TESTS ON THE PROTOTYPE }IACHINE

4.L Introduction

The protoÈype brushless machine was tested in Ehe

laboraÈory insÈead of testlng it on the existlng windrnill,

due to uncontroltable wlnd speed in the natural setÈing. A

d.c. motor, vith the l^lard-Leonard speed control, s¡as used as

Ëhe prJ-me rov€r. Three tests had been applied to the

ma ch ine

(l) 0pen-Circuit Test,

(2) Short-Circuit Test,

(3) Zero Power Factor Test

The tesÈ results \.7ere

simulatlon resulÈs in order

the computer progÍâIrl¡

4 "2 0pen-Circuít Test

compared with the computer

to denonstrate the accuracY of

There are three dlfferenÈ sÈator connections to provide

three rated voltages of 8 V, 16 V and 32 V. The open-circuit

teStS \¡¡ere performed on each connection at constant

threshold speed and constant furlinq speed separately. Fig.

4"I to Fig. 4.3 shov¡ the open-circuit test resttlts w1Ëh I V,

I 6 V and 32 V connections respectively "
- 48
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At furllng speed, the open-circuit test results are close

to the calculated value, while at threshold speed, the test

results are not comparable to the expected values. Table 4 " i

shows the discrepances between the test results and the

calculated results at rated voltage with the 32 V

connecÈion. It also ShovIs the amPere-turns requíred for

the airgaps from the aLrgap-11ne analysis. The average flux

per pole in Èhe machine at furlin.g and threshold was

slightly different from the calculated values. AÈ 1ow

speed, the mmf required for the iron path qras much higher

than expecte<1 . It indicated thaÈ sorne Parts of the iro' nerh

T.rere heavily sat,uraEed during lor¿ speed oPeraÈion.

TABLE 4. i

Dlscre ance Bete/een Test And Calcula Re ul ts

Calculated field A.T.

Tested field A.T.

% dLffer ence in A.T.

A.T. f rom air line

A.T. for iron

Flux per pole (wb)

Calculated flux per pole (wb)

% difference in flux /poLe

¡ s ! 
^ 

! ¡¡ Á

1891

1903"2

0 "65i(

r7 r6

187 "2
_¿t

2.51X10

-¿!2"732)il0

8"/.

Threshold

3080

7488

L 431l

3588

3900

-lt5.25XI0
_¿!

5.46X10

3"9%
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The teeth of the stator were found Eo be saturated ât 10w

speed due to the change in pole arc dlmension. In the

original desÍgn, the pole arc \tas 707" of the pole pitch' but

due to some changes made to ease the fabrication, Èhe pole

arc was reduced to 64% of the pole pitch. Apparently,

ínstead of three teeth under each each pole, there were only

t\ro teeth under each pole all the tlme. ì'fost of the f lux

qTent directly to the teeth right under the pole arc ' thus

c au sed very h lgh f lux dens i ty in the E ee th '

AË f urling speed, the average f lux per pole \^tas Iow, so

there \.ras no signif icant ef fect on the open-circuit

characterlstic. But at threshold speed, Lhe

the flux densitY in

average flux per

pole was doubled, so

doubled accordingly. The average flux densi

at rated open-circuit voltage \'ras l ' 9 T '

the Eeeth !¡as

ty in the teeth

Because of the

saturation in the teeÈh, a much hiqher mmf was required to

obtain the rated open-circuit voltage.

4.3 Short-Circuit Test

Fie. 4 "4 to Fig. 4 "6 show the short-circuit test results

wíth Èhe 8V, 16V and 32V connections respectively. Iligher

f leld excitation than the calculated values r¡tere found in

Ëhe shorÈ-circuit test.s. At rated short-circuiE current v¡ith

the 32v connection, aE furling speed, the f ield current I^Ias

177, higher than the calculated value of 3"42 A, and at
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Ehreshold speed, the field current was 6"3% higher than the

calculated value of 0.5 A" The cause of hieher field

excftation needed was due Ëo higher synchronous reactance of

the machine. Slnce the synchronous reactance includes the

effects of flux leakage and armature reaction, the cause of

the díscrepancy will be identified after obtaining the

equívalenÈ circuít of the machlne.

4 "4 Equivalent Circuit of The llachine

The equivalent circult of the machine was obtained from

the open-circuit test, short-circuit test and the zero po\.rer

factor test. Fig. 4 "7 shows the curves of the zero po$rer

factor load test and the open-clrcuit test at furling speed

with 32V connection. A constant stator current of 547, the

rated value was used in the thls test. The resisËance, Rs,

of the stator winding was measured by d. c. current at

operating temperat.ure. The synchronous reactance ltas

calculated from the ratlo of open-círcuit voltage at rated

value and the short-clrcuit current with Èhe same fíeId

excftation. The synchronous reactance vras further separated

by the Potler triangle method into the leakage reactance,

X1, and the magnetisíng reacÈance, Xâ, due to armature

reaction. Fig. 4"8 shows the equivalenE circuiË of the

machine at furlins rvlth 32V connection"

The resisEance of Èhe windins was 2.47" lower than the
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Figure 4.8:

Rs= q.'l O

(0"356 p.u.l

,59-

Xl= 4.66 O

(0"404 potro!
8a= 0.859 f)

(0,07e p,ü"1

T¡tas meaSured by d.c.

current loss in the

Equivalent Circuit of The l{achine i,¡ith 32 V

Connection

wlnding were noË lncluded in the measurment, therefore

lower resistance was obtained. The armature reactlon lras

5 "77" lower than the exDecÈed value " The leakage reactance

lras 290Z" hleher than the calculated value " The 1ow

calculated leakage reactance vras due to the under estlmatj-on

calculated value. Since Ëhe resÍstance

current, the skin effect and the eddy

of the overhang leakage reactance, based on an

formula, and neglect of the zLg-zag leakage

differenËia1 leakage reactances" Therefore,

ernpirical

and the

a lov¡er
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calculated leakage reactance r.7as obtained " Since a complete

f ield analysÍs of the overhânB, zíg-zag and differential

leakage flux is outside the scoPe of the thesis, the exact

expression ¡.riIl not be derived. The empirical f ormula r¿il1

cont.inue be used ín the design in later chaPters but the

overhang leakage reacEance w111 be multipied by a factor of

three to lnclude the zig'zag and differential leakage

reacÈances.

Although the actual performance of the prototype machine

dfd not meet the requlrments of the original deslgn, the

compuEer results \¡tere reasonab 1y accurate. Except f or the

overhang leakage reactance, the other paralrteters r"¡ere r,riLhin

6% accuracy. The tooEh saturation \^tas comPletely due Eo the

difference betl¡een the design and acËua1 dimensions of the

machine.



Chapter V

OPTIMU}Í DESIGN OF BRUSHLESS ALTERNATORS

The deslgn in the previous chapter, due to the

limitatÍon of Ehe available maÈerials, is not an efficient

one. Improvement is made in this section to obtain an

opÈimal design" The main objective 1s to lmprove the

efficiency and reduce the weight of Ehe machine. A suítab1e

range of potrer outpuÈ is suggested in this section'

Ther e are some drar¡backs in the Previous design. The

?I'R loss in the field windíng is high because of the fixed

stator outside diameÈer and the frame sIze. The fu11 load

,I'R loss of rhe stator winding is also high due to the fixed

slot síze. To improve the field and stator losses' a

shorter mean turn and lower current density are desired.

The nevr design is based on the followlng lmprovements

( I ) reduced mean turn length, and

(2) reduced current densltíes of field and stator'

The frame length is made

conclrrctor cross-section for the

longer so that. a larg,er

fteld can be accommodated.

The staEor bore and outslde diameter are smaller so that the

mean turn is shorter. The stator windlng ís desíqned again

using fractlonal pltch winding " The mean turn is only

around, one core tooth. Fig. 5"1 shor.rs the dfagram of Ehe
61
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TABLE 5 " 1

Nerv Design Paraneters

Fu11 load poqTer (1'I)

Core length (m)

Stator bore diarneter (m)

Stator outside dtaneter (m)

liunber of slots

number of poles

Length of the frame (m)

Thíckness of the fra¡ne (n)

Stator current density (n/rn2)

Field current density (L/r.z)

Total weight (f.g)

Ef ficiency at furlinq (i()

Ef ficiency at threshold (%)

20-160

o .3867

0. r969

0 .3662

48

40

1.178

0.00733
ht"5x10'

h0"75X10:

243.3

70.63

22 .56

sÈaÈor winding. The nevt design 1s shown in TabIe 5.1

This design has a beËter performance Ehan the last design

but the weight of the machine is heavier. The efficiencies

at furling and threshold are higher, hor¡ever they are sti1l

not within the f easlble range of over 7 5'/. ef f iciency at all

speeds. In order Èo obtain an opt.imal feasible desiqn, this

design is used as the starting, original design in the

optimisation program" Six lndependent parameters are chosen

as the variables"



5"1 Effects of Some

_64_

Parameters on l{achine Performance

The performance of

parameters. Arnong all

parameters are considered

( a) Average

(b) Stator

(c) Stator

( d) Current

(e) Current

( f ) Stator

the mach ine

these factors

depends on man,v

only six maj or

airgap flux density,

bore d lameter,

core length,

dens ity of stator rvinding ,

density of ffeld windlng, and

core flux density"

To show the effects of the above parameters, each

parameter is varied in steps in the orlginal design program.

Figure 5 " 2 to 5.7 show the performance of the machine with

each parameter varying alone while the rest are fixed. It

can be shown that for a particular range, the efficíency is

higher and the weight. is lighter. In order to improve the

performance, all six parameters are varied. An opÈimisation

technique is applied to obtaln the feasible design.

5.2 Oot.imf sation

The main purpose of opEimisation is to minimlze the cost

or the weight of the machlne while meeting the

specifícations. Dlfferent optinísatíon techniques have been

used for different applicaËÍons in the past. The least pth
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A design which satisfies all the specifications is called

a feasible design" Many other techniques require to sEart

from a feasible design, but with this method it can also

start frorn a nonfeasible desien. This reduces the effort to

obtain a f easible deslqn from a synthesis program. The

efficiency of the direct search meEhod was found to be high

for machine designingl0.

5 "2"1 Optimísation Problems

The basic mathmetical optimisation problern ís to

nínimize a scalar euanEitv v¡hlch is the value of a funcEion

of n variables xlrxZrx3.....rxn, i.e.,

-7 L-
Iapproximatlon method- with a direct search

used in Ehis particular study.

q
technique - was

(s.l)

as the functlon to be

a set of lndependent

attached to some of the

the variable xi is the

where

[ = f (X)

X = (xIrxlrx3.....rxn)T

The function f is referred to

minimízed and the vector X ls

parameters. There are constraints

parameters. A common constraint on

upper and lower bound in the form

xliSxi!xui

where xli and xui are the lower and upper bounds.

(s "2)
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Most lnequality constrainEs

f uncÈl-on of the form

can be put lnto constraint

(5.3)

the expressionFor

(s.2) is

B(xl rx2r..'rxn) ( n

he case of. upper and lower limi ts,

replaced by Ëwo expressions:

x]. xur

xli - xi <0

(s.4)

(5.s)

The region of search ín rvhich all the constraints are

satisfl-ed is the feasible region" The choice of independent

paraneters depends on lndividual deslgn, In this particular

deslgn the six parameters mentloned in the last section rvere

chosen.

5.2.2 0bjective Function

The objective function reduces the constrained problem

into an unconstrained problem " The best known sequential

unconsÈrained mlnimization technique of Fiacco and
lt

llcCormfck" vras shown not so efficient compared to least pth

approximation method of Bandler and Charalarnborrrl0.

