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@igital’ Simlation of the hysteresis motor.

- <

ASTRACT

Largely on.the siceess of optiatzed representatton of the actual B

The & of the : otor depends

loop. of m xotor hysteresis materfal, . Digital similation of :be
tyfical ‘hysterebis matertala like 177 cobaile ateel, 6% cobalt stesl

and, Oezstit-70 alloys having coercivity lying between 4 ‘and 20 kA/m

and remanent £lux density lying between 0.8 and 1.3 T are carried guz:
fhe simulation is based Gn the mdifisd Frdiih's dproach;  Reasombly
close: agreenent is. found between the simlated und"zvhou supplied by

" the Rgwer nagaet manufacturing company. B B : N

On the basis of llelogran ap iutcal asdels
e a clrombermtial-ttin Bystitest tobor fave tesn stves. (TRE sto
Fritd eqattany s chaa oL iste pr;dzce the terninal quantities;
usiog the digital I8 loop modelitng. The ate-gap poses of the hyate- .

Tesis motor is studied a8 function of coercive force, te.mment flu

density, saturated uall:lvu, permeability and wisatutated relative’ per-

mesbility of the hystevesis materfal. ‘A series of-tests were carried out

1
uati 172 cobale steel fotor. Thex Sldisagresents | |

between the taminal quan('.i.thl p:.dict:ed £ram ﬁu digital

simlation and: those measured ”exper 1

“validates the of
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1.1 GENERAL' OUTLINE - : i
Motor and systems designers have recently taken a long second

1dok at the hy@:/resis motors’’ unique characteristics: Its uniform

torque, low starting current, and lack of synchroniatng problens: iake

'this. type'of motor favourable to a nuber of modern industrial applica-

tions. OF all the untque features of a sychronous hysterests wotor,

ey elat apecd-torque charactertstics, nearly. constant Pover fadter,

low noise lev»l and simple rotor construction stand Enxemalh

The major starting problem which has been xuhemyc in induct-
“fon machines does not arisé at all in case of fysteresis iitine g
the reststance of the hyateresis rotor 1s ideally a direct function of
the slip. The hysteresis machine can accelerate all the 1éad that 1t
can carry to synchronous speed irrespective of the load imertia, as it

possess inherent built-in coistant synchronising torque, unlike an

induction machine. In to on or m:cm,

it has almost no stability problem. = The hystereais motor s a' type

of synchronous motor that once was thought of limited usefulncss. De-

" velopment in permsnent magnet materisls having more hysteresis energy

. per unit yolume like Alnico-5, Simonds 81, Oerstit-70, Pé-alloy, Vically

and cobalt -steel” alloys vtc., have led to the production of hysteresis

mrtors in fractional horsepower range, which has got tntendive app}u’n-

tions as drive motors-in clocks, recording equipments, gyros, computer
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tape~driyes and in general where conatant torque, speed and quiet oper-

ationg are required, It starting and accelerating current is low in

order of about-150" pextent of iull-len(cuﬁen: requirement.

Apart £roh'the above mentibned merits; it has ala5 & nuzber
of demerits, such as low power factor, high magnetising current, and

low efficienc 1ated with Righ parasitic losses in its rotor mag-

netic materfal.  Therefore the use of fysteresis mototrs have been”

Lim{ted to certain special: fields where’efficiency might not count so
much. = ¢ E * ! ’

In recent years the development of new and improved designs

of small and med: d brishless a motors aregaintng mon-

entun [1}.. In 'purt, this 13 due to a changing market for syucln.‘cnous
a.c. drives and dévelopment in power elettronics. The combination of
inverter. and synchronous motors has distinct, advantages [3-6] over other
f_nm‘of drive for applications requiring precise speed combined with
smooth. starting caplbili:y, conntant torque and.noiseless operation.

For this type of applicacions hysteresis motors are now widely used”
along with athers, par:inularly reluctance and A.C. permanent magnet
types. ‘v
The fuxemom‘.‘ thing to consider seriously in the design of b

lectrical dt and ery is to minimise the hysteresis and

eddy curreat.logses as r.hey are detrimental to the afficlency and per-
formance. var, in the case of the hyl:e:esu machine ‘hard* mag- .

netic materials are used, which are usually not conducive to laminate
B 4

ion. The word "soft’ and 'hard! meant low and high .coercive force

materials respectively.
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1.2 CONSTRUCTION. " ' i o

A bysteresis motor has no winding on the rotor. Gemerally,
it exhibits substantially constant torque from stand still to synchro-
nous speed. Its special:characteristics result from the hard magnetic

naterial of which the rotor is made and simple rotor construction.

The cross-section of the Hysteresis machine.is shown in the Fig. (2.1).

Unlike other motors, the motor-has a perfectly
round and symmetrical rotor. That means that the rotor has no salient

poles. Hence 1: has no-preferred pnazmm for sym_hxenxnng. In igs

sinpleform, 1t hns a e e’y Mnated stator with
phase iindings and a homogeneous cast sleeve ( in the present work, 17%

cobalt steel is used ) of permanent magnet matertal comprising active

part of the Totor. The active sieeve is secured to the shaft over'a ™

non-magnetic support. ( in the ptA!Ent work aluminium sleeve is used )

1.3 OPERATION' L

< : ;
The hysterésis characteristic of its rotor magnetic material

is the main cavse for'the development of the driving torque. ' Hence

. the name i&’ hysteresis motor. The prindple of déveloping its funda-~

mental driving torqué 1s ‘quite simple. When an alternating voltage is

“impressed acrosss_the stator.terminals, the alternating currents esta:

blish a rotating field in the rotor, which causes the flux density to

¥ i P 4
1lag behind the magnetic due to the of its

magnetic material. The angle by which the flux density lags the
magnetic intenmsity is termed as hysteresis lag angle.. The phase .angle
between the stator magnetgmotive force and thé resultant airgap flix

density gives rise to the driving torque. = Lag angle depends only on’

o)

e




by

the area of hysteresis, loop of the rotor magnet and independent of the N

[aea of -the loop, the devéloped tordue in the hystereais motor s the

‘ torque, as the  eddy current torque due to the main fundamental field is
c ' :

_rotating fleld produced by the stator. At any one poiat on the rotor; .

Erequency of ; o eddy 3

:#Since the driving torque is uxezuy proportiosal to the

same- all the way from zeJapgo ‘speed. At speed

the operation of the motor is by the hyst =

zero. In a‘hysteresis motor, when the rotor.is.locked and the stator
f1eld 1s rotating; the flux dgusity at any point in the rotor'folloys
a major Hysteresis loop, with a frequency equal to the stator supply
frequeney. 'When the motor is actelerating to the synchronous speed,

the rotor field moves backvard at a.diminishing rave with respect to the -

the frequency of the loop eases’ because of the decrease

of slip, wtil at synchronous speed, when_the hysteresis cycle completely e |

stope. At the’ symchionous speed the rotor develops Sagaetic poles
sinflar to the d.c. excited lynchmnvu motor. The magnetic potetial
and flux density waves are no longer moving relative to the rotor, as

it ateatns its synchronfsm. Thus the rotor coataining permaneat |
magnet ‘matertal and rotating at synchronous speed will have fundemental
waves of the flux and magnetomotive force tied to it -, Each elesent

of the otor ceases to operate orelteally on mados -1 Toop; vand carrths

a conatant_ £l daantty, - P . =~

For gtausoidal revolving mif, the airgap flux density vave ia

distinctly because of the. s nature of the rotor
magnetic materfal. Thia has beea fllustrated in the Fig. (1.1) for

+

Sr—




.

SPACE MAGNETIC
POTENTIAL WAVE

FOR SINUSOIDAL MMP WAVE

7I6. 1,10 FIPX DISTAI!"’HW AROUND HYSTERESIS ROTOR

2




rotor does Tot experience sny- iz, varying effen:cu of

in . the non-'lnuwidll £lux wave.

1.4 LITBRATU‘RE REVIEW

The hysteresis motor vas first explored as a tozque producing
device by Stetnmetz [9] in 1908, He vas the pioneer who'put & atepping
atone to the world of hysteresds machine. Tha fext major contribution
was by'Teare ['L_OJ;,.-ip'lst.o, who showed a ubthod of caleslating the tardss

* from Jaoun' £161d configuration of mighetic flux and magnétowdtive force
in, the hysteresis material of the rotor, on the assumption of sinugoi~
dally revolving stator maf., Further research waj.carried out by .
Roters [11] on tHe  theory of developuent of torque from both hysterests L
Sug anife ndrom Gondl’ Toop eneray peluts oF vibe:® ¥laatsy, Reberd
:showed ‘that parasitic losses which occur in the rotor, infljenced by the
local flux oscillations could be greatly reduced by destgatag the stator

! with closed slota. This opered the’ gate for :m pxacti::al hysteresis

Botors in fmnanu horse power range. -

"In the nmlysél Clo, 11] the effect of eddy currents flowing
'm the rotor mnsnetic material on the air-gap .field was neglected.
Because of the peculiat uhupe of the magnetic hyuerg:is 1o0p of the
_ wotor, there remained a major problem {n predicting the squivalent nag-
netic of, dusl electric equivalent pataneters of it. Hence the forémost

problem, in' the analysis of a : hine.was the of the

hystereais loop of the rotor magnetic material. The analysis of the

hysteresia machifie based on the actual hsteresis loop becomes ‘almost




v
i

a prohibitiye due to ita property of mon-lindarity. Lot of research

[7-14, 2123, 25] havé ‘Been to 2 the

. § . )
loop 8o &s to facilitate the formulation of equations i itsanalyais.
. [l 3

Teare [10] hrps the pioneer who made such an approximation in
his analysis of motot. He replaced the actual hysferesis loop by means
e e e elllpse, which has ‘almost the sae maximm values of B

and H,  The elliptica} representation vds further extended by Roters

[113 and Bobercsaon [12] ot fracttona! hysteresis motor:
Miyait afld Kikaoka [133 extended the elltpical representation setll
Surther neglecting the apace harmonids in both the, stator mf ‘and the -
airgap flix density i Huveu. _ They sssumed the permeahility of ‘the rotor
hysteresta ring to ‘be| finite arid neglected the eddy currents flowing in
the Dagnetic ring. Following Miart and Kakaoka's, 0'Kelly [14] ana-
1ysed the hystetesis motor by | the equivalent Kron primttive sk,
which the ro:or hyl:eresla m:exinl was, mplaced hy closed coils with
self reactance being assumed équal to mutual esctancet However, it is
claimed that the rotor reactance is better represented in parallelogram
app;nximmn-"cievelaped by Copeland and Slemon [7], 1o the analyses
of radial flux hysteresis mur.lune.: The‘,nme authors ‘qu_timfad their
research furthar and gave a very good account of the,‘n:mlyiia ?f‘the kN
‘circunferential-flux type rotor [8]. - The lux density distribution. in

the. machin€ is found [8], using a parallelogram loop approximation to

. the B-H characteristics of the hystéresis material. An equivalent '

circuit of the motof wds developed. < - i

Copeland and Slemon [7, 8] used the parallelogram method to

model the 1o0p and, pred the rotor _and hedce.

kil
“3
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the internally-deyeloped torque of the’machine in temms of the permeab-
ilLtie.s and hys:azaain hg angla of {hg rotor material. - Fig. (1.2)
ppr— pnnllelognmr nodel,  The parallelogrem loop model was analyded
further by neglecting the, rotor eddy currents field effects due to space
harmonics on the ‘air-gnp f1ald-46 the synchronous mode of operation.