The least pth approximatíon method $¡as used to formt¡late

the obJective functlon. In this method, the function to be
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minimized 1s formed into a constrainE function.

g(x) = Fs F(x) (5.6)

where Fs is the specifled constrained value desired.

The obj ective function is def ined as

al.gl q I.
P(X,Fs) = Il(X) [ I ( ----- ) ] q (5.7)

ieK M(X)

r^¡here ìf(x) = Max { ai"gi(x) }

qi 1s a position scaling factor for the
È l-'i-" constraint function,

q = p.sign(Ìf ), p¿l

gi(x) is the constraint function,

X(x) = t i, g1(x)>0, i e I I f or I1>0,

K(x)=fforl{<0'

I is the index set lr2r3.o.o¡IIto

There are tqro cases to be considered:

( I ) l'l>0, some constraints are violated , and

(II) If<0, all constraints are satisfied.

Case I

I^lhen some of the constraints are vlo1ated, l'f>0 ' the

objective funcË1on is the pth root of the sum of only the

violated constraints raised to the pth Po$Ierô The lndex



set, K(X), t.hat

X. The sample

constraints
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controls the sample points r 1s

DoÍnts are included 1f the

are violated, and exclud ed

dependent on

corresponding

when the

corresponding constraints are satisfied. The value of p

determines the weight placed on the larger consrraints.

When the value of p is larger Ehe maximum violated

constrafnË would be emphasized. Since the value of P is

positive the mlnimization method rvill attempt to minimize

the largesË constrafnt.

Case II

For the case when all the constralnEs are satified, ll<0,

all the sample poinÈs are íncluded in the obJective

function. This time, the value of q is neP>ative so the

least negative const.raínÈs w111 be emphasized. The

rninimízation method will atÈempt to reduce the value of the

consÈralnts function exceeding the specification as much as

posslble. The design w111 move aÌ.7ay f rom all the constraint

boundaries and enter the centre of the feasible regl-on.

The value of p used 1n the pro€lram varied from one to

nine. I,ltth larger value of pr the design converged faster to

the feaslble region. But. for values higher than ten ' error

may occur due to underflowing of coÍlPuter when Èhe

constraint functions approached zero.
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5.3 Specif ied Constraint Value And Scalin¡', Factors

The specified constraints for this study r¡tere Ehe weight

of the machíne and the efficiencLes at furling and

threshold. The specified weight was inltially set at a low

value. The specÍfíed efflcíencies at furling and threshold

\rere both set at 75il for the first run. The sPecified

wetght is adjusted accordingly after the rninimu¡n value of

Èhe obj ective function is reached. If the feasible region

is reached, the specified weight is reduced, otherwise the

weight r^rill increase.

1)
A method proposed by Morrison^ - for op timisation by least

squares was used to select Èhe value of the specified

constraint. The constraint value is updated after each

optimisation sequence by the formula:

Fs(i+1) Fs(1) + P(x,Fs(1)) (s.B)

I.Jhere P(x,Fs(i) ) f s the minimum value of the objective

functlon from the lthoptimlsation sequence.

In general, this method has ylelded good results for a

particular set of scaling f acEors. Horvever, due to sor'1e of

the constraint functions havlng Ëoo. much weight placed on

themr or due to uneven distributlon of scaling factors, iË

happens that P(xrFs(1)) has little effect on chanqing the
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cofistraint value. Another weightlng factor added to

p(x,Fs (i) ) is desirable in order Eo obtaln better results.

There are no fixed rules for selecting the scaling

factors. The scallng factors are selected arbitrarlly to

maintain a balance among all the constraint functions in the

obJective functlon.

5"4 Operation of The 0ptimisation Program

The optlmisation program is added to the ortginal deslqn

progran. The optimisation consists of t.hree subroutines

namely, Pattern, Search and FuncÈÍon. Fig. 5"8 shows the

flow dlagram of the whole Program.

The object.ive functlon and the constraínt functions are

ín the Function subroutlne. The Main subroutine 1s the

original deslgn program used 1n the previous design. The

Search subroutine is used to determlne the direction of the

search. The Pattern subroutlne determines the pattern of the

search and controls the sÈep size of the increment or

decrement.

lnitial1y, the Search subrouÈine finds the direction

tor"lards the minimum of the objective function at the first

base point. If Èhe search 1s sucessful, a pattern of

searches 1s formed in the same direction. If Èhe patEern
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f ails, a ner¡¡ dlrection has to be searched f rom the previous

base poinE. If the search falls, the s tep slze will be

reduced and the search restarÈed. The process is repeated

until the s tep síze is reduced to the sPecifled minimum

value. If the specified minimum steP sj-ze is reached but

still some of Èhe constraints are vlolaÈed, the

speciftcatlon of the rnachine has to be changed.

5"5 Test Runs Results

The design in Table 5.1 was used as the starÈ for the

test runs. The first run is to obtain a f.easible design

with 75% efficiency aÈ furllng and threshold " In the second

run, the specified efficíency is changed to compare v¡ith the

flrst run. The third test run is to obtaín a suitable ranqe

of rated output poúIer f o r t.he machine "

Table 5.2 shows the results of optlmal design of the

first and second run. In order to obtain a feasible design

v¡ith 751l efficiency, the minimum weight of the machine is

increased to I 610 kg. For hlgher specified efficiency, Ehe

welght of the machlne has also to lncrease. By reducing the

specified efflciency Èo 607,, the welght 1s still very high.

The field and stator current density have to keep very low

to reduce the t2R losses. The weight of the copper and the

frame constltuËe a great Part of the total weight. It is not

economtcally to have a 16I0 kg machíne with 20 to t60l'l
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TABLE 5.2

Results From The Test Runs

Core length (¡n)

StaÈor bore diameter (m)

Or tg inal Fi rs c Se cond
deslen rtrn run

: 0.3867 0.8853 0.0698

: 0" 1969 0 "21 I 0.2166

Stator outsfde diameter (rn) z 0-3662 0.6893 0.5028

Length of the frame (m) : l. I 78 I "477 0.8952

Thickness of the frame (m) : 0"00733 0"00545 0.00493

sraror current density (a/m2) : 1.5x106 1.69x106 2.2xro6

Fietd current densiËy (a/n2) :7.5x105 4.6xI04 1.26x105

Thresho ld magnetic loadinq (T ) : 0.6 0.33 I 0.276

Total weight (Kg) :243.3 1607 460

Efficíency at furling (7") :70.63 75.4 65

Ef f iciencv at threshold ('/") z 22.56 75 65 "2

output " Thus, a suitable range of rated output poerer is

s ough t. .

Different specified rated povrer outpuE of the machlne

\rere used ln the third test run. Fie. 5 .9 shows the minfmum

welght of the machl-ne at dif f erent rated po$¡er output at 7 5%

efficlency. It can be shor¡n that the best range of

operation is between 800I{ to l500I,i raÈed output.
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6" I Introduction

In this secEion E!¡o alternate

theory used in Chapter Tr.¡o will

Èypes of a1Èernate designs are:

l'Ìranfar \¡ï

ALTERNATE DESIGNS

(1) Field coils under poles type,

(2) Inverted machine type.

designs based on Èhe same

be introduced. The tvTo

These tvro types of

windlng conf igurations.

I has been carried out,

Type 2 d es ign wil 1

sensitiviEy of Type I is

desígn have t\.ro Cifferent field

A theoretical sample design on Type

and since both designs are slmilar,

be discussed only briefly. The

compared to the firsL <1 esign.

Type 1: Field colls un<1 er poles

The stator of this deslen ls the same as that of first

design, except that t.he field winding is placed inside the

claw-po1es. Fig. 6.1 shows the diag,ram of this design" The

f ield coils are surrounding a statíonarv shaft " The

statlonary shaft is held at one end and supported by a

bearing at the other end. The rotor is supported by three

bearings such that it can rotate on the stationary shaft.

- 81
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s1a10R
gI ED IFG

Figure 6.1: Type Brushless Alternator

The broken line represent the magnetlc path of this design.

There are still four airgaps in the magnetic path as in the

first desfgn; however, the shorter mean turn of the field

coil makes ÈhÍs type of design more efficient.

Type 2z Inverted }fachine

This type is speclally designed for the appllcation of

Darrius wlnd turbine. Fig" 6.2 shows the diag,ram of this

design" The stator and the field wfndings are situated on

the shaft which is staÈionary. The clarv-poles ring is
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SHAFT OF TURBTNE

CL A FJ.PO LES ÀI'XI LI ÀRY AI RGAPS

Figure 6 "22 Type 2 Br ushless At ternator

mounted on the blades of the turbíne. I{hen the blades are

turning, only Èhe claw-poles rinq is moving. The f ietd

winding resided on both side of the stator core remains

stationary. The broken lines show the magnetlc paÈhs of this

machine. The rnain advantage of this design is the shorter

field mean turn compared to the first deslqn. rn this

design, no additional bearing is required other than that

for the turbine. But the blades have to be rigid enough to

support the poles ring and mainÈaln the same afrgap at alI

times. This ls not easily achieved in pracËice and

therefore may not be a practlcal alternative.

l

I
---STAToR-4-
-IÀTIINATIONS> -

}!TND lUPBINÐ

FTELD COTLS
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6.2 Sample Design On TYPe

Sample deslgns rqith the same speciflcations as the first

design has been done r.¡ith the slmulatíon program. The

optlmal design of Type I is compared wlth the optimal

design of the fírst design. A suitable range of operatlon is

suggesËed "

Tabl e 6.1 shows t.he comparison of t\./o optimal designs

wlrh 75% specified eff.lciency. The weight of Type 1 design

is lighter than the first deslgn because the windings of

Type I have shorter mean turn" The loss in the field is not

as hlgh as the first desígn, so a smaller conductot sLze can

be used in the field Co reduce the weight. The frame and

the stator outside diameter are smaller than Ehe first

deslgn because the fíeld wlnding 1s sltuaEed under the pole

instead of beside the stator back core "

Type I machine has a po\Àrer output of l60Iù aË f urling but

the welght is I20Kg, which ís too high, only glving 1.3 I{/Kg

at f urling " Ftg. 6 " 3 shows t.he welght of the TyPe I machine

wiÈh 75"Á efficiency varied as the rated output Po\¡ter at

furllng increased. In order to have a machine glving 3 \'/Kg

or more, t.he recommended range of operation is between 400W

to 700IJ rat.ed ouEput po!¡er. For the rated Porlrer over 700l'J'

the weight of the machine 1s lncreased faster' and the rated

ouËDuÈ current rviÈh 8V connection 1s too high " Therefore,
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TABLE 6.1

Comparison of Two Designs

Core length (n)

Stator bore diarneter (m)

Stator outside diameter (m)

Length of the frame (m)

Thickness of the fra¡ne (¡r)

Stator current density (el^2)

Fleld current density (S/^2¡

Threshold rnaqnet.ic loadfng (T)

Total weight (r.g)

Efficiency at furling (7)

Ef f tc iency aE thr esho 1d (7")

First
Tloqion

0.0885

0.211

0.689

r.477

0.00545
n1.69Xi0"

¿!4.6X10'

0.338

1607

Type

0.03

0.273

0.477

0.189

o .0 127

h1.35xi0-
h3"IXl0"

o .322

r20

75"2

I

it is not practical to go for higher por,rer ouEput unless the

rated voltage of the machine fs lncreased as we11.

Although Type I is more conplícated to fabricate, the

weight is much lighter and the efficlency is higher" For low

pol,rer output and 1ow r.p.m., Type I design can achieve

better performance than the first design. For higher rated

po\ter outputs, both designs will provlde a llghter machlne.

So it is recommended that both designs should be applled for

machlnes of hlgher ratings.
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Chapter VII

CONCLUS IONS

The fo1lowíng conclusions are drav¡n from the research

work described ín this thesis:

( 1) The deslgn concept and procedures for the desÍgn of

a brushless alternator are practlcable '

(2) The fÍrst design 1s not sultable for machines of Ioru

raÈings.

(3) Type I desÍgn has potential to be a viable candidate

f or wind por^7er Beneration.

(4) Both designs are suitable for operation aL higher

raÈed voltage and higher rated power '

(5) The leasÈ pth approximation method wíth a direct

search technique stas successfully applied to the

brushless alternator design.

Suggestlons for future vrork are:

(l) The flrst design has to be further developed to

ellminate the high field Ioss"

(2) The brushless Lundell alternator design concept can

be extended to areas other than r'¡indPor'¡er '

-87
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Append ix

Leal',a¿,e lf ut.ual Induc tance of The Slot

The mutual índuc tance of the coil B due to the

current in coil A is equal to the rnutual inductance in

A due to the unit current in coil B, i. e.

Lab = "Àba

unit

coil

(l)

SinCe the Cu¡'rents in each COil are ôrrt- nf nhrqo by an

ang 1e 0 , assume the currents are given as

ib

In. Sin or t

In.Sin(¿,.rt + 0 )

lr)

(3)

!,7here Im 1s the maßnitucle of the currents

The total flux 1ínkase in co11 A and coil B are

Va = 7a.ia +,l.ab.ib (4)

Vb = "a"ba.ia + "A"b.ib / <\

Substitute Eqns. (2) and

leakage in coil A becomes,

(3) into (4)' the total flux
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,l-ab.Irn.Sin(¿¿tVa = Ta"Im.Sina-lt +

The voltage induced on coil

d9{a

dr
Va

+ 0) (6)

(7)

¿¿.Im.,1"a.Cos¿¿t + o.Im."tr"ab.Cos(ot + 0)

Vl.Cos @t + V2"Cos(¿¿t + g )

vrhere t't .Im .7a

a-¡.Im.,Â.ab

Va can be represented by the follov¡ínq phasor diag,ran

The magnitude of Va AS

(vt2 + vz2 + 2.v1.\¡2.cos 0 7Lt2

VI

v2

lva I

Slnce the inductance of the coil 1S

(8)



'9 2-

l\tal
La = -F--

Im "¿,-¡

= ç),a2 +).ab2 + z, ;-a.Âab. cos g )r/ 2

Sinilarly, the inducEance of coil B is

Lb = (,tb? + A^bZ + 2..À-ab.,l.b.CorO )I/2 (10)

(9)
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APPENDIX I I

Program Listing

sJo B cÀlFrY CAEUFG,BOEXT
c
C DESIGH PROGEÀE OF BBTSRLESS ÀLT38TÀ1OB
c
c
C DESIGN=1 : FIRST DESfGN
C DESIGN=2 : lYPE OHE DESIGII
c

REÀL T (6)
EBÀD,LÀ,DESIGN
REÀD, (l (K) 

' 
K= 1 , LÀ)

cÀLL rÀIN(EPPPTEPpT,IOTST,I(1),I(2),X(3| ot(41 oX (5),t(6), 1,
ð DE sIcN )

STOP
END

HÀIN

SI] BROI]TINE HÀIN (E FFF, ËFFÎ,T0181, B ÀYT, DB, LBNGG, JS, JF. BCÀ, KCO N,
aDE SlGH )

REÀL [T,NF"!ÀltDÀ
RE AL IFB, IFC, ITB, I1C, IFFÀ T IPFB' I.FFC, I RI.T, T RLP
BE ÀI LENGI, f,EHGG, IFL, IPP, LF,KO, HSP,LGE, JP
NE ÀL LE,LH , !P, JS, KP, KD, LB
R E ÀI, K T¡, KDT,K ÐP, LG S, I.PS, I TH, N P, II PB, NP C, }IS
REÀt LSF,LST,LFLUX,ÍE,TI, IFT,IÀT, IBF, ICF
BF=0.75
BB =0. 03 807
CO PS= 2
DENc=8900
DENS=7700
FF=0.4
FP À=4
FPB=2
FPC= 1

E3=0.002
E2=0.003
KO=0. 6 5
K9=0.999
KD=0.966
KP=0.966
LGE=LGS=0.001
flC=12
HP=4
llP B= 2
NPC=1
llS =72
PO l1=2 0
PO 9F= 1 60
PH ÀSE=3
PF=0.6
PI=3.14159
POLES=24
FHo=2.1 E-8
BPIF=17r¡
BP itl=87
SF=0. 4
S=0.002538
ÎP P=3
ûO=Pf*4"E-7
YP BÀ= I
YPHB=16

5
6

c

c

7

B

9
10
11
12
l3
14
1s
16
'17

18
19
20
¿l
22
23
24
25
26
27
28
29
30
31
J2
33
3¿¡

35
36
37
J8
39
t¡0
It1
42
43
44
lt5
¡¡6
q7
48
49



50

-9 4-

YP HC=3 2
c
C****t*8**g*ÉA+***+**A*!üAS*:*,8**AgSSA*S*'gsl**94+gS*g+*Ê'8Ê8g4sf**a4S{
c
C CÀICOLÀlION OF BLECÎRIC LOÀDIïG
c
c

yLrxÀ=ypHÀ* (sQBT (3" 0) )
vLrrB=YP8B* (SQRl (3. 0) )
ELIHC=YPHCû (SQRl (3"0) )
BÀ VF= BÀ V1,/2
FT=PO.LES*R PnI /120
FF=POLES*BPÉP /120
XP=RPlt P/60
t1=RPtt 1/6 0
Qf =Po r F/PP
Q8=Po8Í/PF
LCP=Q? / ( 1 0. 95 5*NFûBÀ yF*Ks*!EüGG+DB**2 

)
ÀC T= ÀCflB
GÎ =1 0. 955*ÀC1*BÀ V1*KU* 1. 0E-3
GF=10. 955ûÀCP*BÀVP*Kg*1. 0E-3
PST=PI* tBitf l
PSP-PI*DB*ìl F
LE NGT= LEIIGG * O. 9
Pp= (pl* DB) //POLES
PEIP=BÀYÎ*PP*LENGI
PT TPF=BÀVF*PPgLEÑGI
PE =PP*0" 7

c
C*Û4******¡È¡*+å****+t**¡******A,f*r**t*ú$+++*)È****¡ES******+*!****:È***!Èr***+**

C CÀLCI]LÀÎTCN OF lNE S1ÀTOF EIND]NG

c
c

19 ¡1=vp g ¡* 1 . 05 / (0. 1 1 62 4*Bp¡tT *Krì * EÀV 1* DB* LE NGI)
TP HB= ÎP Il* 2
TP HC =1P B* tr
rF = PO T P / 13* PF * V PH À )
T-T.=PO YT / ( 3r PF*Y PHÀ )
I? B=PO 1P t/ ( 3 *P f *f P HB)
fl B=POB 1/ (3 tPFtVPBB)
IPC=POVE/ (3*PF*vPHC)
IlC=PO r 1,/ ( 3*P FTVPFC)

c
c
c
c

G=NClPHÀSE
GPC=c,/POLES
IP P= IP¡lNP
CO pp= G,/ N p

TP C=1 P H/CO P P
CP S=TPC+COPS
ÀC=CP S * IPP
ÈS P= t S,/POL ES

c

IS =P I* D B,/llS
Tg=1542 /5
g0 =IS- 1 U

ÀSCS=IPP,/JS
ÀS =ASCS*CPS,/S F
B1=À S,/s 0
D= EO+ S

51
52
53
54
55
5ó
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80

81
82
83
84
85
86
87
88

89
90
91

92
93
94
95



96
97
98
99

100
101
702
103
104
t05
106
107

r08
109
110
111
112
113

114
115
t1ó
117
118
119
120
121
122

r¿3
124
125
't26
127
128

129

r30
131

132
133
134
135

136
137

138

139
1¡{0
141
142

.!43

c
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ÀLPHÀ=ÀRSIÈ (D,/YS¡
cP=Prû (DB+HT) /POLES
CC=CP,/CoS (ÀLPEÀ)
LH=CC+BB +tT {LEìf cc
L[=2*Lft
LP-COPPSTPCSI.f{
BP =R flO*LP¿lÀ SC S
8P H=Bñ O*LP,/ (¡l *ÀSCS)
BP flB=8 P

BPHC=RP*4.
LST=3 *RPH*IT*'ù2
LSF=3üFPHSIF**2

cÀLL EDDy (tOrÂSCSrCpSrpr, gorBHorKDl,pll
ctLl EDDr (UC, ÅSCSrCps, pIr0orEHO,KDr, Fp)
EDT=KD 1*LS1
ED F=K D F'ÈL S.F
STLI= (EDT+¿51¡ *9.2
SILF= (EDF+LSP) *0.2

Bl =HT-H2-H3
cÀ LL L EÀK ( FT, H1 .tsz rH3, HO, L CrlpC rpI, LEFcI, D8, lts, polEs, r1, xoT)
cÀLL L EÀK (pF, EI .H2 rH3, gO, UC rlpC, pr, Lgìt cI, DB, NS, pOL E5, r F, XOFi
1¡1'= (XI +XOT) // 16
¡¡¡= (xt+xoF),/16
¡BT= (xT+XOÎ) /4
¡gp= (XF +X,Oîl /u
XC 1= X 1+ XOT
ICF=Xl+XOP

HC=PHIP/ (28 LENGI*BCÀ}
DO S=DB+ (HÎ+ ¡tC +LGSI *2
FFLUX= 8ÀYT*PI ÛDB*LEI¡G I/2
ÀF=PFL gX/BF
cÀLL ÎHICK (ÎP,DOS,ÀP, Pr)
DO =DOS +1 F+ 2

IP (DBSI6[. EQ. 1) TflEII DO
c
C CÀLCULÂTIOT OF FIRST DES¡GN FTELD ¡IRDIIIG
c

LF=0.0001
cÀLL F 1 (ÀTFDp, ÀÎFD, ÀTÀ B, À 1À81, IS, f O, lf sp, LENGI, LENcG, pH Ip rpflIpF,

eLGS TLG E, pOLES, DBTDO,DOS, 1F, LF, p¡, NS, HT, lpp rK9 rl pH, IF, I T, ito, pr -

ô, HC, BT À, BTtF, BCÀ, BCÀFrÎp, LpsrTE, 1, BFI )
LL='l
¡nrLE(LL.LE.5) DO
CÀLL PBÀI'E (LF,HC, LENGG,JF, ¡1FD)
cÀLL Pl (ÀTFDP T ÀTFD rÀTÀR' ¡1ÀRT' is' Eo' IsP'LEñcr, LENGG, PH r prpHrpF,

aLGS, LGE, pOLES, DB, DO,DOS, 1p, LE, pA .ìS. 91, Îpp" KU, TpH, IF, IT TUO, pI
arHC, B1À, BTÀF, BCÀ, BCÀp,1p, LpsrlE,1, Bpl )

LL=LL+ 1

EN D EflI.LE

EL SE DO
c
C CÀLCTLÀTION OF lTPE 1 FTELD BIIIDITIG
c

LR=LEll G G

Ill=1
cHrl.s(IN.LE.5) Do
CÀLT F2 (ÀT PDP, À1FD, LPS,1P, iS, H O, NS P, LENGI, LEN GG, PH IP,P H IPP,

aÀcpp, LGs, LG E, pI, DB, pB, Uo, HT rlpp, fl c rpoLES, IT, IF n ipH, xxo nTÀF,
ð BT À, Bc à p, Bc À, rR, ìts, Dos, DF, Ds, ÀTÀË, ÀlÀ gr, TBt
cÀLL LBI{c (L8, À1FD, JF.DRTDS, RRF, Xts)

c

c
c

c



144
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147
148
1q9
150
151
152
153
154
155
156
157
158
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IN=Ill+1
END SHTLE
cÀLL p2 (ÀTFDP, â1pD, LpS rlp, yS, g 0, HSprL ErGI, LEtf cG, pH Ip, pHIpp,