Later. in 1969 Ra.hman Copelnnd and Slemon [21] developed expressions to pre-
dict the parasitic losses Ln terms of the air-gap field, the SEBtOZ

current and: rotor msterial stic

However the analysed were limited to synchronous mode of
operation only. The general snalytical models for polyphase hysteresis
motor at’both synchronous and subsynchronous speeds were developed [151.

‘Staady: -state equivalent cireuit Bodsls were developed using! the para-

_;1e1ogm: 2 o £oz Both us” and modes of
operation.’ The parasitic losses associated with the rotor hysteresis
“material, the stator iron loss and satiratic: @ffects aré best, represented
by suitable parmr_erl in the genmersl equlvalent circuit model [15].

The Pteiuach«ﬂeel‘u pFdel has been ill\u:ral’.ed in, Apyimii.x A.

Erparaienc_ea with miniature motors gave the mpxe'ssions
that lov éfficiency and low pover factor aré the inherent chazacteristics
- of é_be hyserepis motors, making large ratings of such motors fafrhecteat.
-1n:g.;}a1 stusronr fipsterakss Bytheh vitls teproted aferesiuy Bavs bown®
built ‘successfully [15-17]. = Using "Scaling Techaiques", the performa-

nces of larke motors were atudled [18, 19,

nd it was found that very
encouraging results in ‘terms of éfficiency and power could be obtained

for larger ratings. -

5
o
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FIG. 1.2 MODELLING OF HYSTERESIS LOOP BY :
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| betveen 0.8 and 1.3 T and to compare }161 the, actual B-H loop available,

? +
“supplied, by, the pernanent megnet darufactuting ‘company.

1.5 SCOPE

The ‘scope. of the present research lies A?ha/ mputex simu-
latfon of Bril loop for low-coercivity permanent fiagnet materials that

are most suitable for the tnterofabyeter;q&(notor. having coercivity

Based on the

computer simulation the mofor field equations are solved and the términal

properties of the machine are predicted. Exyeriment\s are carried.out 5

using hystereu!a rotor 'made uf 171 cobalt steel -to verxiy the anidi:y

of -digital models.

1.6 BRIEF OUTLINE ON THE REMAINING “CHAPTERS ¥ §

__Ghapter IT presents the analysis of the hysteresis machine. ‘
based oni Copeland ‘and Slemn s model. Kl : |
Chapter TIT describes the vartous wethods of modelling B-i r
Ldop-and thet adoptabtlity to study the perforadnce of ysterests, motor !
T Chupcgr 1\5 an attémpt is ‘made to simulate the 1-5 Toop of 3 ’

vmous mgnel:ic m:erxdla suitable for rotor of )\yacereaia motor.
Chnpte! V- pnlents ‘s mathod Gf represedting ‘hysteresis vhdeh = :

lncl\ldea the effect. of minor loops and computes. lution to find :ha

terninal’ qm\iue. o the hysterests mator by the uguu stnulation
\

method.

In Chapter VI, test results of the performance of the hysteresis
motor uaing 172 gobalt steel rotor ia given.”
Concluslops of the research are presented in,Chapter VIE.

This concluding €hapter also containa stggestions: for the work in future.
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CHAPTER 1T i

< ANALYTTCAL MODEL:

V.z.x' L 3 : ’

The aim of this chapter is to analyse the circunferential
Flux hysteresis machine with the help of réctangular loop” approximation’
. L
to the B - H characteriatic of the hysteresTs material.. 'The flux .

density distrifution 1s: found and dleo the equivalent gircuit ia’ =

over the r 2 1s also ca~

rried out. *Two app:;nxf.‘mtionn are carried out for the B-H model.
W | : S <%

1 : ’

.2.2 THE CIRCUMFERENTIAL PLUX HYSTERESIS MACHINE

Pig: (-2.1 ) shows a'cross - section of a hysteresis "

machine un‘ a cltc\mfaxe;:tlnl - flux rotor. The stator is conuidemd
£Q have an n - phase 2 - pole winding each.phase of vhlch has its turns
:innauidully dmmma na lurge number of siots. - Tnlike A5 the
case of fadial, flix machinie; - the fiux denoity. after crossing the air-

11y ‘around’ the

gap radially, must be directed
matertal, to complete its path. .
L - The flux dlukdhutiun in the hynuunu ring-is showm , -

in the Fig. (2.2 ), where tl\g magnetic path 1s Fadtal 1n the air gay

and clrcumferentul in the hyutere 8 mte!lll. It is assumed thlt :li&

flux dia:xihndnn is unlinm insi,ﬂg the ring and’ there is'no flux

penezra:xun into the non - magnetic lleuve.

,The turds Ng of pn.m ta’are assumed to. be diurLbuEed
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with a conductor density of

NS |atn 0 | Conductors per radiai . .. (Zg1)
bt >

L Na,
Let the currents in phase a be expressed in’the.form .

of the following equatién : g B L .

and let ‘the stator currents forn-a balacéd polyphase set of sequence

v ’
&b, c. Considet the incremental sector of the machine shown in
Fig. 2.3. Proteeding clockwise around the path Shoim, the magnétomotive’
! : B K .

force of the enclosed conductor is

ﬁ £ AR ‘“‘:L _cos  (at - 8)A0 ‘amperes . . . ( 2.3)

L Assuming that the stator iron has essentially infinité permeabi-
- )

lity, the incremental mf of equation 2.3 is sbsorbed in producing the . .

/!

£ 6400 . ek

. inairigap-flux-d etts
. in magnetic £ield intensity Hpp of the hysteresis material, Thus,

£ o2 b . R : N
i s P = Bg ( o+88) - Bls]' —gg‘”,q,@e.( 2.4 L
*Equations 2.3 aid 2.4 méy be combined to give the differential equation
\
cos (Wt - 8 ). s . e . i (72:8)

At this stage, it is assumed that the properties-of the -

+

|
. T Eay gl

J‘ R st = ey T
\ hysteresis matérial can be representéd by the ideal rectangular loop as
shon dn Fig. (2.4). In this idealisation, the flux density Bp in
the hysteresis materisl can ilcnm‘:e only. with the fleld intensity

By is equal to the coercive force H. and can decrease only when_

'

(-




$FIG. 2.3 - TNCREMENTAL, SECTION: OF MACHINE, SHOWING
5 POSITIVE DIRECTION'OF-FLUX DENSITY. AND

i
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By = iHes Let K be a-measure of the stidtor . curfent ‘tn per” i’ of

the stator cirrent.required to produce chercive force:

L3 “i_;ﬁf—. D S a MU . 11
For K >-'1, there .vuu‘ bBe a part of the hysteresis -
“naterial for which By - uc.‘ For this paxr.; equation 2.5. can he |
written as 5 » :
Y v ¢
—::ﬁ l‘;—[l—!{cus(ut-e)].......(llJ.)v

Thls equation has a solution of the forn B i

. e
nge=—— [9+K51n(mtv3)+l2]k=hex!parmuex(2 8)
g

vhere C is a constant ‘

The range of application of equation { 2.8-) and the .. ¢
value of the constant C muat mow be duemimm" since pnsitive

cnen:ive force exuta over this regim, it follm that the flux density

in the matertal e.ncumplned 1s tncredstng with tipej v
2 .
_2
T 0 e vt ek (29)

Throughout this range, the operating point for material

16 on the.right - hand veitical side of the characteristic of Pig. (2.4).

. fThe magnetic!field in the machine jotates clock wime infig. (2.1 )

with respect to the rotof at subsynchronous rotor speeds. ' Thé flux
density Bgin the material, therefore, will' reach a maximum positive.
value at that-point where the rate of application of mif is ‘re’rlm:e‘d
to.the value which'is just sufficient to maintain coercive force.

From equiations (2.5 ) and (.2.6), this particular condition occurs

et

(S



therefore, megative. At wt-.=.athen Bgy mst be zero. .Equation

at the following position;

-d
7 a= ut- 0= cosd

For the continuity of flux in the machine, the air-gap

R & 1 D)

flux per unit of angle B.must equal the rate of change of flux with §
“
in the hysferesis material. Thus the following relationship is

established:
% .
b g TgBggr <ie e e i - u(2.01)

Since dBig/df, 2 O over the range of equation ( 2.8 )

and since By 16 a Function of (1w t =0 ), the result ds ..

%h [ @6 '¢ 0. From equation 2.1, the flux density By 1a

(.2.8 ), consequently becomes

HpThE,
By m———[é+ Kan (ot =0 = (wt -a)- Kamal..(212)

_The other limtt of rasge of spplication for equation
(zxz)omm.: (ot -8) =8 2
vhere Bgy agaln reaches zero. This value may be deteratned

by iterative solutfon of equation ( 2.12 ) !qu-na to- zero:

Kk 66 = - 1- m.—JT.. £ s G0N
for values of K.
. Because of :hg symmetry of the machine, there is a similar
range in which By, = - B, ad -

Hor, B, . . ;
Bey = % [- 84K sin (6t =:0)+ ( wt-mm- ) + K stna ]..(2.14 )
i | :

Pig. (2.5 ) shows Bgy as a function of §at t = 0

for ‘one specific value of K. Between the two parts of the solution
given by equations { 2.12 ) and ( 2.14 ), the air- gap flux density

e S

I
|
i
!



FIC. 2.5 AIR GAP FLUX DENSITY AS A FUNCTION OF 6 AT t=0 AND

K<I1.862

A e e e
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“in a similar manner. .

i
i
g

1 equal to zero.
‘Tauitaons ( 2.17) and ( 2.14°) gtve the solution for
values of K from 1.0 ‘to the valwe for vhich §-8 = ¥ . Substicuting
1ato equations (.2.13°) and’( 2.10°) shows. that this condition obtatns
atK = X, vhere ’ " L
P < e . .
ke -'-[( hll - 1.862 .
: «

At thie value of K; a. = 57.5 degreés.’

‘For - operation with K> Ke;' the solution of equation

(2.8) atill applies for the half of the machine in which positive

e L bt A,

‘coercive force exists. The' constant C'must, however, be re-evaluated

by setting !“ = 0'fn equation (2.8 ) for @ = ut— a and 6= ut ~ a + 1.

Solution of two resultant equations gives

Lo

£ \
u. ~ sto (-n—) b2 & g % ~-.(2.16 ).
2y - 3 :

- (2.17)

¥
. - et - B —
: L o - T orland el LG

.The constant for the region of negative coercive force may be evaluated

To' fact1itate determination of the flux linkage of the

stator winding, let the air- gep flux demsity By, be expressed as a

Foutier serles ing , where
T A AT S S R I § XT3 ;
For the ‘raige 0¢<l.862, using wquttinm(llz) ad

(zw)ucmbuhmme o . &

1) & & ;
222 [ i s v i) m ] sme
. :




. 1 1 fe
+7[ - 230’8 (a+ -3

_%( “'?&‘_‘cq,zu) +‘ix€| f:olv} i ’, 4 J

"equation is of the type

. Were 3

ffer e ) 0;5,5, ],.,..,;‘ R

+ Mﬁlat “odd humnlc tem

2 jmple (1[Y =T K K j K sing ~
s =T +T+2ms+zms ——u»u-x ino

- 2 coss - % 08 26+ 5 cos 20+ 2K ]uuu}f«

+higher odd harmonic terms

+ higher odd harmonic terms .
Neglecting the higher harsonic terms; the R.E.5. Of the above

Acos 0+ B sino'=mJsinB. v o o ov ows & on (2.09)

Lpgr, H, ) :
Vi [- 2 sin s(a-n )—zno- 5(u- 26= cos z.)gn]
T g 2 :).
{,
1 ugry He 3
3 :% [. —E‘ -:(s-a)+ 2 stn § + 2008 6(K siné ° bt ]

Threfore | 3 = T S : : .

P

8 = tn—l (B/4)
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2.3 QUIVALEIIT CIRCULT OF IDEALTSED CIRCUMFBRBNTIAL-FLUX HACEINE
The flux linkage A,nf phase a  of " thi atator v}s.ndug due
i eho-alr-gap Elux sy be ‘deternined by first Sinding the flux Hukigh

of a sinsle turn. wil:h sides 6 And 0+ .

x° - _’; Byyrglde
~2ugThll
B

Cos(mt-B-vﬂ) .\.. (220)

+ higher odd himanic terma,using exuation (2.20) ‘to- define Bgy.

i

3 3 |
The axtal length of the rotor is 1. The dir-gap flux 1inluga of the  ° i
7 . ‘complete statorwinding of phase'a'is then , found to be , using t

equation (2.1): B i - R 1

K 3 "'Ng Sing o 45 . o " I
S ra =) T Aede . R 5 ?

[3 s W N ugrpHergld R T i / ! . |

3 T g Sin (ue-p) webers.. . . .-(2.21") i

i

¥

This flux linkage has no time harmonic terms. Fou“mg'q\mim (7) and (27)

+ (7.), let the inductance corresporiding to the-air-gap reluctance be

wr. Ng2uorpl

= Bemmye s C222)

Let the effective value of current in phase'a'be Ip
Then the effective value of the voltage induced in the stator winding

. Of phase’a'is: e v

e
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e - ? =

Bp = ju;..4.‘...‘......:.'.(2.23) :

Cobising . equations (2,21, ( 2.22°) and ( 2.23) gives - ¢

4oy, .
Bp = L o “}-b Volts( rms ). o o (-2:24) 0 7
. iy :

The sinlarity bétween this equation (2.26) and equation (39) of

a s
CRef. (7)) that this al- flux machine can

be. by a simple electrical 1 circuit of the form

shown in Fig. (2.6, . .

- Here the stator leakige inductance Lls and the stator
resistance Ry have been addsd to extend the circuit to the terminals
of the machine.

2.4 DPROVED MODEL FOR B-H LOOP

The equivalent circuit for circumferential-flux machine
shown in Fig. (2.6 ) is simpler thm that developed for the radial—
flux machine in Fig. (10) of Ref. (7 ). The reason for this is that

the B-H loop of Fig. ( 2.4 ) assumes infinite unsaturated permeability

a0d zero saturated permeability for the hysteresis material. A better

mdel for a practical B-H loop would be that of Pig. ( 2.7 ) in which
the wmsaturated relative peraeability uz
46’ greater than wity.

is finite and the saturited

relative pem-buny‘u“
The relationship betveen the flux densities inthe air

gap and in the hysteresis -material {s given in equition ( 2.11). Different-

iating the oqn.. (2.11) with respect to '8 aad combining ﬂ;u_, result with N

equation ( 2.5 ) gives

i
1
i
i
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AL-FLUX

Fic. 2.6 CIRCUIT FOR
e MACGHINE, BASED ON B-H LOOP OF FIG. 2.4

e , .Eq' iing 2 ﬂt):v .

(_\_‘_._‘

VR



" Fig. (2.4) by the equations

i A :
(ha;.;—u) Sisare e G259

8 |4 -

o R
where the relat h:‘mm the ci 1 directed B'h@

and B'tig is shown in Fig. {2.7). Follouing a procedure similar to

that dmnuzu:ed in Fig. ( 4.) of Ref. m, thu relarlons‘hlp of B'y

and B'h dn Fig. ( 2.7.) canbe related fo the By characteristic of«

B s = Hn o+ 3'h/usvo por meter ( 2.26 )

o ) %
B'n = Bh + yuokn - veharlc per ’mz C227)
e where H -
I g < . .‘
L3 Mre Ve i -

To confors vith the analysis of the Ref.[7], ‘let

- '!“_ -m'm wabers <i% e scte s ase CH9)

ad -

'.("z:n’)

4o mohiBy webers .

. 1nt:mllqlll:;lnns(zﬂ),(227)(229)md

( 2.30 ) into aqlutlon (2. 25 ) glves

) o0 el C2.31)
Rg 1 RadygtR, (9! o"he""- Dos (ut F0) = o ee € 20

de2
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" genteéd by the

vhg:e the aithg.lp

Rﬂ. and the

.. k2
2 g s o
e, 3 ? i
Rg. Vorel: ampareaipar-weberstidian (2:32)
5 . 1
3 5 e ¥ o EEE
ey bér-radian . .
Ry = moRTemperes pek vl ezl
. L2 1 ' - % * o o5 ot
By A el vt wiberwadlan -4 ( 24340
P gHoBL o B ¥ b

Equatida’ ( 2.31 )“is af

This may be represented by the’ equiva!:ent lwsnetic circuu shows 1o the

ug‘(zs) _' i

"For spectfic value of the Teluctancés Rg, Rp and Ry nild ’

. for, a given ‘value of current I; a.set of solutionscan be cbtatned;

but_this set'of snlutluns 18/t00 cumbeTsome to evuluats and plot for

ranges nf values of -11 paranecers. By upu-en:sng the eliuent >

¢ -v.!dzo'he/duz )'of eqnatidn ¢ z.n') by a simple rel

n&ki.ng Aq\ll!lon ( 2.31 Ja ltnelr ulgebtaic nne, a’ simple but lpprnxlm:e

ctunce. cfma

solition could be devsluped. If the distribution of flux $ ' WIEH?

% respgcs to 6 1o outrterdhily close-to sinusoidul in fora a double

dfferentiation with respect 6.8 wnuld cause.a shlft of & half period
1n the wave'or a revereal: of ‘sign. m elembt then ‘could ‘Be zopre-

’uir-glp relucmu Kg, thac is
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] ; " This iaam‘}‘ﬂ\ ¢ Then- the

& éixcuit of Fig. (2.8) whld contain only reducfance, ‘a source mf, |

o . . ;
and the ideal rectangular-loop hysteresis element In this analysis, -

~ Thevanin's théorem is applied at the terninals of the ideal hy;:e:eu.

element ‘in Fig. (2.8) to zepresen: the rminder Of the circult'by a :

mf ( Fq ). per. unit ‘angle, n utlel with'a zelgitance ( Rq') per unit

- angle, where
¥ i R sl : 4 . 3 ’
# i B = - ——— Cos.(ut=6) amperes. .(12.36) - i
5 Rp+ Rg+Rg/ 47 - - G %
= ThHK Cos (ui~ 0) % i
N B Rp (Ro+ Rg') ", o .
. Rq = ,—————""" amperés per weber-radian .. (237 )
" By tRgtRe T :
- The resultant single~loop magmetic circuit is analysed

in'Ref. [7] and, after Fourier analysis, the
s 4

of flux per wnit angle in the ideal rectangular-loop element fs.given:by

3 Cos (ut -0 +B ) . Ca.(2.38)

; rhlle
Moy m g
. where factor J and anglé B for this first approximate solution are plotted
3 ; . a8 a function of ratio K ' as defined in.equation 2,36 ; ia Fig. ('2.9).
% The'dual electric equivalent circuit of Fig. ( 2.8.) is




P ‘
& 8 '
T T T
: \\ | atsEconD appROX.
W\ SOLN)
o ]l )
50°5 IR _
7
\ /
’ y
| BIEXACT) \ V4
40°al- il O3 ¢
: &, X, 7l
B(FIRST — 2
& APPROX) N\ |
30°3 T <<
1 KPS uiseconD |
/ ‘ APPROX]
2002 B/ /AN :
. 5 N7 SN
. a LRSS
i /43 (FIRST APPROX. i
10°1 7 —— ~SOLN.
i 7 3 i
// - dJ (EXACl‘F)
0°01— -
0 3 4 5
K ¥,
FIG. 2.9 - COMPARISON OF FACTOR K AND ANGLES FROM FIRST AND
= SECOND. APPROXIMATE ANALYSIS -OF FIG, 2.7 WITH THAT
OBTAm IN EXACT ANALYSIS OF LOOP'OF m. 2.4
N




Rs julLs julp -
Eq

FIG. 2.10

‘““'ll-ﬂ':_gllcm OF CIRCUMFERENTIAL FLUX MAGHINE

LOOP OF FIG. 2.7

i

s




g .
s
2
where . %
v 4rnHc i . .
b = ulq|: [J/u/2-8 volts (rms ) . . . (2.39)
l?e - \/2ag |
S mNg s

Bty sl e p e« 5 o A02:40)

substituting the value of Rq from equation ( 2.37 ) in equatfén’ (2.40),
mr N3 (Rp+ Ro +Rg )

Hemry . .« o o o (2.610)
8 Rp.(Ro#Rg) : g

the inductances ‘;n ng. ( 2.10 J are related to émx: corresponding
reluctances in Fig. (2.8 )) by equation aimilar to (2.41 )i

st T il -;51; B for the exdct firat-approximation .
analyses should be identical when yy,= 0., and Mpp = do Fig. (2.7),
leaving only the air-gap reluctance in Fig. ( 2.8 ). In Fig. (2.9,
the approximate analysis gives values of J which are high for K<Ec
ad 1ov for DKc vhile the values-of § are low for ali valies of K. :
This spproximitécanslysis is, imev'er," close enough to be useful. For
machines m‘ which the air-gap niu:.;:m is not the dominant elément in.
the magnetic circuit of Fig. ( 2.8 ), this firat approximate analysis
should be quite accurate. For n'-;:hine- in which the air-gep reluctance
18 the dominant quantity, the exact analysis developed at the beginning

of this chapter givesthe best accuracy.