AÀGPP, LGS,LGE, PI, DB,PU,I'O, fl 1,1PP, HC, POLES, I1, IP,TPH, KH, BTÀF,
ô BT À, Bc À p, Bc À, LB , us, Dos , DE, Ds, ÀT AR, Àr a BTe T B)
EC=0.01269
lF=0.01269
LP=LPS+0.02538
EFD IP
luT=( ( ( (De+24llTl ,/21 +12- IDB/21*s2) ûpI-ts4sOûHTt *LBt¡GI*DEùs
crf T= ( (Dos**2) - (DB**21 ) *PI*LEIcr*DEtts,/4-THî
cÀt¡, IRoH (81ÀFrFFrlrlr PlF)
cÀLL rFOt ( 81À,F1,TtT,PÎT)
cÀL¿ I FON (BCÀP,FFTCTT,PCF)
cÀLI. IROIí ( 8cÀ, PÎ,cgT, PCl'

I RLl=PC1+ PÎ1
IfiLP= PCt +PT F

c

;
C*tl*¡ß,ß***'ü+Û*tt|***{¡t+,û*¡t$**¡Erf**rl¡t¡t***¡tS*ri*¡S'F*:ÈrÊ:8***t****r8*rSl!*t***¡t**+¡s*,
c

rF (DESrGil. EQ. 1) THEIt D0
cÀ LL pH 1 (ÀSC,1P¡,RF r.I pF, pLF, ÀTFD, RHO. pI, JF, HC, DOS, Dp)
cÀLL F 1 (ÀTFpp, ÀlFF rÀTÀ8, A1À RT, yS, tdOrNS p, LEdcI, L BltcG, pH I p, pHIpF,

ôTGS, LGE, POLES, DB, DO,DOS,TP, TP, PT, NS, 81, ÎPP, K g, 1 PH, IF, IT, TIO, PI,
aHc, BTÀ, BTÀF, BcÀ, BcÀF, Tp rLps,lE, 2,BF2l

IC F=À1FF,z (4 " 
+TPF)

IAF=ICf*4.
IB F=ICP*2.
PLFB=4. tRF*ICF**2.
ELSE DO
CÀLL FH2 (ÀSC, TPT,RF,IFT,PLP, ÀTFD, J F, LR, RHO, PT, DS, DP)
EN D IF
YOLP= (DOt*2-DOS **21 *PI'LF/U
cÀLL STEEL (FBUl,YOLF)
ST E1=1 r I +C CT
YOLP=LPS*P t*TP*POL8S
cÀLL SÎEEL(PPCT,VO¿P)
Y0LPS= ( (DB-2* (ÎP+LcS) ) +*21 tPP*0.02538/4
CÀLL ÀL (PStaT, rolPs)
SIT= I 2 ¡Ë LP¡ß DENCr ÀSCS
FE 1= 4 +TP F* P If DF*D E NC* À SC
IP (DESIGN. EO. 1) THEN DO
VOLER= ( DOS *+2) tP I*fB.t 4
cÀLL SlEEL (ERTT,VOLEP)
10 1t1= Fn tT +pp I I +pS tT +p H 1a 5 H1ùE Rt 1+ ST H I
ELSE DO
YOLSD: (DR*t 2- D5**2, 4 Pf*rIR/2
cÀLL STEEL (SD r¡l,YOLSD)
VOLEC= (DO**2) *PI*g . 02538/2
cÀLL ÀL (ECnÎ, VOLEC¡
10 I CT= PR tT+ P PE 1+ PS Ë1+ F S 1+ S E 1+ S D¡tÎ+ ECC I +ST ¡T
EN D IP
BF À=RF,z4
RF B=R F
BF e=BFE 4
IFFÀ=IPI*4
IFFB=IFF+2
IFFC= I F F

c
C*ú**'**,s*aA*48*8¡8*++*'ùt*+E**+,gãrS¡*ÉS**8******AS**,8****'È'*****:*8*+*r*

C EFPICTEHCY

159
160
161

162
163
1br{
165
166
167
168
169
170
171
172
173
174
't75
176
177
178
179
180
181
182
183
184
185
18ó
187
188
189
190
191
192
193
19A



195
196
197
198
199

200
201
202
203
204
205
206
207
208
209
210
21 1

212
213
21 4
215

216
217
218
219
220
221
222
223
22q
225
226
227
228
229
230
231
232
233
234
235
236
2J7
238
239
2tt0
241
242
243
244
2tt5
ztr6
247
248
249
250
251
252
253
254
255
256
257

c

c
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lOLI=L ST+ED1+S1 LT +PLF+IBI,l
TOLS=LS ! +EDT+STLF+PLPr+IRLP
EPFl=POE?* 100. / (POrl+TOLT)
EF PF=Po sPû 1 00 . / (pocF+TotF )
OPF= (EPFF*û30ITOTTT) * 1 . 0E- 60

IF (DEsIcN.8Q. 1) 18En Do
sFo=L F* DO*P I
sERO= ( (DO**2.)- (pe**2.lrnpl/2.
DI=DOS- 240.6 *fiC
s Fr=L P* DI* P I
sEEI=PI+ ( ( DI*f2. ) -(DB**2. ) )
S1À=SFO+SEFC+SPI+SEBI
cALL lEtPl (PHIÎ,TT,ÎOLT,5TÀ)
CÂLL TE|IP1 (PHIF,TlF.TOLF, STA)

ELSE DO
S FO= LF*DO* PI
SERO= (DO**2. | *PI/2
cÀLL 1EËP2 (PHIT,TT,TOLT,SPC,SEAO)
cALL 1EËP2 (pRIr,TÎp,ÎO!F,SFO,SEEO)

END IF
IF (KCOI¡. EQ. 1) lHEN Do

PRINT 1OO
P8rNl 101
P8rNl 102
PRINT 103
PRINl 1O
PRINT I 1

PEINT 12,QI NQP,QT.QF' QT, QF
PRrNT 1 3 rpOftT,po8prpoliT, porF, pouÎ, pog p
PR INT 1 4, YLINÀ, YLINÀ, YLINB, YLI IiB,VLIIIC, VLINC
PBIIIT 1 5, VPHÀ,VPHÀ, VPHB,YPfl E,YPHC,YPBC
PBINl'104, rT, IF, ITE,IFBTITCTIFC
PBTNT 16,PP,PF,P8,PP.PP, PF
PBINT 1'1 .81 .EYt rlrFP,FT,FF
P8 INT 18rBptil ,Rpttp, Ep¡llrEpltprFFlll ,RpËF
PÀIl¡1 l9,poLEs,pol.Es,poLEs, pcf,Es, poLEs,poLEs
PRTNl 2O
PBINT 21
PBrNT 22.8À,y1, EÀvprBÀy1, BÀVf ,B¡VÎ, BÀvp
PB rNT 23, lcT,ÀcFrÀcÎ, ÀcF, ÀcT, ÀcF
PBIltl 24rcT,cFrGTrcF, cl,GF
PEINT 25,D8,D8, DB,DB,DB,DB
PEIXT 26.DOS.DOSTDOS, DOS, DOS, DOS
PB INl 27, L EIIGG, LE TGG. I,E IIGG, LEI|GG, L ENGG, LE!IGG
P8 IN T 28, LENG I.LEÙ GT, I,E IIGI, LEIIGI, L ENGT, LEN GI
PSIHT 29 ,PP . PP, PP, PP, PP, PP
PBINT 30,ÐOrDGrDO, DO, DOrDO
PAINl 3l rTrrTFrTPrTSrlPrlP
PRIIT 32.L8 .LP,LF,LT,LF.LF
PBIIT 33, Do, DO, DO, DOTDOTDO
PBINT 34,DB,DB,DB,DB, DB,DB
rF(DESrcH.EQ. tl lHEH DO
PRrNl 35r1ErT!rlErTErTErlE
ELSE DO
PRINT 123rTB, lRrlRrlnrlFrTÀ
PRIRT 12II .EC, EC,EC, BC,EC.EC
EHD TF
PBII¡T 36
PBINT 37
PB IIIT 38
PBrNT 39rNPrIPrHPE, FPB, ÈPC, ìPC
PBINT 40rlSrAS, !{SrH5, ltsrHS
PRrNl ¡tl rcpcrGpcrGDc, cpc, GpcrGpc
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276
277
278
219
280
281
282
283
284
285
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287
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PB rXT 42TCPSTCPSTCPSTCPSTCPS,CPS
PRr[T 43 r?pHrÎpfl ,lpBBrrpgBrTpHcrlpHc
PBTIT 4q,KP,KP,KP,KP,KP,KP
PSIl¡1 45, KD, KD, KD, K-D, KD, KD
PBrü1 46rK¡ rKErKUrÃE, KUrKE
PRIrT q7, tSCSrÀSCSrÀSCSrÀSCSTASCS, ÀSCS
PR INT 48rJ5rJ5rJS rJS, JS'JS
PBIltl 49rIS rlSrYSrtS, IS, IS
P8IHl 50r8O,YO rUO rEO.U0r gO

PRIì¡1 51 rHÎ r8T, HT TET, HTrHT
PBrxl 52,lgrTtirTH, 1gr18r1H
PBIET 53,RPE, EPB, 8 PHB. 8P88, BPHC.EP tsC
PB I[1 5 qrLSl, LSF, L51, LSF, LS1,¡.5F
PRINl 55, EDT, EDF, EDT.EDF, EDl,EÐF
PB rN I 56,STIT,SÎLp, ST¡,I,STIF,SÎtT, STtF
PSINT 57, XÀT, IÀP, XBT, !B?, ICT,XCF
PB INT 58
PErt{Î 59
PRTHT 6O
PRIIT 61 ,Pg ,Pfl, Pg, P¡¿, FH, Pk'
P8 Il{1 62 rTP rTPrTPrlP, ÎP, ÎP
PBINT 63,LPS, LPS.LPS, LPS. LFS, LPSpBrltl 64,lpFrlpFrlpF, lpF rTpF rlpp
PRITT 65,PPÀ,FPÀ,PEB, PPB, TFC, FPC
PR rNT 66, ÀSC, ÀSC,ASC, ÀSC, ÀSC, ÀSC
PRI}IT 67,I¡FÀ, IÀF, I FFB, IBF, TPFC, ICf
PRf FT 68r.lR tJ? tJF.¿P TJPTJF
P8Iì¡T 69 rBF À, RFÀrAFB, 8FB, Bf CrBPC
PR II{T 7 O,PLE.PLFP.PI.F,PLFF,FLP, PLFP
PRTNT 71,PST, PSP,PsT. PSF. PST,PSF
PBINT 72
PBINT 73
PRIIIT 7 4,P H IP,P8IPF, PHIP, P BIPF, PEI P, PBIPF
PRrHl 75, BCÀ, 8CÀr, BCÀ, BCåF, ECÀ, BCÀF
PBrNl 16 r81 À. BÎÀprBlÀ rBTÀp,B1A, BTÀp
PErHT 77 .Br1.BE? rBt1, Bp2,BE 1cBEz
PBINT 78,LGS, LGS, LcS, LGS, !cS, LGS
PBIHT 79,LGE,LGT,LGE.LGE,LGE, LGE
PR I[1 80,ÀTFDP,ÀTpFp, ÀT8Dp, ÀTFrp, ÀÎFDp, ÀlFFp
PRINÎ 81,ÀTÀRT,ÀTÀ8,À1À81, ÀÎÂR,À1ÀHT, ÀTÀR
PnIHI | 1 1