_ 2.5 SECOND METHOD OF APPROXIMATE ANALYSIS . s

The values of K,J and 8~ for the gecond approximate sol-

ution are shown in the Fig. ( 2.9 ), eogether with those of the first
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appmxinata solution and the éxact solutlnn for the simple B~H loop.

The resuits of the _second approximate solution are quite close to that

" of ‘the,exact solution for large values of K. With.a high current in.

the .acgto‘rAgiving‘ﬂ large value of K, the mf drop in-the reluctance,
particularly the air gap, greatly exceeds that required for coercive
force in the hysteresis material. Under this v;on:lu‘.iﬂn, the flux is
expected to be nearly sinusoidally ddstributed in space and time, and
the ﬁ?vxoximtiop’ on vhich the analysis is based i resonably accurate.
From another viewpoint; the exact solution showed thst, -
for K>1. 562 the rol:or ma[ennl spends all its time on the sides of the

B-H loop, making an lnstmtmguns Jump across the top nnd bottom of the

loop at the trangition angles o and o+ w: Equations of type ( 2.8 )

then apply throughout the air gap. For large values of K, this solution
pproachés a sinusold. -From equation ( 2.11), the circumferential flux,
being differentially related to the air-gap flux, will rapidly lppmlch
2 sinvsoid hecause of the large values of K.

e

' 2.6 TORQUE IN THE MACHINE . «

The torqué of the machine is equal.to the power crossing
the ‘affeap per unit of angular velocity of the rotating field.

Using the equation ( 2.36 ), ( 2:39 ) and ( 2.41), the

torque for a 2-pole m-phase machine is 7

|
[




242 1a hm.rever valid for pnrallalog!m model ‘meglecting the para~ - ' . |

. sitic logses at iym:hrmmnn mode Be:aﬂed derivation of sub-synchronous ' ] |-

" to the actuil area of the hysteresis loop. Therefore, the best method

JK gin B Newton-meters:’. .° ('2.42 )"

| g
i S £

The hmctien JK gin B is plotted in ng ( 2.11") for
(1 ) the exact analysis of the li.m'ple B-H.loop model, ( 1i) the first

approximate analysis.

The expression of the torque given by the cquation

shiasor ‘epresentation tncludtng both,mf and flix parasitid losses are

'given in Ref. [151. - Fig.”(.17 ) of Ref. [7]  'shows the predicted

characteristic together with the measured curve of maximu torque mear

« f
synchronism as a function of stator current. The rounding of the l
1 curve is explained by the rounding of the ~* ...} J
" 'B<H loop, particularly near the saturation. : ! -
L 7

In the analytical approach of developing the necessary
equations to determine the motor -~ quantities such as vol:;ge,
curcent and,pover factor, the' noi-Liear chractaristic of B-H 1065 is
simplified utilising the lineat properties.. The precise consideration . s
of lim;r loops also becomes a difficult task. This gives rise to

erroneous terminal qumti:iei of the hysteresiss moto

difficult to the B-H loop, 4 lll the buic quulitizs

Also it 18

of it by dny analytical means.

The torque produced in a hysteresis motor is proportional

to accomodate the the hysteresis loops taking fnto consideration
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T e v - EXACT SOLN,

§ i . FIG. 72 1L TORQIJE FUNCTION J'K lin S FOR 'VARmVS HETHBDS
' e, oS A OF ANALYSIS

e







CHAPTER III d

| " YDDELLING OF

LOOP

3.1 INTRODUCTION
It s a well known fact that the analysis of the’

hysteresis pachine depend how ve Tepresent the actual B+ loop,
““keeping'its basic propefties similar “to. that oF the original one.

The analysis of,a circuit. having non-linear element is a diff~

Leult task. To represent the B loop and to find the motor amhmns,
in terms of the propercies of the rotor magnetic material, it is very
essential to represent it fn.a suithble way. ' The analysts of the
machind Becotias upousyble Lt ohe. 4tLeksto the/RCUAL BI 1665, © Aia=
1yves of Ehis nobor Bihaviour ‘Have:bhed fiade-uaind elilpre nd parss

1lelogran to* ent. the non-linearity. Copeland and

Slemon [7, 8] - use the field parallelogram approach, Robertson and
Zaky [12] ‘use the Fleld ellipse approach, and 0'Kelly [24] . °
uses the circult ellipse method. It {a mecessary to know the chara--
cteristic eurves of the ring material and also to be able to represent -
them in some way .
. Poritsky and Butler -[26] consider the non-linear res

latfonship of the B-H curve to find the mathematical interpretation.

* The firu:u:tel;m: was m;de o Tepresgpt a ~ certatn portion of the loop

by an empirical formula, e.gi, B = By (1-g 1 (Hetie)

. In addition,
Gillot and Abrams [27], . Bullingham, Bernol [26] ~ Zakrazewski ‘and

Pietras [29] thave also suggested. the static B-H loop representation.




FIG. 3.1 CURVE OF

RING MATERTAL

‘.'P‘ : v
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In .'adx:iun. the suggeutinl;s glven By.Flnhsr and Hom;r (301,  Davis [31];
Trutt, Erdelyi 4nd Hopkins [32] and Widger (33}, are also of high
impoxtance in the static.B-I B loop representation. ' .
The approximate theory foxcalculating the torque of the
hystereais motor was 'firat developed by Teare [10].  In hysteresis
machirie,’ full representation of B-H loop ia very essential.. In thé .
. uniforn rotating field, the B-H relationship for components is an incli-
ned ellipse. Because' of this, ‘Tére assumed an elliptical model fof
the hys:e}eua Loop. ‘The equivalent ellipse s chosen so that :he area
and the maxiziun value of B are the same as those of the corréspondiag
' loop.-'Thus the hysteresis loop is replaced by an elliptical model in bis
nnalysi; oF the hysteresis notats  he elliptical representation was

| further extended by Roters *[11]; Miyairf [13] ' and Robertson [12]

for the hp. sync motor. 0'Kelly [14]

'* further extended the elliptical Jof sis loop, and
analysed the motor & 1y by replacing the rétor’
material by closed coils. . S e

o : In case of elliptical representation, the B-H lnnp‘ is

modified to an elliptiFal shape. By this method of representation, the
- higher remanent flux density which is required for the highey. starting
g ¢ : ; ¢
torque is possible. Thus, in this method the.area of the hysteresis

1o0p is almost replaced By the same’ area as that of the B~ H.laop. “The

produced 1n. the rotor matertal. FPresiach-Nedl's model has been used by
J.Peard and M.Polojadoff in'the study of the' performance of hysteresis'
mtor'. . This model seems to work very well for particular type of

N

area nf the loop, can easily be found which Ls propurtlonnl to the :erque




3.2 BASIC ELLIPTICAL MODEL

h;-cému material,- - However, it Is fownd thit the Frslich approach
gives a better Bl loop for most of-the hystereats materfals.

N ° - g
Considering the concept of complex permeability the B~

o i
- Telation can'be defined as B =" e~4% where 0 is kuown 23 the hysterests

dngle. maguetising field is Hg Sin ot, then B = yfe Sin (wt-9).

Elistinating the sinusoidal. tine fumction the equation of the ellipttcal

hysteresis is:
H il B “28H uog_e' i g 3.1 )
Wp( Hg simp)? © T

o F 4
(Hs sin 6 )% ( uilg 8in 8)2
The semi-major axis, ‘semi-minor axis-and the angle T shown in the i
1}134 (3.2) are nppmxi.utaly uvﬂ-.,n. ii.ne. and “""I“r mupectivsly.

Therefore !:ha area of the loop I.Il'llt!. Sin 8, where u‘_ is de!emtned

fmth:ltlticl—!lmpnfcnm. .
i ERE R ey L b )

The hysteresis angle is obtained by equating the area of static B-H

loop to that of the area of the ellipse 7

Jy)l‘,E} sin @ = *Area of the actual lcop,Taking into
constderation the elliptical a-‘pp!\'thnltionl, the complex permeability
gk, 261 of che ‘rotor hy-umx- matertal 4o given by u= ypel®)

!Ilch :hn the magnetic ﬁAld intensity H is written as

l-p.(}e:’j“) PO SRR P R, . - 1
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“gbc'is represented as follows, . ST

The wrraapcndlng m-gnanc flux' density B ia given'as

A...,{.,u.a)‘ "

A (kme-s),

The rotor hyltgreli! material's l‘elutge permeabﬂity Ur
and hysrezeain lag angle 8 can be easily obtained fron the
given Juteresm 106p of the matertal.

3.3 PROLICH'S MODEL

Io Pig. ( 3.3)-the major B-B'loop is essentislly divided
mto_éou,r portions and each portion is represented by Frdlich's curye,
Vith centers aré at ¢ and £ ( H'= Ho,B0).  The sbed portion of the -
Loop as showt n Fig. (.3.3 ) da’opposite in sign to that of defa.
Therefore; 1f the upper portion of the loop can be represented by some ) !

foraula, then lover portion can'be found automatically. The portion XJ

. ™ . H+Hce g f
Bgpe = = lpw .o .on 2 (3.5)
20 e B+ F.(H+Hee ) ;

A Frolich curve is used in order to obtain the actual

curve i.e., abec,

4 (B+Hec) '
Babe 5 ———————— +GH .. ...(3.6),
E+F (E+Hee ) "

Iiﬂfo.r.henn-o. “ ) < &\

The pottion of the loop cd 1ia represented by
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¥16.3.3  STATIC B-E LOOP

o i




- S
e “ 3
i Bed e L 3T
4 ER - ER(H +Ho). ~
Similarly, ~ &
. - - Hee) . ; < S
] Bef = e k. @ B s s e eowe s C W)
e n o B-RE-He 4 &
L and ’
®-H) . e G
: NG i 5o b Vs €AY ag
i EE + FE(E - Ec) ; %
V In the above equations ( 3.5 = 3.9°), the values of E,
¥,'EB, FF, are all constants, and they aze obtained by plotting the '
A " feciprocals of B and'H, vhich give a ur.nlght line.  The slope of the
P .
L . Line 18 E or BE sad the lntercepl’. of the Tine on the Y-axls. is ¥ or FR,
be .depending onthe portion of :hg loopt
 eglin The eq\u;tlon Of the strafght linme mprem:xng g pomon
of the curve 1sy - !
: 1. E . - i . :
3 gtF ...‘.....4.._...V...-(I.lo)_
Similarly for the portion cd'it is = .
) .
1 EE .. ’ N
et B L o R P ¢ 13 b
i - 3 3 .
b i The B-H relationship in'the material 1s no lonmger described
; by the B-H loop for the surface, vhen the amplitude of the' applied
nagnetic field-begins to decrease within the materiali’ But it is described
by one of the minor loops of Fig. (.3.3). : L
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The method by which any of these is detemined, using

the %mown- data fibing the major ]

oop is

described as below?
4

The .portion de of the major loop fits well with the

simtler portion of ‘the minor loop by changing the centre (i = e, B = 0).

That is by changing the v;lue of conrcive force (‘Hc ) of the mujor
B-H loop to the value of the coercive force corre-pnn ing to the minor
loopl . ; .f ..

b Equad.nns ¢ 31) and ('3.7) are maified as follvs,

in nrde! to ‘calculate :he valu; of flux d.enalty ( B )" for the minor

loops,  * ' o 3
3 S(H + Hee) . 3
: Babe ¥ ————————# GH - (Brmax - By) . (3.12)
LB+ F (H+ Hee). .
1if H<0,.6 = 0 -
(H + He) . i =
Bed w0 303)

EE - EF (8 + Hc) i

Similarly equations ( 3.8 ) and. ( 3.9°) are changed to - '

(Bea) i
Bdef = —————— + GH +:(Brmax - By). .( 3.14°)
. - F(8 - Heo) . s .
if ¥ 0, then G = 0 ! . 5 .
; (@ - He)
T T R e I LY

7 EB+EP (4 - He)

The Hee and Bymax are the values of caercive. fomﬁfnd“ it

restdual magaetisation Tespectively of the lnop from which the valués of

. £lux density are calculated for the ldop nas:\ed within ie,




f

 characteristics, namely the permeabilities and hysteresis lag angle.

3.4 - PABALLEL.GRM MODEL

Copeland and Slemon introduced the parallelogran sodel
in the analysis of hysteresis motor. They predicted the fundamental

Heveloped torque in terms of,machine dimensions and hysteresis: material

The parellelogran modelling has been carried cut, considering the width

of it is equal to twice the coercive force of the material. It is

however, claimed that thie ‘rotor reactance is Teplfesented in a. better i

way, compared to elliptical model. v {a‘
' In the hysteresis material the magnetic fluxper wit

angle ¢y 1s related to the magnetic potential Fpg )

by the idealized ‘characterisiic of Fig. (3.5 ). This is derived ; '

from the B—H cteristic of the rotor material Fig. ( 3.4 ) “J

and is linearly related to it by

e, . '1 - g o Yo ('3.16) o
Y y era SRR e e
and
Fhe i ’ c :
g T B meten ...l (3007) : :

Any flux excursion on the Fig. (3.5 ) is governed \
by a straight- line relation of the y = mx + ¢, where -fﬁ ia the slppe
1f_the state-point is on the left or right hand side of the loop, and \

‘l: 1f the state-point is within the outer boundaries of the loop.

These incremental reluctances per wiit angle are given by expressions
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"R = h/uouqryl amperas per weber radiam. . . ( 3.18 )

%, = B/wugral  aspers.per veber radian: . .. (3:19 )
Y £

This stic may- be. as a linear per unit:
/angle Rg in serfes vith a vertlcally sided $/F characteristicas
showm in Pig. ( 3.6a) ~ and ( 3._:6b ). The lnear reluctance. By
of Fig. ( 3.6a ) has an effect which is equivalent to an extension of
the afr gap. = The new loop -has vertical sides,i,e, zero reluctance.
Be_cilllnja‘ of the. stbtraction of ;—n everyuhere. fron the slépe of the Vi =
‘any flux excureion within the outer bowdaries of the new loop will .

1 . 2

occur with a slope o~ whers.
. lp -

By = B - Rg ampere per weber radien . . . .(3.20 ) L

The nonlinear characteristic of Fig. ( 3.6b ) can be
further simplified by regmug;} it as a linear z‘lnctlncerpgi it
;-angle Rp 1n parallel with a rectagular loop donlinear element as

shown in Fig. ( 3.6c<) and (.3.6d).
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. CHAPTER 1Y
\
DIGITAL STMULATION OF B-H LOOP'
4.1 INTRODICTION %
T z s

In’the préceding chapter dif ferent ways of ‘graphical

and analytical representation of B-H loops have been. fntroduced..

of 3R t cs'ensbles  the b1

properties or ' gobdness' of the rotor materidl of a hysteresis machine -

*'to be ass

d. ‘Type of B-H loop approximations -Eo be made jépends

‘upon ‘the magnetic properties :of the rotor ;‘Mye(u: ‘materials. . »
© 104 bidm' bast Yasiut £xontha fuilinantal prtssiple  of

Hysteresis machine, that the torque pr;»d\u:zd 1s directly pxopnrziunal'

to the ares Of the B~H Loop, of the Totor maguetic material. Thus the

‘entire performance of the Bachine depends prinarily on the optimized -

representation of the. ‘actual B-E loop of the material.

Anmbex of ‘attempts were made by several Investiga-
tors . [32, 35, 3, 371w develop a computer programe in ordex to
sinulate B-H loop Of mon-linear elements. In 1970, J.S. Everatt
developed an dgu:ithx;x to-simulate the B-H loop of any non-linear &

pprosch, given in the next

eleent based on the modified Prslich

section.

“The dtgital mimilation'of hysteresis loop plays a major

role, in cting the of motor by the use of

‘mdern’ dlgltal computers avallable, in terms of machine dimeasions,




i
[

winding data, ‘and in temms of the properties of the Totor maguetic

materfal. - . " 4

4.2 MODIFIED FRbLICH'S MODEL

By using the more 1
derived fron Lamont's law, which states that the permesbility of the

magnetic material s proportional to its degree of magnetisation.

b= KB -B) .

where K is a”constant ' | : B .
stee o= 2 é
5
L T I S L T
0 . KBg %
i e o o B
B v T e sCA3)

_ where b and c are constants, c being 1/,

In applying these relations to thé permanent magnet '

curve it 181 to displace the curve by the ‘amownt °

of coercive force (He ). The equation fo¥ a demagnetisstion curvé

then becomes:

g :
B B FCETED - v oo s

whenH = 0,B = By, _ . .

aRd By = g st ot e




o L E4He
" Gelmn) + @/
To £18d the value Of Bm vhich makes BH a maximm, the above expresainn

is £ hy H and x ted and equated to zero. u i
T ool e X %
H2 + HHc . "
Bl ol st s aaie e ae e o(AB)
s . b+ c( + He) 3 LA
) 1 é
AR, | B+ e+ Ho)] [(2H + He) - (B2 + HeH)el :
i Q. (49

a [b + e+ H)PZ :

solving this expression yields the f;rllwing expressions for Bm and En:
£ A 1

ik Bm“(lll)(/l_-nﬂ-_:-l) e Ch)
- (ﬂc/cﬂz)(/l_)_-dr—l ..'...;.'_.(411)

In a stmilar’vay th expreseions for the remstning

! quadiants of the loop can be developed. Thus:thé s:mulur.lml of the

complete hyste¥¥sts loop is made . iv by, analytical expressions.

| Everatt davgl’npg& a numerical method utilising the.

modified Frolich curve, which': made ch” oimgibes tmlation
of non-linear hysteresis loop: possible for specific ap]}i\u‘ntdon.‘u :

Thie technique is utilised to simulate the entire B-H loop for hysteresis

The entire’

.motor 1s based on the Everatt's
method. .. . A s

" %3 ALGORTTHM : : Wy

The! magnetisation curve of the hysteresis materlal  can

&




i
it
|
|

.
entry to: gegnents 2 0r"4.; | . ' ¥ %

4.4 STMULATTON EXAMPLES . . X

~ i 5

be yepresented by “[35]; !

aBgHY o ¥ o
IR i P e =
v B = + JigHt 4.....‘...‘..(412)
1+ bE* -

which 1s a mdlflc-tion of the Frélich curve. Whare u* »0:
B* = Flux density . "
B = saturatfon ‘flux’ rlenai:y
o - ‘mgnectc fleld xnr.ensity‘ p

a and Bg are cunutmts which are rlete@ned £rom the ncm-l magnetisation

curve. The _constant ‘b 1is under the control of the ulgarithm And is

ipitially equal to 4. The hysterests loop is :unutmcted from four ., .
adjoining curve- segments, Is shown in Fig. ( 4.1 ). Table ( 4:1)

contains the values of By and Hi, which are the values of B and H at the

_ last tip of the loop encnui::emﬂ.- He 15 a fmc:lon of Bm and Himax.

In the beginning He is zexo. and 1s recalculated at aav.h t;lp, according

‘to the tulu 3

(] v . :
i F e |5m| .
He Bcux— uherela,.[ -n,.‘A....-(AJJ}

“He amx ,mnlnmhl;, .A.-......CA.M)

lele [ 4 1) clzarly nlmuu thut,,the constants I and b’ are equal on

-egz_unu [ and ‘3. But the valued of a and b.are recalculated at each -

; | The algorithm developed for mattied Bbticn approach

g ;xvm In llrliex section is utiliged i ﬂ.u sectipn, This method =




"\ SEGMENT 1
SEGMENT 2

HcMAX H

Sy I

SEGMENT 4

SEGMENT 3
=

a

B |




i
- Table 4.1. * Definitions of the Four Segments and Appropriate
: \ Changes Nw Variables. -
"' ségment 1 Segment 2 Segment '3 *\ Segment 4
B>0, 1 550, H B <.0, B decr B<0, B
A e B =B B =B L Bre-B " B*= -3
B* H= H - He L HY e B+ He TEr e - He E* = E4Ee
i % - i <
- aB, 5 ais .
ek b= — s . E b= ~|
. [Bn|-ug(|Eal] + He) R B} = uo(|Ba| +88)
b bea) o . e=a g "
\ 1 i : Lo.a
|Em] + He g . |Hal + He o -
i . . P ™ P N
. . B 2
. % : K A
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have been :eécscf in simulating 17% cobalt steel, 36% cobalt steel and
oerstit-70 alioys.