P8rNl 1 12
PBINl 1 1 3rStTrS¡tî, Sl¡T, SrTr5Ll rSfll
PBIIT 1 1 4,FETrFBl, FgT,FtalrFtT, FB?
PBIt¡1 122,STtT rS1r1,STr1,S1tÎ,S1f T,51tT
PBrtl 1 1 5, P8f T,FRtl,FRET,FRtl,p8tT,F8UT
PBIrT 1 1 6rpO¡lrporl,potT, potT,po¡Î,pogT
PBIt{Î 1 1 T,pSrTrpsgTrpsflT, psll, ps¡fT,psgT
IF (DESIGN. EQ. 1l lHEÌ¡ DO
PArNT 1 18, ERtf T,En9lrEÊt1, 88r1, EErl, ERIiT
BLSE DO
PRIHl 1 19rSDlTrSD¡IrSDtfl,SDhl,SD¡lT,SDHl
PB rt¡T 1 20, ECHITECgTTECUIrECSl, ECHI,ECHT
ETD IF
PRINT 1 2 1, TOl gT, 1O1gT, IOlHT rlOTgT, TOl¡tT,TO1¡ùT
P8IFÎ 82
PBrl|1 83
PBINl 444,PHIT,PBIP,P8IT, PfIIP, P8T1, PHIF
PBrltl 445, T1, ÎÎF, rlrTTFrtT,lTF
PBI[1 84,TRLT. IBIF, TRLT, IBIF, IRLl, IRLF
PR It{T I5 rLSÎ, LSp, LST, LSF, LST, LSp
PRIIIT 86, EDT.ËDP,EDT,EDF, EDÎ, EDP
PRIùT 87,STL1 rSÎLF,SÎLÎrSÎLF,5TLÎ,SÎI,F
PRIIIl 88,PLF, PLFF,PLP, PLFF, PLF, PLFF
PRrtfT 89r10LÎ,ToLF,tOLÎ,TOLF,ÎOLÎ,ÎOLF
PRI NT 90, EFFf , EPIP,EFE¡, EPFT, EPfî, EFPF
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J44
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100 FoREÀT(t'lr,¡t7x,r8 y" ottTptJloê21 x,¡ 16 v. ourpuT! 021X¿t 32 y. oulpul
a)

102 FoRllÀ1(r0t,40Xrr THRESHoLD !r5XrtFURLIt{G',10I,. THREsHoLD |,5X,
a¡FUBLINGr rl0X,r THRESBOLD ro5X, o¡gp¡1¡6r¡

103 FORtIÀT(r | ,40X.. --------- ¡r5Xnr -------r ¡ 10Xr r --------- . n5X,ar-------r r 1 0x, | , o5xn o------- r)
'1 0 P0EnÀT(. rr.BÀTINGrl
11 FOEËÀ1(! rrr------. o///l
1¿ FORËÀT(! .,tFULL LOÀD (VÀ) I r,F10.5,4X,

¿ùP1 0. 5, 4In. l r, 4I rPl 0. 5, 4X, ¡1 0. 5, 4I, r ¡ r ¡ 4 Xr F1 ù. 5, qx, p 1 O. 5)lJ FORttÀT(r o,rFuLL LOID pO¡fEB (r) : r,F10.5,4x,
ôPl0. 5, 4Xr. |,, 4IrF10. 5r4X,p10.5r4Ir. l' 

" 
4I, F1 O. 5r4x, F10. 5)14 PORI{ÀT(r r,rLItE YOLTÄGE (Y) : r,p10.5,4X.

_ ôPl 0. 5.4x,. | . ,4I,p10.5r 4x,F 1 C.5,4xr. l, ,4rop10, 5,4X, F 1C. 5)
15 PoRttl(, 'n,pBAsE voLtÀGE (v) ¡ ,,Fig.5.4x.

ôP1 0. 5, 4Xor I r, 4rrF10. 5r4rrp 10. 5r4X,, l r, 4X, F10. 5, 4N, F1 0. 5)t04 
-POR|{ÀT 

(r t , TCUBBEI¡î PER PHÀSE (À, : r, p10.5,4!.,
¿ùFl 0. 5, 4x,. |,, 4x,rl 0. 5r4xrF 10. 5, 4xr, I . . t¿x.p10. 5, 4x, F10. 5)16 POPIIÀÎ (r TTTPOICER FÀCÎOR : rrF10.5r4X,
ðF1 0. 5, 4I, r ¡ r, tll.?10. 5r 4Ir p1 0. 5rrtx, ¡ | r, 4x, F10. 5, 4r, p1 0. 5)17 FORHÀÎ(| !,TFBEQUENCY (HZ) : r,FiO.5,4X,
aPl 0. 5, 4x, o l r, 4IrFl 0. 5.tIX rF 1 0. 5rrtI, € | !,4x,p1 o. 5, 4I, F10. 5)18 FORðÀT(|,,,SPEED (BPË) ! 'rF'| 0.5r4X,ôIl 0. 5. t¡x, | | r, 4Ir!1 0. 5r4¡r¡ 1 c. 5r4I,' I o o 4I¡F10. 5, {X, F 10. 5)19 p0Rt1À1(, 

"rH0!BE8 
oF POLES : !.pio.5r4x,

aPl 0. 5r4X,t I r, 4X,Fl O. 5r4Xrp1 0. 5r4x, r l r, 4x, F1o. 5, 4I, F1 O. 5)
20 H)nñÀT(r00,'fiÀIü DIHENSTONS0)
21 FoRhÀÎ(r rr.---- -.o///l
22 FORhÀT(. o,IHÀGNETIC LOÀDfNc (T) ! ,oF10.5,4X,

òP1 0. 5,4X, I l r, 4j( rp10. 5r4x, F1 0. 5,4x, . I, 4r¡rrF10. 5,¡tx, r1 0: 5)23 PORIIÀT(r ,,,ELECTRIC LOÀDIttc (AC/åI ! r,F1C.3,qX,
aFl 0. 3, 4x,, I r, rlxrF'l 0. 3r4x,p 1 0. 3 r4x, | | ¡,4xrplO. J, 4x, F1 O. 3)24 FoRllÀT(r t'rouTPttr coEFFrcIlNT (KvÀlRPs/t{**J} : r,E1c.q,qx,
dE1 0. 4, 4X,, | ., 4X rE 10.4 r 4XrE 10. r¡r4I, . I, . 4lre10. 4o ox"E10: q)

25 FOBIIAT(| o,tSÎå,TOR BORE DIÀHDTEE (H) : ,,Eio.4,rlx,
431 0. 4, 4X r, | ¡, 4XrEl 0.4rr¡XrEl O. ¡¡ r¡lx rt lr, 4xrE10. 4, rlx, E1 0. 4)26 FOB¡|ÀT(, r,!5ÎSTOR OUÎSIDE DIÀñETEB (E) . r,E10.4,4X,
481 0. ¡r r 4 X, r l ",4x rE10. 4 r4Ir E 10. q r 4X, ! l r, 4X, 81 0.4 r 4¡, 81 0. 4)

27 PORttÀT (¡ . 
n rGRosS CoRE LENGTB (t) : |, Eì 0. q,4I,

aEl 0. 4, 4xr. l r, 4x rE10. 4, 0IrEl C.¡¡ r4I r. l r 14'. ,E10. 4, 4X, 810. 4)
28 P0RËÀ1(. ,,.IRCU LEtlcTH (tt) ! r,E10.4,4X,

ô810. 4, 4Xr. I t ,4Xr810.4,4X, E 10. q r4X,. | . ,4Xr|-1 0. q, ¡lX, ts 10. ¡{)
29 FORIIÀÎ (. r , ¡POLE PITCH (ll) : ., Ei 0.4, tlx,

ôEl 0. 4, 4Xrr l r r4x,El 0. 4 r4XrE10. 4, rlr, I lr, 4x,810. 4, 4x, El0. 4)
30 _ PORttÀÎ ( t t ,. FBÀttE OUTSIDE DI¡ñETEB (Ë) : |, ElO.4r4X,
- ô E t 0 . 4 , 4 r , . I t , 4 x , E 1 0 . 4 , 4 r , E I 0. 4 , q r , | | | , e x n E I o . 4 , rt r , E 1 0: r¡ )3l FORfÀ1 (t ,,,IHICKHI:SS OF THE FRÀñE (tt) : r,E10.r¡,4X,

aE1 0. 4, 4X. r ¡ I . 4X.Zl 0.4, rtxrE 1 0. l¡r0x, r I r, 4X, E1 0.4, 4X, 810. 4)32 F0RllÀT (, t,tLENGTH OF THE FFÀIE (tt) : r, Et0.¡¡,qX,
ôtsl 0. 4, 4x,. | | ? t¿xrE1 0. 4r4X,E 1 0.9,4X, | | | n4 I, E1O. 4, l¡I, E1 O. 4)

33 FO8¡lÀT(r ¡,rEND-RI[c O0lSIDE DIÀãETER (ñ) ! r,ElO.r¡,4X,
aEl 0. 4, 4X,r | ., 4x rE1 0. rl, 4xrE 1 0. 4 r4I r' l r,4X,3 10. 4,.tX, E 10. 4)

34 PORnÀT(r r,rEnD-RING IilSIDE DrAllErEn (n) : r,Eio.4,4X,
dEl 0. 4, 4Xr r I r r4X.810.4, l¡xrE 10. 4r4Xr t l r, 4X, E1 0. tt, 4x, E10: q)

35 _POR¡ÀT(t t,tTHICKüDSS OP lHE EÌID-RING (tt) : r, ElC.4,qX,
aE1 0. 4, 4X, 0 | r rgxrE10.4,4xrE 10. 4, 4xr. I o, 4x, 810. ¡1, 4x, E1 0: 4¡

123 FORãÀT(t t,TTHICKHESS OF THE SHÀFT DfSC (H) : r,Et0.4t4Xt
a E 1 0 . q , 4 ! , r | , , 4 x , E 1 0 . 4 o 4 X o E 1 O . 4 , 4 X , r I r , 4 X , E 1 0 . rt , 4 x , E 1 0 . r¡ )12U PORttÀÎ(. ' ,,ÎEICKÌ¡ESS Op TtsE END cÂp (t{} : r, Et o.q,4L,

- ò81 0. qr 4xr, I o ,4XrE 10.4rqIrE1 0.414xn | | , o4x, El0.4 r 4X,810. 4)
36 PoRllÀT(c0',.sÎÀToRr)
37 PoRllÀT (. r , r------, ,///l38 FoRHÀr(r rrtBrHDr[G : Tso LÀïERS p

¿à sLol .)
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39 POBHÀT(o.oóËUSBEB Of PÀRÀLLEL CIBCSII : 0,Fl0"5'4X,
aFl 0. 5, 4xr0 | r r4f, ,F10. 5 stlxrP10. 5rEr, I | ¡, 4!, F10. 5, 4x, F10. 5)

40 FOBËÀT(. r n!Ët¡ãBER OF SLOTS 3 rrP10.5rgx,
ðF10. 5r 4Xo r ¡ r , tll rP10.5, tlItP 10.5r¡lIr 0 | ' ,4X, Fl0.5 r 4I, F10. 5)

41 FOBIÀT(. I o,SL01S,/POLET.Pñù,SE : 
"Pl0.5rtlx,aFl 0. 5r4io. l r, 4xrF10. 5r4rrF 1 0.5rltX,, I . n4XnP10. 5, 4XrF10. 5)