Table ( 4.2 ) contatas the pertinent magnétic properties
0f17% cobalt steel, 36% cobalt steel and verstit-70.  However, it is
known that He, Br, Bk, and Hg of the hysteresis material vary to some
extent depending upon its past history. The parameters of the respective
byateresis naterial given n Table ( 4.2 ) are fnserted into the compu—

ter programe. The valuea'of He and Hemax afe set within the ressonable.

value. It should be noted that the, on the  axte
T T i
with decreasing ratio of Br/Hc. y 3
. ‘The actual B-H loop of 17% cobalt steel, 36% .

cobalt steel, and Okrstit - 70 alloys '-are shown in Fig: ( 4.2),

( 4.3), and ( 4.4 ) respectively. ,The simulated B-H loop of 172

-cobalt steel, 36% cobalt steel , and oeratit-70 are shown in Fig. ( 4.5 ),

(4.6 and (4.7 ) respectively. , Conparison Between the simlated
561 loop ‘and thie ‘actusl B loop -showi a very close ngremﬂ:t in all

Tespect.

4.5 EEWECT OF HYSTERESIS PARAMETERS ON AIR-GAP POWER OF THE HYSTERESIS .

MACHINE ) 5 R ot g

Fig. ( 4.8 ) shows the plot of air-gap power va the

unsaturated relative permeability. Fig. ( 4.9 ) shows the relation

between the air-gap power and Br, which indicates that 'there is an eno-
- rious Increase in alr-gap power as the By fncréases. The plot shown in

» . : -
Pig.' ( 4.10 ) clearly. reflects that there is a very lesa change in the

atrgap power, as ‘the saturated relative ‘perveability is varied. The




Table 4.2 Pe : Mag Electric

of Hysteresis Materials.

‘17% Cobalt. .| Oerstit-70 | ' 36% Cobalt
Steel ; q Steel
By 0.95T " 0.85 1 0.90-T
Bg 1.50 1 [ 120 TaasT
. .
He o |' ©12.80 ka/m 12.50° kA/m 19.85 kA/m
: ’ :
B 14.60° - 14.90 12.00
Hy 28 kA/m 25 kA/m 34 ka/m .
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" AIR-GAP POKER IN KILO-WATT

‘66
PLOT ATR-GAP POVER V8 RELATIVE LITY
KEPPING THE FOLLOWING CONSTANT
. rewes A sawzfy
(2), COERCIVE FORCE
€3>, SATURATED RELATIVE PERMEABILIT )
) ' .‘ ! ¥
8 ¥
ki - : .
: L -
2 5
L]
? "
st
l. P S
L] v
s.0 0.0 .00 .00 12908 150,88
UNSATURATED RELATIVE PERMEABILITY
FIS.. 4.6). ATR-8AP POVER V8, UNSATURATED RELATIVE | Ty

o=




. AIR-GAP POWER IN KILO-WATT

.44

2.28'

&

‘mmwrmwmwmn.uxmv.
KEEPTNG THE FOLLONING CONSTANT 2

€13, UNSATURATED. RELATIVE PERMEASILITY

€2). SATURATED RELATIVE PERMEAB ° 2
€3). COERCIVE FORCE 5

0.8 T e.28 R - e7e 104
REMENANT FLUX DENSITY

FIS, (4.9, ATR-GAP POVER V8 REMANENT FLUX DENKITY

67"




o
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beyond this value of He.

plot of atr-gap power.vs codreive force shown fn Fig. ( 4.11); clearly
-4 & & 4

indicates that there I & sudden rise in afr-gsp power wp to certain

Value of the coercive force ( about 13 KA/M ),and decrease in power
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P DIGITAL SIMULATION OF THE HYSTERESIS MOTOR v 7

P
.5 ) : S
5.1 'INTRODUCTION ¢ B e

. The eq\laticns d;éloped [8] to study the behaviour of,
the hysteresis motor is zpe/ landmark, in the evolution of the. hysteresis
motor, - These equations -are developed by modelling the propertles of

‘Yotor matertal with the help of 1dealised parallelogian of B-H loop.

Hoveve?, the equations developed, to predict the torque of the idealised- machine

2 7 vas of £ the lossen fated with the rotor.naga-,

etic miterial, which s due to the excursion of the minor loop caused
by thé eddy current effect and tooth ripple present in the air-gap

< A, flux density. ’ s E .

5.2 EQUATIONS OF o108

: . The’ stiut o used are based on those developed b
Copeland and Sl;mnn [8.’1 for ¢1zcum£erenna1 flux motor. The .cross
_section of the circmferenti-l—ﬂux motor 1s a8 uhmm in ‘the Fig, ( 5.3 )
It 1s important to' nnce that the rotor core of the.circunferential~

flux i non-magnetic. ’ﬂm flux crosses the airgap radially and follows”.

the circumfe path.in the hyst ‘ring.
The' £ tal motor field equations for an u-phase,
p-po!e siachine ‘azé u.c E :




ROTOR ‘CORE
(" (NON-MAGNETIC)

o

HYSTERESIS
MATERIAL

Hp(n),Bp(n)

FIG. 5.1 ECTION OF FLUX
. MOTOR SHOWING DIMENSIONS'AND, ELEMENTAL SEGMENTS - .
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. . According to the motation shown in the ‘section of the
motor Fig. ( 5.1 ), the following equations are developed for nth of

N = 2nfAdsegnents [22] : !

2o I(n) = xA6H, (0) +o—— [2B @) c

gh
o 8 B - 1) -B (I.(53)

R MR A< S IR PSRN & WY

\

‘ b £ @ .
B () = ~——[B(@+1) -8B @-1DI ... (55) v
e 2 80 g - .Bh“' ¢ d

Equations (5.3 ) and (5.4 ) are solved for given stator
mt dateibution T(@D)s = 1, 2, viosises Ni By knowiag the previous
ntnte uf ‘the rotor at T — AT, the magnetic state of the mzw of the :
idealised motor at time T is calculated. Equation (5.5) then gives
‘the at gop flux, and from thie the flux liakage per phase 1s’ computed

knowing ‘the stator winding dh:muuun. The value of :he stator indu-

¢

B T m the present study, provision is nade to insert the. .
- -

ced voltage is,then :onpuud, and hnne the motor -h-f: torque, by

omlttlng ﬂndugﬁ and friction loss {s c-:rud out.’ -

stator winding: ang leakage ind in the above ¢
and the corzesponding changes are mad: in the computer programme to

obtain the stator teminal witage. . . = - L Sl
- "N ‘The digital techifque used fn modelling thé hysteresis

4 5.3 cowpuren woveL oF THE ErsTERESIS TOGR |- : ; \\
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p{s haged on the plecérise Liear approximations [22]' . The model ~_

| ; ,
developed has ‘ot clode assocLation with the' behgviour of many other
pernanent mgner. materials which fuve got the required properties as §

Zotors of the hyatereste wors.
", e above, mngighéd model 1s Fousd useful ini solving the £ A

" motor equatios (:&amq, which is a necessary factor . y

\-5\5)9{:::01:1 The magietic Hux density ia definsd

By y(T) and the magnetic mia strength is defined by x(I). 1 refers to

tize. . " ‘
Thus the nugne:ic m:e of the mn[ertnl can Be defined at any
initlnl’. of Lwa The p'uviaus state of the material. at aay. nmA is
-‘—gim by (-4T). The previous state requires the three 'hiamry par-
m!:n B(1-AT) , o(1-AT) and m(T-AT); apart: from theyvalues x(r-n'r) and
Y47 . 2

The allovable values of xand y exe bouded fn para- J

" Yelogran set by By By o, a. and the nu upuanmg the lnc\lrutinn

Fig. (5. Zl ). In genexal, chmgu within thil bnmdary follow 1ines

with a slope a n,qud ot that of the top of :h. pnnnelogrnm " 1
point (x,y), however; has a Qoummx recoil Iine ‘agsociated uu:h it,

of length equal to or less than 2, bomded by the points (b,

(eiy)= For large changss in 'x, the. horizontal line 1s dragged along
‘by/éne of ite ends. When's-‘changes in diTection, there is & hordzontal
wovement to theother end of :the line, and it-is then dragged in the

oppoddte, direction, - There are nine possible mdes 6f operation W s

i

. The length of ‘the ‘tecou‘ line in each wde i given fn gable (5.1)
PR ' i N N
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The posaible B/K path.is shown in the Fig. ('5.2b ).

" paxameters at'each tuming point of H are given in table (5.2 ):

77

. : P
The ‘history”

 Table 5.2 of history re -
% e
Point 0 L ® M N 5
v
H 0 x3 x EN x)
3 0 ¥3 y2 4 x1
b -° x3 =P x xy x)
c +p . X3 x,'+z,d‘x~ x +h
k. 0 -1- 0 4, 1
N
h B
4 '
\ . =
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2 ‘e aubrostine esployed in this cage has o perforss :

long series of teats to eotablish nex mde. To deteraine the new value X >
2. ofy, b and ¢ at each mde, a function routine s emloyed. -Eowever, g

.1t does not req\nlm nofflinear fuaction storage.

In the computer programe, 360 electrical aggn-.u are

divided into 36 upun. Idealised mf distributions, corresponding

to 18 “and 3 slots per pole is used and the equations are golved for 180

electrical degrecs only, An eror tununon 1o-uned based on tha duct~

ssive approximations, which is reduced to a small valte, The error

function ia of the form: 2

@) I @) = F [ (@), K (), B Ca = 1), B G+ DL € 5.6)
¢ B, (), B (), B, By

P :
The £low dipgran for motor-equation program is shown in the Jppendix E.




caAPTER VI
RESULTS AND nmsxw .

6.1 INTRODUCTION

In this chapter an -:zqt is made to -:udy the performance

istics of the motor 11y and. to compare
it vfth :5- cawuud results using the digital sinulation method, = The
rotor hynnreu.t uterinl used is made of 17% cobalt -eul, oupplled‘

By the Persanent taghet Mnufacturing mp-ny.

6.2 RING SPECTFICATION -~ : G }

" Before going 'to study the performance of the L,-:eu.u

motor, it is tial to know the curve of the ring

material and also to represent -it in the form of B-H loop.

The heat treatsent and snnealing of the 17X cobalt steel was

. csrried out at the Fermanent Magnet Menufacturisg Gompmy. - But the

cospany could mot provide lhe final H loop of the hysteresis ring

material. swplied. la-ﬂn. on u-un. the' risg 4n the motor. -u-ny.

it vas fowmd that thé -qlaru;dldutgium to the sase vaiues

of B and H.as speciiied for 17% cobalt steel materfal. However, on .
4 Ly

 ‘the basis of expetizentat results. the empectal BH | loop of the

la-pll rmm stmilated and at values of; By = 0.80 T, u_, =10.00,

oonumam-sswoaun,»v-" icer esuits and g S

 vithin the Linic of| :elermu. g1 g ¥
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Details of. the experidental setupare Ehvr 1ache ‘ippendix 5.