42 FOBÚÀÎ(r r,rCOüDIICÎOBS/SLOT : r,P10.5,¡lX,
aPl 0. 5, 4rro | .,.lIrP1 0. 5r4NrP 10.5rttX, r I r r 4XrFl0. 5, 4X, F1 0. 5)

43 FoBüÀT(,.,|TUBUS/PÀBÀLLEL CIFC0IT : rrF10.5,4I,
ôFt 0. 5r 4Xo' l 

"'ltrFl 
0. 5rtlXrFl0" 5r4Xr t | | o 4Xn F10. 5" 4Xr F10. 5)

¡¡4 FORISÀÎ (r rrrplîCll FÀCÎOR 3 ¡rF10.5r4X,
apl0. 5,4x rt I r, 4xrF10. 5 r4L,?10. 5 

"4x, 
. lr, 4\,F10. 5, 4X, F10. 5)

45 FOREÀT (c , ntDISTBTBUTIOI FtClO8 ! 
"P10.5,t¡X,aPl 0. 5, 4x, ! | t, tlx rFl 0. 5rqrrF 1 0. 5, llxr', I o, 4 xo P1 0. 5 r 4xr F1 0. 5)

FORñÀTÍ! rr.SIllDItG FÀCTOR ! r,F10.5'4I,
aF1 0. 5,4xr. l r, {rrF10. 5r4rrP1 0.5r4x, 0 l r, 4ro P10. 5, 4X, Fl0. 5)
FORãÀT(r |,.CONDI'CIOR SIZE (ã++2) ! ,rE10.4rt¡X,

aEt 0. q, 4I, t l t . 4x rBl0. tt r4IrEl 0. ltr4x r, I t o4x, El0. 4, l¡r., E1 0. 4)
PORüÀT(' t o TCUBREüT DENS]TY (1.//Á*121 ! r, E'l 0.4r4X'

aEt 0. 4, 4r,r | ., 4xrEl 0.4r4XrE1 0. 4 r4X rr I r, ftrrEl 0.4 r4X, 810. 4l
FoRltÀT(r rrrSLoT PIICE (t) ! rrElo.4,4x,

AEI 0.4e 4Xr I I r r qIrEl0.'t rqIrEl 0. 4 r4Ir' l t, 4I, 810.4r l¡X, 810. 4)
roRltÀÎ(,'n.sLoT nrDlts (ã) ! ¡,E10.4,4X,

ðE1 0. rt, 4x,. I r rqx,El 0"4 r4x rE1 0. 4 r4X., I r, 4X, 810. 4, flx, El0. 4)
FORIÍÀT(r rr|SLOT DEPTH (tt) ! I'E10.q'4X'

AEI 0. qr 4I, 0 I t t 4!-.81 0.4 r4XrE 10. lt r4I,u I t o4XrEi 0.tl' 4Ir El 0. tl)
FORÉÀÎ(, , rtToOTH 3fDTts (ã) ! 'rE10.4'rlx'

ôEl 0.4, 4X,t I r, ¿lXrE10. 4, 4X,E 1 0"4r4x, t I r rQInEl0. 4, lúIr ElC. 4)
PORIIÀT(' ¡, TRESISTÀUCE,/PHÀSE (OEtl) : !,810" 4'f¡X,

ô810.4, 4I, o I r ,4! rE10.ll ,4X rE 10.4 r4X, r I r ,llxrE10.4,4I, 810. 4l
FORIIÀÎ (t t.tI**zR LOSS (C) : r,Plo" 5r4X'

òP1 0. 5n4X rr I !, 4X rF10. 5,4XrP 1C. 5rl¡X, I | 3, 4X, F10. 5, 4r, F10. 5)
fORü41(t ',tEDDY CI¡BRENT LOSS (E) i ',F10.5r4Xr

òF10. 5 r 4X, t I r ,4rrF10.5r 4X,F 10.5,4X, t I o r 4f,, F10. 5, 4X, F10. 5)
FORnÀÎ(r rrrslBÀT LoSS (¡r) ! r,F10.5,4Xn

ôF1C.5" 4X, u | ',4r,F10.5r4XrF 10.5r4X, o | ' ,4X, F'| 0.5,4X, F10.5)
FORtÀT(, t ntLEÀKAGE REÀCTÀNCL (OHll) 3 r,F10.5,4x.

apl 0. 5r4tr, l r, qr rF10. 5, 4xrF 1 0.5r4xr. I r r4rrF10. 5r4x, F10. 5)
58 POBÜÀ1(r0"'BOTORo)
59 F0RlÀ1 (, . r, I n///l
60 FOR!ÀT (! ! , rtfpE : LI¡!{DELL TIPE|)
61 PORIÀÎ(. t ',POLE ÀRC (ül I r,E10.4r4X,

ð81 0. q, 4Iot I t r t¡XrE10. 4rqXrE 1 0.4 rllIr t l' r4IrEl0.ll r4Ir El 0. t¡)
62 FoRllÀ1 ( t .' rT8IcÃl¡Ess oF THE PctB (ü) ! r, f 10. 4 '4x,ôEl 0. 0r 4Irr ¡ r e 

qXrEl 0..]r 4X,rE 10. 4r tl¡r' | | 
" 
4I, E 1 0. tlr 4Xt E 10. 4)

63 FORttÀÎ(r rr.LEtGlH OF POLE-SflOE (;' s rrE10.l¡r4I ,
aEî0.4 r4rr. I r r 4xrE10.4r4rrE10.4,4X, t l. ,4lo 810. tt,4r, E10.4)

6q fO RIÀT (. . , I FIELD TURTS 2 | .P1 0. 5'4X 'ôp1 0.5,4Xro I c , r¡x rpl o.5r¡trrF 10. 5,4X, | | , ,4r, F'l 0.5r 0r, F10. 5)
65 F0RäÀT(| |,INU!tBEB op pÀBÀLLEL cIBCUIl ! r,F10.5r4X,

itFl 0. 5, 4x, t I r, 4x,F10. 5r4rrP 1 0.5r4X, I I t r4Xo F10. 5, ¡tX, F10. 5)
66 FOBEÀÎ(o t o,CONDI¡CîOR SIZE (E**2) : I,810. l¡r4X,

aEl 0. 4, 4I r t I,, 4X,E1 0. 4 r4I rE 1 C. ¡t,4X r' I r, 4I, E1 0..1. l¡X, E1 0. 4)
67 rORtÀT(. .,TFIELD Cû8AEHÎ (¡) ! 

"P10.5,4x,ap1 0. 5, 4r, 0 l t, 0xrF10. 5, 4r,F 10. 5r4rr t I ., 4X.P 10. 5, tlx,F 10. 5)
68 FORllll(' T,,C0RBENT DENSIIy lA/A*421 ! ¡,E10.4'4X'

ô81 0. 4s 4X ¡t I t r4X rE10.4rltxrE1 0" 4r4X, t I t o 4Xo 810. 4, 4Xa E1 0. 4)
69 FC!RäÀÎ(. r,.RESISTÀICE (OHH) 3 ',P 10.5,4X,

ôFl 0" 5r4X,3 I 0 r4IrFl0" 5r4XoF10.514Xo u | 0 ,4X, P10.5r4Xr P10.5)
?0 POBIIÀÎ{r r'rl**2n LOSS (H) : r,F10.5'4X,

ôFl 0. 5, 4r, t | ., rtx,F1 0. 5rqxrFl 0.5r4Xr t l t 
" 
$r,PI0. 5e4X, F1 0. 5)

71 FoRËÀt(t,,rpEarpHBRÀr vELocIlr (â/sl ! roF10.5,4x,
aF1 0. 5, 4r, ¡ | c, ¡tf ,F 1 O. 5r4rrF I 0. 5r4Xr t | . u4XrPl0. 5, ttx, F10. 5)

7 2 PoREÀT (r0r' rüÀG!¡ETIzÀTro!¡')
73 FoRtlÀ1(¡ ¡ rt-------------' n///,



395

396

397

398

399

s00

401

!02

403
404
405

406

407

408

409

ql0

411

412

413

¡tl4

415
rt16
417

418

¡t'l 9

420

421

422

tt23

424
425

,426

427

tt 28

$29
430
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7IT FORNÀ1I' U,'FLI'I,/POLE (UB) : frE10"4rçX,
aE1 0. 4, 4rr r | !, 4x,81 0. 4 rattr, E1 0" 4, 0x", I e, gx, E10. 4, r¡r, E1 o. 4)

75 F0RãÀ1 (r I r ¡COBE FLUX DEISIîT (11 i . 
"810.0n4XniÐEl 0..t, 4x, o I r, ttlrEl 0. g, 4xrE I 0. 4 r4x, r l r, 4r, El 0. ¿r, qx, E1 0. 4)

76 FORHåÎ(r r,rloOTH pLfrt DEISITI (T) i .,81 O.4,rtx,
ðEl 0. 4, 4X, o l r r4L rBl 0. 4, {IrE 1 0.4,0X, o I r r4x, 810. 4, 4X, 810. 4)

77 FOR|{ÀT('..,FBAtlE PLÛX D3ISITI (1) i r,810.4,4X,
ôE10.4r 4I,r ¡ t ,4x.81 0.4n4xrE10.4rttx ,, l, ,4I,810.4r 0Ir E10.4)

78 P0RtÀ1 (' r o rGlP LEHGTH À1 SÎÀToE (f) : r, F1O.5.t¿1 ,
ôp10.5o4Xr. | ',4rrp10" 5r4rrF10.5r4Xr'| , ,4ro F10.5,4X, p10" 5l

79 FORIÀT(t ro.CtP LEI¡GTB àÍ EI{D-BING (E} : r,F10.5,4X,
AFl0.5r4X r t | , r 4IrP10.5r4X,P10.5,¡lX, o I t n 4X, F'1 0.5, ttxo pl C. 5)

80 PORIÀT(t tTtFIELD À,.T./POLE i ,rPlQ.4,rrx,
aPl 0. 4, 4Irr |, . 4X rp10.t¡r4XrF 1 C. gr4rrl

81 pOREÀ1(t .,tÀRËÀTIIRE À.1./pOLE
l, o4IrF1 0.qr4X, F1C. 4)

aPl0.4r4Xrr I r,¡lXrF10.4r4LrP10.4rqXr t l 
"4X, 

p10.rt r4x, F10. 4)
114 FORIIAT(t r,r¡lDIGHÎ OF FIELD ¡ùINDfNG : I,F10.4,4X,

APi 0.4,4I, o I r r4I,P1 0.4rqXoF 10.4o4X,, l. ,4x, F10.4¡ eX, f1 9.4¡
122 FORIIÀî(, t,|ïEIGRT OP THE 51À1OB COSE : r,plo.4,qX,

ôF10. 4, 4Ir r |,, 4X rpl 0. ¡t r4IrF 1 0. 4r4Xr' I r r4Xrpl 0.q,4X, F1 0. 4)
115 F0REÀ1(t'"t9EIGHT OF TBE FR¡LE : .,P10.4,4X,

ôpl 0. 4, 4Xo. |,, 4X,F10. 4rr¡XrF I 0.4r4X,' | . r4r, p1o" 4,4x, F1 0. 4)
l16 F0Rl{AT(t toocElGHl OP lHE PCLES ! | , P 10. q,4x ,

aF1 0. {, 4X, t I r, 4IrFl 0. tlr 4IrFl 0. 4 r4Xo . I r, 4XrF10. 4, 4I, Fl O. 4)
1'17 F0RtÀÎ(r r,,HEIGEI oF 18E FCLE SttppoBT : r,F10.¿¡,4X,

aP1 0. 4,4x,t I r r4xrF10.4 r4rrF î0. 4, 4x,. I u, 4xrF10.4, gx, F10. q)
118 F0Rl{ÀT(o 