Tvo digital m:tnteu were: used to meaguré the inpul Power to the

mch.tne. The dedsn dltl ‘o the hygggreain machine fs.given in lhﬂ
tpponazec. . s i gt sy BV —
The ‘bysterests motor ws loaded by sednsof o dicyvork - S ;

mchine medun(nlly cnuplqd with ‘ﬁe expgxmntnl Hﬂ\'ﬂ!leyl Cenaxn‘- "
Used machine. The u:hlng vas slowly Loaded to. the, potnc uf pul].- i iy
Y out by varyin; the load, ke.‘ .:lnl:e l:unn!cted I.D the wnrk mll:hl.ne. .

2 . The ‘totsl injut power less the totel copper losg Bives the

air gap power. The output of the hystéresis gachine!

; e
. N = ;
i . The air-gap pover less the rotor parasitic logs|and.friction and

. vindage and core-loss ‘gives the shaft outpit power, The parasitic- ... .
! .+ loss. was. - ‘measured experimentally, MG : i
T s4 msmrs : L oty J
o ; b . VAR i
The -fi:lcl-ncy and'the £ill toad taput pover factor’ ot the | £
g | /
Ahyltenlis machine were cal culated by mowiag the oifput pover and, |

- T from m known values of teiminal vall:ages and curreits < Cmnpazinn T e

of the expenmml maults and :;omputed fenulea dhor, o Yery close.

P 5 FEN
- ngxe‘emant. Vrphles (6.1 ) and _(6.2) shovs gxpe!tmantal msuu» : - !
£ . o * and computed xuulcg;elpecnvaly. e e o
A iy The sjreement between, cosputed and measured results c\f £ _'\

Figs. (6.3 )idnd (6. z 3 2e reaspuibly’ good m view of &n. nmp» exty -
Ny Tt
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Table 6.1 Performance Results ( Messured )

Current” “Pull-in
Voltage

Ip (&)

9.18
.9.84
10.28
10.82

10.86

N '10.94

R %1
178.5
190.0
198.0
205.0

3.
206.0

208.0

Power
Factor
0.3
0.37
0.3

0.33

. 0.33

0.33

Air-gap

_Power

(Fatts)
1077.50
1107.50
1184.00
1218.20
1235.70
1230.20

Effictency
@
58.0
58.3
0.0
59.0
56.50
59.0




Table 6.2 * Performance Results ( Computed )
Current ‘Pull-in Power Air-gap = Efficiency
. I, () Voltage Factor Power 2R

VL1 (Volt) (Watts)

L 9.18 . 190.0 041 998.0 73.0

9.8 199.0° - 039 .177.0 ¢ 72.0 p
10.28 204.0 039 1261.0 710

10:82 2100 0.3 .1275.0 69.0, b

10.86 . 210.7 0.3 12700 . 69,5

10.94°  212.0 0.3%  1274.0 80

k] .
’ .
. " 7
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. of the mrllmlrlt'_o'x the hysteresis nn.rni and spproxinations - -
it T the malystn. Big. (E1Y chown: the plov.of termtndl yoltags ;
ve stator phase it rig. (6.2) e the plot of terminal n&n’n
'vs airgap power. . . = ) .
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CONCLUSTONS -~ : i

Type :of B-H lcop approxisations to be madé: depends upon-

magoétic properties of the material. | The performsnce of the' hys-

teresis machine primarily depends upon the optimized rgpreseptation of

- G i
the actual B-H loop of the material, as it 1is used in predicting .the

terninal perfornances of the hysteresis motor, Tha digital technique

based on the modified Frolich's np\iruld\ 1. used 1n the simulation of

the typical hysterests matertals like 17% “cobal steel, 36% cobalt s

__eel and Oerst1t-70 alloys. * These materials have exmuvny lying
becween 4 and 20 kA/m, and remanent flux density between 0.8 sad 1.3 T.
The propram was developed ( Appendix D ) for PDP 1160 computer, and
_au:g..;q: plotting of B-Hl Toop was. cairied out, It vas’ obuwgh that

_ thie intersection on the H-axis increases with the decrease in ratio of

“BrfHe. It was found that Llu ‘maxisim sad minimun values of Hc criti-

cally determines the -m-:m of the loop. ' Comparison of the -simu—

lated BME loops vith those suppiied from the permanent magnetic comany
show. a very close agreement in all respect. :
Based on parallelogran -ppxoxsnunn of the B loop,

the mtor field lq\uti_ﬂnl, vere developed for-the urquexenllul-fl\u

type [ B, “These equations were: o m-’aru.uy “to. predict ‘the

Anput, the atrgap

nmin-l v.luﬂ. of the motor. " u.mg m—un:

£lux and hesica lide voltigas ‘srs, computed, vith'the given stator windis

‘dgs. A complete cmutde\{ algorithm is dtvdoped‘md the lisgings are

k”T—




integration with the’s graphic plocters.

. W . . 80

includéd in'Appendix E,. The pain computer progran vag £iret developed

fox. IBM 360/55 mtm It waa alao made ndﬂpl’.nblg for P16 160, fok

The digital ‘nethod ot .muu:mg the hysteresis loop

and solving.the .motor equations !lmx‘icllly, allow the steady stal

£ the By motor to' be dicted from its known dm—

riafona, winding data and’ material's magne ¢ prope-
rties. The hy-tem(s Ting of ‘the test rotor was made of 17% cobalt

steel alloys. The parallelogrim approximation of the B-H|1oop is
used in the nmric;l analysis of motor performance ﬁgediczxann. Test
results of the terminal quantitiea:at synchronous speed indicate good *
correlation between.the measured and the call:ulnted valueg.

Effects of pertinent hysteresis parameters like coerctve
force, un;anentﬂux density, saturated relative permeability, and un-
saturated relative permeability, on the airgap power of the’ hyatsreuh
motor are s:udied. . - »

The terminal properties of the nyu:euus mm:hine may
be improved further by using the modified Prolich methods to solve the
motor equations ‘ngtead of t'h: parallelogram.’ béve1ap1ng a complete
R St TvEE Vo oREAs, SAPNLES RbE ASChONES iYL
quantifies based on the modifled Frilich model s one of the future *

works that should be carriéd out.
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PREISACH-MEEL'S MOBEL %

. - 9 . 1 g
J. Persrdand M. Polobjadoff [36] used this model in

“the study of the A xforminces of
nbalancéd conditions'. It seems to work very well for hysteresis -
materials 1ike vicalloy. Hovever, it is found that the modified
Frolich approach gives a better B-H loop. for materials like simonds-81

and Qerstit-70.

3 This model fron'e raphical

of the hya:smu pmounnn aivan By Pnu.r.h [a?, 38).1t_4s according
to phy-lcnl mnlity in low fields as shown by, Nael [39] vho gave a
theory concerning. the wall dfaplacement in this casé in 1942. Thus -

the neme fs Praisach-Néells model. 5

i

¢urve of ‘& el elemental segment

‘1s shown.in the Fig. ( Al), by considering a small samle of magnetic

motor under *

3
materfal as the superposition of an nthttmry Large. siusber of dlemantal

segments. Each onme il characterized by two nriticn]. vllllﬁ! of fl!id
"intensity a-and b.(‘a>%b) and-has a rectangular hystereais loop m(H)
\ given in Pig, ( Al ). Bach elementdl segment ia.alsp represented in
the ('a, B )plane by a potac below the first bisector,( a > b ) shovn .
in Pig. (A2 ). If the ’.I!!I.lsity of the fleld lmple is-H, the l-gueti—

gation Intensity of an elemental segment ia given as’- =

m=H 5fb<axHh . fea)

ifHE<b<a T LAZ)
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me M 1F b5HIa (a3)

AT In the last cade the algn of m is dependent on the pm_-iou. i

* DEsJ N bakdrp uf thae materfal. ¥ the caleilation must start from a

state in whicfh{e value 6f m is known, for all elemental segments.

Let 'n" be the total T el oo in the

“samble... Then da; tha mumber-of alzuentnl segments having a represent

i o © tive pomg located in the rectangle defined by the coordinates

St N S el yua s 5 ETe B 5.8 SCARY

- o T . no

wE R . Next the model is completed bya atstrtbution function’ S( a, b ) related

to. the prvbn.bilit)' K g) of fimung an elemental segment having criti-

“ : Y m cll flgldsinl’.he{n(ervalu(n a+rla)nnd(b,h+db). “The fun—
=, 1 * " ction retated o this e defined in the’ fnilawingcwuy' ’

v
R,
i & v,

a1 o e 5
T=E:S.(l,b)dadb‘...‘......(As) 3
The magnetisation of the sample is given by- :
. 1
M w1 (a.b)dadb’~J S (ayb) dadb. .( A5 )
& LR

-~

_Af K agd R are the regions jof the (' a; b ) plase, vhere m is equal ‘to

Mg and = M, ely. 'Since the 1als have: the same prop
Lo ifall variations of H are dmnged 1n sigh, s ( 4, b) is symietsi-
.:-1 uuh mspenc to the second” we:mr. « In other wm s (a, b )

=a). 'nm function can ‘be deternincd from fhe. experimental

=5 {-b
knwlzdge of the rising magnana-uan eurve and the largest hysteresis

cycla :6f the material. To determine the numerical ‘values of S ( a, b)),

Jthia ‘Method pmpnued by Blole and Pucatti [40T s used,

\ - Ca, a4 da;'b, b+ db.). The M, thé avérage value of m elemental segment -




as long as H > - Hy and H is steadily decreasing ( Fig. A3 ). If
% 2

o B / . G Pl

d M 7 .8 computer

progiame, to mmpuwm flux denatty B = gL+ Mo, knmq!.ng BCEN

At the béginning the materfal is non-mignstised CH=0,M=0), the

*. magnetised intensity of the elemental segment is gtven by: the Fig. \

{A3a'). " Then

‘m < 'Si('a, b) below-the second Bisector, o A
n - —s('.,b).bova the second pisector,
s(a.udm s(-,s)a.as.....( 46)
u(0)=0 (A7)
© Y In aifirst acage,n(:)uuusu From zemuy:ou“ For-

a given value 0f7H, & has ‘changed sgum Mg into ¥ M for the elemeatal
segments. répresented by points of the triangle T, Fig. ( Adb.): Thus: L
: o wEELE .y 3

N M) = MCO0) + 27,8 (a, b)) dadb, . (A8)