"utsEIGHl 
OF lHE EnD BII¡G i ,rF10.ll ,4x,

AF10.4 r4Xr t l |,4X.F10.4 r4IrF10.4 n4Xo r l | , qXrFl0. qr qx, F10. ri)
119 F0RhÀT(r r'r¡IEIGHT O! THE SHÀFT DISC 3 trPl0.tlrl¡X,

dFl 0. ft, 4x, r I r, qx rFl 0. 4, 4x rF 1 0. 4, 4I,' l r, qI, F1 0. 4,.1x, p1 0. 4)
120 F0RtÀT(r I,rllEIGHT OF lHD END CÀP : rrFlC"ll ,4x,

aFl 0. 4.4X, | | r, 4X rF10. 4r4XrF 1 0.4,¡tN,' l, n4.x,F10. 4, 4X, F 10. 4)
121 FORtsÂT(¡ trITOTÀL HEIGHT | ,,FlO.rt,4x,

aFl 0. 0, 4xr, I r, 4x, F1 0. 4, 4X, F 1 0. 4 r4T,, I r, ttx., F 10. f¡, 4x. F 1 0. 4)
8Z POFüÀ1 (,0t , , EFPICrENCY r)
83 FORIIÀT(t I'r---- tr///l
84 FORIIAT (t t r tIBOll LOSS

4F10.4r 4X, | | t r 4X'F10.0,4XrF10.4rt¡Xr ' I
85 FOBüÀT(r . , rSTÀ1OR I**2F LOSS (ri)

a F 1 0 . 4 , 4 X 
" ' I 

. , 4 X , F 1 0 . 4 , ¡{ X , F 1 0 . ¡¡ , 4 X , ' I
86 F0RãÀ?(| r,rEDDT CURRENl LOSS (r)

ð.Pl0.4r4rrr I r r0r rgl0.4r4XrF 10. 4rrtx, | 
|

87 FOE!!t1(. . , r SlRÀl LOSS (r)
aFt 0. r¡,4x,, I r, 4x rpl 0. rt rr¡x rF 1 0..1 r4x, . I

88 F0RãÀ1(, ,,'FIE¡.D I**28 L0SS (t)
4F10. 4 r4X,r I r r4XrP10.l¡rqxrP10. 4r4Ir t 

I
89 FOSltÀT(, ,,,1O1ÀL tOss (r)

aF1 0. 4,4X, t I |, ¡lX,FI0.4,qX,F1 0. 4,4X, | | r,4X,F10.
111 FOBIIÀ1 ('0r , THEIGHT OF lHE B¡CHIllEr )112 pORËÀT (¡ |, r---- -------. ,///l
11 3 FORüÀ1 (I ', IEEIGHT OF' 51ÀTOF CINDING

: r.Pl0.4r4X,
4,4XrF10.¿¡)

I tnf10.4r4X,

: rrF10.4r4X,
,4X,P10.4,4XrF10.4)

3 ,nF10.414X,
,4Xrp10. r¡, 4X, FI 0. r¡)

F 10. 4,4X,
4)
F10.4r4X,
'¡)

i trF10.¿trllx,
|,4I,F10.q,4XrF10.4)

: rrF10.4,4X,
| , 4 X ? F 1 0 . 4 r 4 X , F 1 0 . 4 )

: IrP10.ltr4x,
r, 4xrFl0.rr, 4x, P 10. 4)

3 ."F10. llr4x,
r, 4X, F10. 4, ¿tX, F10. q)

I rrPlC.ll'ltxt
r rqX,P10.4r4Ir F10.4)

¡lF1 0. 4, 4lr. l r, 4xrPl 0. 4,4xrp 1 0.r¡,1{x,. | |
90 FOBt{ÀT(. ,TTEFFTCIEìtCY (r}

ôPl0. 4, 4lro l r, 4xrFl 0. 4 r¡fxrF10. gn4x, | | !
PEINT 20O

q4q FoRtlÀÎ(r r,.ÎEüPERÀTURE nISE (C) 2 t,
aF1 0. 4, Qxr, l t, 4xrFl 0. 4, ttf ,F1 0. 4 r4x, t I r r4X, pl 0. rt, 4x, F1 0.

445 FORHÀT (r |, r1tsüPEBÀlUBE IISfDE THE ðÀCHINE (Cl i , 
o

ôPl0.4,4X r. I r, 4I,F 10.4,4X ,p 10"4a 4X" o I o ,4X, p10.4, t¿x, p 10.
200 FoRltÀT(.1r)

END IF

RE TI'R N

E}I D
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432
q33
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It3I
q39
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445

4q6

447
4r{ I

449

450
q51
452
453
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{55
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4r57
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4ó5
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c
c
c

c

c

c
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suBBot TIIE CUBVEl (BX,BX]

BÀGTBlIC CI'RYE OP lNE FRÀI{E

DrãEÈSrON BS ( 16) , BS ( 1ó)
DÀ1À (BS (IIl, II=1n 16, 7l /.0 1'0" 1 o0 "200 "3'0" 4, 0" 5'0. 6'0 "7'0. 8,0. 9' 1

a r1. 1,1. 2.1. 3 r1.4c'1.5/
DÀ1À (HS (EE)'EE=1' 16, 1l /0., t60.' 1 70.'200. t220.'2tt5.,27 5.,3 20.' 35(

4,405., q75. .59 0 ".'l 20.,890., I 150., 1500. /
L=1
9BrLE (L. LE. t 6) Do

IF(BT.LE. BS (L) ) TNEN DO

Hr=HS (L-1) + (Bx-8s (t-1) ) * (Hs (t) -8s (L-11 ) /(Bs (L) -Bs (L- 1) )

L=17
ELSE DC
!=!+ 1

EI¡D I?
EIIÐ H HILE

EETURII
END

SUBBOI]TINE CUBYE2 (BY' HY)
c
C ÃÀGNETIC CI¡FVE OF lHE LÀËII{ÀTIONS
c

DIËENS Iox BB (28) , HH (28)
DÀTÀ (BB (K),Ã= 1,28'1', /.01' 0. ¡ 5 .0.2'0. 25 c0. 3'0. 3 5'0.4'C. 45' 0. 5, 0.'

aro. 6r 0.65,c) .7,O.75 r0. 810. 85 r0. 9, 0. 95, 1. 0n 1 " 05, 1. 1, 1" 1 5 . 1.2 r1.25.
ô1.3r'1 .35r1.tlt1.5/
DÀTÀ (HH (KK),KK=1 o 28, 1l /O., 100., 2q0.' 300.' 380.,'l'¡0.' 5C 0.'550. n60

ô,6 50. .1 OO. .750.,800., 850., 950", 1040., 1 1 10.,1 250.,1 375.' 1520. .
e1780. .2100.,2500. .2865.,3370.,3800.,4150. e4700.,/

L=1
cHrrE (t. t8.28) Do

rF(BY.tE.BB(t) ) lHEl¡ Do
Br=HH (L-1)+ (By-BB (L-1) ) * (Bri (L) -HH(L- 1l | / (DB (L) -BB (L-ll )

.L=30
ELSE DO

t =t +1
EdD IP

EilD CEILE
BE lUB N

EHD
c
c
c

suBRoulrÙE THrcK (x,Dos,À?, PI)
c
C CÀLCULÀTTOH OT TBE ÎHCIÃüESS OF 188 TBÀHE
c

A=1
B=DoS
F -ÀP,/P I
TESI=B*û2-4*¡*ç
IF (TEST. LÎ. 0) IBEH DO

PBINIr't*+*r* EBBOR'8s*s¡trÛ:Ê¡
ELSE DO



069
470
471
472
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x- (-B+sQÊT (8s82-4eåacl'.t /2*A
EIID IF
EETgB Ù

EXD
c
c
c

473 SUBROUIrNE FBÀnE (r,!,HC, LBtTGG,JP, À1P)
c
C ESIII'ÀTIOT OF lHE FBÀËE SIZE
c

q74 REÀ.L L,L?,I,ENGG.JF
475 SP=0.4
476 LÊ=l.TÊ/ (SP+JF)
477 tF=0.6*Rc
478 L=ÀFIHF
tl? 9 LF =L+ LE NGG

480 REÎURN
481 EU D

c
c
c

tr82 su BROUlrdB rRON (8, F,11, P)
c
C CÀLCULÀÎTON OP IRCN LOSS
c

{83 REÀL I,,KE
tt84 KE=2. 13358-4
485 8Ho5=2.2E-7
486 D=3.8C7E-4
487 L= (KE* (B*P*D) +82),/BHOS
4gg P=íT*L
489 BETURN
490 END

c

491 SI¡BBOUTTNE LEÀK(FrH1rH2rR3rÍOrûOrTpCrPrrLENGr,DBrtis.POLESrX,XO)
c
C CALCl'LÀÎIOH OP LEAKÀGE REÀCTÀNCE
c

II92 BEÀL LÀIIS,LÀN1,LAË2, LÀI{12,L1 .L2, f,T,LENGI ,NS
493 LÀllS= (H3/1o+H2/ (fo{H2l +H1l(3*to) ) +4iUo*1Pc**2
094 Lttll= (B3/7O+f-2/ (rOfR2) +Il1l (ó*¡Ol ) tuo+1PC**2
q95 Lll2= (H'3,/YO+AZ/ (uorHz) +2*ñ1 /13¿zO) ) *UO*1PC.*2
¡r96 LÀË1 2= lH3/UOtïz/ IVO+B2l +91/ (4*80) ¡ *99*1pç+*2
t+g'l L1=SgRT(LAtt1**2+LÀË12**2+I,Àt1*LÀt12)
rt98 L2-sQRl (LÀü2û*2+LÀ!t'1 2**2+LÀã2ûLÀtf 12)
499 LT=Lî +L2
500 IS=LAü S*48*pI*F*LENGI
501 IH=LT'tt6EPI*P*LEHGI

c
C CÀLCÍ¡LÀTION OP OYPBËÀÌIG REACÎÀÌICE
c

502 P=5. /6.
503 XO=38.4+pI8F*UO*DB*NS+ (ÎPC*+2) * (3"0âP- 1.0¡ ¡1POL95*+2¡
504 X=XS
505 EETIIRN
506 Eì¡D

c
c
c



507

508
509
510
511
512
513
514
515
516

517

c
c
c

518
519
520
521

c
522
523
524
525

a
c
L

c
c

526
527
528
529
530

c

c
c

531
532
533
534
535

c

I

c
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stBBooTIlt E lDDy (8 O, ÀSCS, C ps, prsuorEHO, KD, F)

C EDDY CUEREBT f,OSS
c

REÀL T,I{,KD
B=0.7*gO
D=sQRT (4"0EASCs/PI)
X=B/D
ð =CP S,/B
A=SQRT (PI*Ps go4B/ (RRO*eO) )
¡9= (fl**2) û ( (¡sDl *lql ,/9.0
R ÊTUF N

END
c
c

- 
su BRot rrNE Pl (ÀTFDP'ÀTFD' À1À4, ÀÎÀRT' Ys, ¡io' tsP, L ENGI,LEN Gc, pHrpr

A,PHIPP, LGS, LG E, POLES, DB, DO,DOS,ÎF, LF, P¡,NSO HÎ; TPP, KúOTPH,iF,IT,UI
ôPI , HC, B1À. B1ÂF, BCÀ, BC ÀF, TP, LPS,1E, L, BF)

FTBSÎ DESIGN : 8ÀGNETIC CrRcgrT

BEåL LEXGI, LE RGG, LGS, LF,KI, IF, TT, HS¡ KOC HS P,LGE, LPS
REÀL PHIP (2) . BCÀx, (21, B1Àx (21
PHIP(11 =PHIPî
PEIP (21 =PHIPF

KO=0"65
BEI=0.6
BP=0.8
BP A=BP,/2

ÀIPERE.TUBH FOR TtsE ÀIR GÀP

YSE=YS-KOÛ go
ÀGPP=YSE'ßNSPÛ LEFGI
BGS=P B IP (L) //À cPP
HG S=BGslt o
À1 ScP= 8Gs+LcS

À.T. FOF THE END RING

TE=PHIP (1) *POLES/ (BEI*PrsDB*2'
BBO=P8I p (L) *poLEs,/ (pI+2*TÊ* (DO-TP)
BE ÀY= IBEO+BEII //2

cÀLL cuRvEl (BEÀy, HE)
ÀTER=HE* (DO_DB-1?l /2

À.T. FOR SOTOR POLE

cÂLL C0RVEl (BPÀ, HPÀ)
cÀLL CÛRYEl (BP,HP)

¡pg= (LF+LENGcl /2
TP=PHIP (1 ),/ (2EBPÀÛPH)
À1EP=H P À*1E+LEIGG* HPÀ+ (LF. LE}IG GI *HP II2

4.1. FOR lNE GÀP ÀT EID.NIHG
BG E=BEI
À1 G E=L G Eü BG E,/ UO

536
537
538
539
5¡t 0

5tr 1

542

I

c

c
c å.1. FO8 THE FBÀ tIE



5¡¡ 3
54 ¡¡

5rr5
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BF=PHIP (I,) *PoLEs,/ (2sPIs (Do-ÎF) slF)
cÀLL cuRvBl (BP,EFà)

ATf=H? AÊL? /2

C À.T. POB T8E TE8lB

BT=pI+ (28llf /3 +2*LcS+DB),/HS-EO
B1=0.006
BTÀX (L) =PHIP (L),/ (TPP*BT8¡8HGI)
BTAX (2) =PHrP l2',l / llPP*BÎ*LENGI)

cÀLL cr¡BvE2 (BTÀX (r) ,HTÀ)

¿rIÀ=BTAX(1)
BTÀP=BTÀI (2)

ÀT T=E Ts H1À
c
C À.T. FOR THE COBB

pg¡= (poS-Hc)
BcÀx (L) =PilIP (L) / (Hc*LEaGI+2)
BcÀx (2) =PHrP (21 / (HctLEìlGr*2)

cÀtL cURYE2 (BCÀï (L) ,HCÀ)
ÀTC=PI *DCl{ *HCÃ/ (POLES+2)

BCÀ=BCAX(1)
BcÀF=BcÀx (2)

I

c
C À.1. FOR ÀRIIÀTUR¡ Iì¡ÀCTTCN

ÀT ÀR= 1 . 35*K t* f Pt* IFlPoLEs
ÀT À81= 1 . 35Û ñB *T EH*IT,/POI.ES

c
C ÎOTÀL FIELD A.T.

I

a
546
547
548
549
550

c

551
552

c
553

c
cî

55q
555
556
551
558

559
560

L

561
562

L

c
563
561¡
56s
566

ÀTFDp= ÀTScp +ÀT ER+ÀTBp +ATcE +À1F+À11 +A1C+ À1ÀB
ÀTPD=ÀTFDP*2
RElIIR I{

ENÐ

C ** t * ¡l** *I'È:Û* **+ *,ü¡E 'È,ßi t 't*Û* ¡* * lt! * t tA,B + ¡t¡Èt **+ ¡E *** + ¡È¡È *+ * tÙ** it+*+ f * *,1 rü:r'ù )ttr*
C

567 SûBROttTTNE F2 (AT¡DPrÀlFD,LPS,lP,Y5rlforNSP,LËNGTTLENGG. PHrP
ô, P HIPF, ÀGP P ,LGS, LG E, P I, DB, Pfl, UO, H1 ,TPP, HC, POLES 

' 
IT 

' 
TF 

' 
T P H'

ôKH , BTÀF,81À, BCÀP, BCÀ, LR, ìS, DOS, DE, DS, À1ÀB r ÀTÀR1 rTR )

c
C TYPE 1 : ðAGNETIC CIRCUIT
c

56 I REÀL LPS,NSP, L?[GI r!ENGG,!Gsr!GErIFr ITr lB, KO, Kä n NS

569 BP=0.8
570 BS=1.4
57 1 BP À= BP¡l 2
572 BRI=1.2
573 KO=0.65



c
c
c
c
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ÀBPEBE.TURN FOB TEE AI8 GAP

fSE= lS-Xo* Eo
àGPP= I5E*TSP* LE}IGI
BG S=PgI P/ÀGPP
HG S=BG S,/0O
ÀlsGP= fl GS+ Lcs

A.1.FOR 188 SHAFT

DS=sQaT (2EPHIP*POLES/ (PI*BS)
cÀLL CUBVEl (BS, HS)
ÀT S=LR*H5,/2

A"1. FOB TtsE SHÀIT DTSC

ctLL cuRvBl (8PÀ,EPÀ)
cÀLL crrRYEl (BP,RP)

ÎP=PBrP,/(218PÀ*PH)
DB=DB. (1P+IGE+LGS) *2
lB =PHIP*PO LES / (z*PÍ*D S*BRI )
B8O=PB IP*POLES / ( 2*Pr*DR*TR )
BR AV= ( ERI+BRO ) /2
caLL c0BvEl (BRÀvrHR)
À1R=HR* (DR-DS) //2

À.T. FOR THE ROTOR PO1E

LPS=TR +0. 02 53 8+ (LR+lENGCI / 2
À1Rp= Hp À*ÎR +LEt¡cc*HpÀ + (LF-LENGGI *Hp /2

À.T. FOR lHE GÀP ÀT END.FING
BG E=BR O

ÀTG E=LG E*BGE/EO

À.T. FOB THE ÎEETH

BT =pIr (2*HÍ /3 +2*LGS+DB) /ts- tO
B1À=PHT F/ (TPP TBT*LENGII
BT AF=PHIPF/ (ÎPP*BT*LENGI )

CÀLL CUR Y 82 ( BTÀ , BTÀ )
À11= HTTHTÀ

À"1. FOR THE CONE

¡Ç[= (DoS-HC)
BC A=P HIPI (tcs lE llGI *2)
BCÀ!=P $IP P / (HC* LBNGI* 2)

caLL cuRYE2 (BCÀ, HCÀ)
À1C=PI *DCtt4 HCA / ( POLIS*2)

À.T. FOR ARñÀÎU88 8EÀCÎIOH

574
575
576
577
57s

579
580
581

582
583
584
585
586
587
588
589
590

c
c

c
c
c
c
c

591
592

593
594

c
c
c
c
c

c
c

c
c
c
c

L

c
c
c
c
c

c
c
c
c

595
596
597
598
599

600
601
602
603
604



605
606

607
608
609
610

611

612

513
614
615
616
617
618
619
620
621
622
623
624
625

626

627
628
629
630
63 1

632
633
ó34
635
636
637
638
639

ó40

641
642
6l¡ 3
64q
645
646

c
c
c
c

L
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À1ÀB=I . J5F K Ës IPfl 'IP,/ POLES
À1 ÀBT= 1.35EI(8 ûTp8sI f ,/pOLtS

TOÎÀL FIELD À.1.

ÀlFDp= ÀISc p+A18+ À1Rpç¡169a ¡ÍS + À1T+ÂTC+ ÀÎÀR
À1¡rD=ÀTpDpr2
BETI'RN
ETD

suBBo0TI}{E F82 (ÀSCrlpFrBF rlpp.pLp rÀlpDrJFrLR,RHO,pI,DS rDF)
lYPl 1 : PIELD sIüDING CÀLCULÀlIoN

BEÀL IPF,LR,JP

SP= 0. 4
PERCEII=0"6
EP=12
cÀcf=ÀTFD,/ (SF*JF)
BB F=CÀ C F,/L R

Df=HRP +DS
ÀS C= (ÀTFD*B HOûplsDF) / l[*EF )
ÎP F=A 1l D,/ ( 4 *À SC*JF)
RF =R HO * PI+ DP* I PP,/ÀSC
f F t= EÎ¡lR F
pL F = R EO'* p I * DF * ÀT E D*JF
RElI'RN
8ÈÐ

SUBROI'lTNE FS 1 (À5C,1PF,RP, ITP, PIF, ¡TFD, RHO,PI, J F,HC, DO5,DT,)

FIRSÎ DESIGN : PIELD IItrDIHG CÀLCUL¡TIOT{

REÀL TPP,JP
SF=0. tt

PERCEX=0.6
EP=12
HF=PERCEN* HC
DP =DOS - HP
ÀSC= (å1FD*EBOtpl+Dpl / 14*È,p)
tPF=l1lD,/ (4*ÀSC*JP)
EP-RHO*PItOF* ÎP F/A SC
IF F= EF,/RF
pL F=R HO *p I+ Dpr À? FDûJ F
RE TIIRII
EII D

SUBROUTINE LEHG (LB, ÀÎFD,JF,DR, DS,tsRF,IH)

CALCT'LÀTICN OF FRÀEE LIUGTH

REAL LB,JP
SF=o, 4
cÀcF=À1PD¿/ (SP*JP)
xH= (DR-DS) *0.8/2
EB F=XH
I.B =CÀCP,/Xfl

c
c

c
c
c

c

L

c

c
L

c
L
f-



-108-

6U7 FETI'BH
648 Etf D

c

6r¡9 SUBRO0TTÌ{E SlEEL(SlrVOLl

C SEIGfll OP IRON
c

ó50 DEttS=7700
651 fÎ=roL*DEIS
652 RE TI'R II
ó51 EID

c

65q StBnourrFE AL (C1,Y0L)
c
C SETGHT OP ÀLIIEI!II'ñ

655 DEflÀL=2700
656 U?=YOLtDEHÀL
657 nE?0R tf
658 ErD

c

659 SgBROUTTNE TE891 (PHr, T1, PL, S1À)
e
C PIR5l DESIGII : CÀLCOLÀTTON OF ÎEãPEFATURE
c

660 f=1
661 HñrLE (r. L9. 150) DO
662 T =f+298
663 P Hr=1-298
66rt PC=30.ûPB1
fr65 PV=2*PñI** (5./4.1
666 PR= (3. 1358-8) * ( (TÛst¡. ) - (298.Û*r¡. ) I
667 PD= (PP+PY+PC) *51'¡
668 S=PD-PL
ó69 ¡ =¡+ 1

6?0 rF (s. GE.0) THEq Do
671 ¡=101
6'12 EI¡D IP
673 PHD IHILE
671¡ TT=T-273
675 RETURH
676 Er D

c
I

677 SûBACûTrNE TEBP2 (PHI,TI,PL,SFO,SEROl
c
C TYPE 1': CÀLC0LÀlIOH OF TEnPERÀlUnE
c

678 I= 1

679 HHTLE(I.LB. t00l DC
680 T=f+2 98
681 PHI=T-298
682 PC=30.aPHI
683 PV=24PH1** (5. /q.'
68rf PR=(3.1358-8)s ((1¿84.)-(298.**tl.¡ ¡
685 P1=(PY+PC+PR)ûSFo
686 PRÀ=(5.78-8)t0.1*((1*+lr.)-(298.*at¡.))
687 PYÀ=2ûPHIg* (5. /ø.)
688 P 2= (PR À+Pc+PVÀl 8SERO

ó89 S=PI+P?-PL
69C 1 =1+ 1
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691
692
693
694
695
696
697

IF(s.GE.0l lHEE
I=20 0

ETD IF
EflD BHTLS
11 =1- 2 73
N ETUF N

E¡D

SEIIÎR Y