Later M, the final v}nua ©of M, when H ="Hy ( Fig. A3 ) is m)

leed. Suppon 1074 satdnd, atai; B C¢ ) ‘Gacendnds ‘from uﬂ, M decreiises

from u“ and 1a given by %

H(t)-gﬁ’-z[‘5(-,b)darih.'.....(h9):“' G :
T

Bresches - Hy, Fig, ( Ade ) shows that M reaches - M. If H decreases

: further, ¥ ( H ) vill be again the magnetisation curve. If, howevur,

Hincreases- again just after huving teunhed "x ( with By > - By ), . . ,

'Kusivanby. 4 2

u('g)'- x+2.r s(a,b)dm......(Am)
ulunguﬂ<l'l“mdﬂln deczeumz.m a8y .

s . S

i
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APPENDIX B

‘DESCRIPTION OF THE HYSTERESIS MOTOR UNDER STUDY

The stator of the hysteresis machine has a polyphase
distributed winding. The s condisrs i hysjerests ring supported
by aaluiintim sicevé. & hysteresis<motor is s smooth cylfndrical o~
tor elicerical mightna. . 3

g The Mawdsleys Ceneralised Maching is ised in the experi-
menbal study. The stator of the experimental hysteresis motor is the:

stator of the Mawdsleys Generalised Machine. The stator of the Gemeral-

1sed Mewsleys Mackizie hes & conventisnal 4-pole a.c ‘winding in 48 slots.
The ends of all the 48 coils are brought out to 96 terminils symmetri-.
cally arranged in four concentric circles. Thus) there is a unique
f£lexibility of running the machine in several Savdea;

= s The arrangement of the physical relationship between
the position of the coil sides and the arrangement of the terminals is
‘shown in the adjoining photograph.- Coil sides, 1-48 coloured red, are
1in slot position shown and the ends of these coil sides are comnected

to terminals 1-48, coloured red ( mot visible in the photopraph ).

Coil sides 148, coloured blue are connected to terminals 148, coloured

blue. The position of the slot numbers 1, 2, etc. are marked on n the!?

wite oAl samention plal
There is & provision to messure the air gap flux, the-

ough the buu: 1n search coils; which is provided in the stator. 'Sing-

.lc search wires are provided in'the tops of the stator slots 1, 7, 9,

12 and 13. The search coils of various pitches can be achived with this

kb o S

i
i
]
i
|

|

|

{

|
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~arrangement ARV . e "
. ' Thé:direbt measurement of the temperature rige of the -

stator core is made ;;oasible by means of a built~in therns couple.

fl\e etids of the thermo' couple are. brought out 'to the left-bottom corn~
er of the comnection plate. The insulation of the stator winding has
a :emperutu‘?e :ulﬁce 1linit of 110°C as meuured by the themn:ﬂuple
Thé stator core temperature can also be measured with the help of a =
.m.ercury thernometer, through a groove at the top of the stator core
,su;'f.ncew The Mawdsleys Generalised Machine is coupled Y work

.The 8.c work~machl.ne 1s used to load the experimental hystere-

machine.
sis machine. .
In aditeton n buile-tn ¢ tacko-gensratae 1s provided
for measuring the rotor speed, fn the Qéneralised Machine set.
’ The torqué measuring unit is the nutstmding feature of
_the Generalised Machine .set.’ The torque measurmg unit factlitates
accurste messurement of hoth é:eady state and transient torques.. The
“torque to.be measured is trmsmlttsﬂ by a hollow shaft vhole tapered
end fits coantally’ vith the experi.mmtal Totor shaft, while the other
end’1s: coupled with the: d.c work /machine. The measuzed torque 1is to

be obtained ultlmnhely as .an e],ac:ricul output from the converter unit.

it
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ARPENDIX ¢ -
DESIGN DATA ‘OF THE ﬁmzmmkl. HACHINE
STATOR smc:mxm;:mus 3 ' T (i

The stator of the experimental hysteresis machine is ™

the Mawdsleys Generalised Machine stator having the name plate data

as follovs.
Normal stator volts 200/220, stator No..l

v
Stator core .

_ Core matertal Sheet steel 0.457 m

Outside dlameter . L 2797400 g
. : iy e

Inside diameter E 152,400 mm <
Slot depth ' 27.080 ‘mm .
Slot width > " 2.540 m
Tooth width . »; E . 7.430 m

* Numbér of slots : w8

Slota’ were capered tovards the air gap having 4.8 mm bottom radius

and 2.8 m tip radius.

Stator winding 1
Type of winding | ' « " douple layer lap
Number of colls:  * . | L as

Nunber of conductord per slot” - 54 !

Number of tums per cotl - 27 “
Conductor dia 3 : 1.22 m

$a




Mean length of turn
Slot skew - -

Conductor covering o 4

Class of insulation

Diameter of the ring
~ “Outer diameter of the aluminium’sleeve
. Ring dépth \

 Ring length

"+ Internal diameter of aluminium sleeve

Th of the sample

\T§ OF the wimple

Shell thickness of samle
Length. of each sample -
Diameter of the shaft

Air gap

Stator reaistance per phase

Stator leakage reactance per pmé

1 slot pitch
Polyvinyl acetate

E

151,250 m
llﬂiSOD -
lﬁ“S‘OD mm

105.000 m

. N
97.400 mn .

57:500 m

67.560 ma
37.500 ==
101.200 == ~ -
75.500 ==,
0.508 =

1.100 Ohm

3.700 Ohsi.

=
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: \ ] ': APPENDIX D.

“ILE NAME: - .. 0ST70.FTN !
v b

cobnume PROGRAMME TO SIMULATE THE B-H - a4 |

| LOOPS OF THE HYSTEQESIS MATERIALS LIKE LR
17% COBALT STEEL,, 36% COBALT ‘STEEL AND ' gl
| © OERSTIT-7@ C 16% COBALT STEEL-) ALLOYS. 2 ;

SIMULATIDN OF OERSTIT-78 "ALLOY iS
“ GIVEN HERE AS AN EXAMPLE. * i

s
PR COMMON/FUN/CA, BSAT, ALPHA -~ * ; X A7 S
' - DIMENSION H(128),BC128) T b
CALL! PLOTSC2> o . /
NEND=126 .
DATA{H/0.,50@. ;1000.,2000. ,3000.,
1 4002.,5000.,6000.,7000. , 8200. ,
2 9000.,10000., 1002.,12000. , 13000,
"3 14598.,(5%8.,]62@2.,I7BBB.},IGBBB_.4
4 18000.,20000.,21000. 22000 ", 23000. , -
. 5 24000.,23000.,22000.,21090.; 20000, ,
619000, 16000., 17000, 16600. , 15000, ; X :
7. 14000.,13000.;12009. 11000, 10000., . ; i
|
i

8 9000.,8000.,7000.,6000. ,5000. , 5
9,400 ,3000 2000 ., 1008.,500. ..
. 1 0.,~Se8.,-1000.,-2000 , ~3000, ,

] 2 -4000,,-5000.,~6000. ,~7000. , ~8000. ,
3'-9900.,~-10000. 11000, , ~12000. ,~13000. , 5 ¥ ;
* .4 -14000.,~15000.,~16000 ., ~17000. ,-16080., - i
§ -19000.,-20000. , ~21000.. , ~22000., ~23000 .,
6 -24800.,-23000. , ~22008 ., ~21000. , ~20000. ,
7 -19000.,-18000.,~17000.,~16000. ,~15000. ,
8 ~14000.,~13000.; ~12000. , ~11000. ,~10000. , i
8 -9090.,-8000.,-7000 . ,~6800. ,~5200. , S - e

saeerig,




NounawNn -

' CA=11.BE~4. ot
%,
M= 3
. DO 111 Ne=2,NEND -

HCNEND+2>=10.

‘r - ATt
~4000 ., ~3000 ., ~2000. ,~1000., ~508 .,
9.,500.,1000.,2000.,3000 .,
4200.,5000 6000, JAR0. , 8000 .,
5000. . 16000. , 11000. , 12000, , 15000, ,
14000., 15000, , 16000, , 17000, 18000. ,
19008., 20000, , 21000, 22000. , 23000. ;
24000.,0.,0./ " '
PI=4.#ATANCI.D

FHUO=4. WPIw1 .QE~7

FNURS=14.6 ’ o kK
ALmA-rnue-rnyRs Sl 5

- BSAT=1.2

BC1)=0.
HC={2500.
CB=CONB(®',,8. HC>

BONSBIN-1>  © T 7
CALL_FROLOPCHCN-13;BC N) HON>, M, e, ca:
CONTINUE : -

- WRITECS,200) . ™ . '

FEJ ATC/, 7 MAGNETIC FIELD STRENSTH, *, /3.
5 K=1,NEND. "

H<K>-ﬂ<|<>/|aoa

WRITE €5,218) CHCK,K=1,NEND> . -

FORMAT C4F12.8)° 1

DO 7 K=1,NEND |

BCKY=BCKO#I0.

i WRITE €5,238) C(BCKD.K=1,NEND>

FORMAT </, * FLUX DENSITY"’,/>

FORMAT ‘C4F12.5) ;

CALL “AXIS C1.,5.,7 *,-1,6.,0.,-30.,18.3
CALL 'AXIS C4.,2.,7 *,{,6.,80.,-1.5,.5)
HCNEND' { 3=-30 . : '

3




BCNEND+1)=-1.5
BCNEND+2)=.5 .
CALL SYMBOL C1.,.9,.14,/FIG.C4. 7) B-H LODP FOR

OERSTIT-70 ¢ SIMULATED >..8.,50)

CALL LINE CH,B,NEND, 1,8,4,.14) -~/
CALL SPLINECH,B,-NEND,1,8.32,0.)
CALL PLEXIT . ¥ ) .
STOP. | !
END
FUNCTION axr<x,s>
" CONMON_/FUN/CA, BSAT, ALPHA
BXY=CCAWBSATH)/C1 . +BWX)+CALPHAWK)
RETURN
END .
FUNCTION CONBCU,V, W)
COMMON /FUN/CA, BSAT, ALPHA
EDNB-(I:A:BSAT)/(MV)-ALPHA»(ABS(U)-rH)>—-1 /<Aas<u3ou>
RETURN .
END g : : " . "
FUNCTION YFXCX,Y,S,XX> T, ‘
YFX=CXX~XO#S+Y K
RETURN '3 - oA
END e ]
FUNCTION ERRCX,Y.B)
COMMON/FUN/CA, BSAT, ALPHA
ERR=Y-CCCAWBSATAX/C1 . #BwXD+CALPHARKD
‘RETURN
END
SUBROUTINE FROLOPCX, Y,XX; H, HC, CB)
COMMON /FUN/CA,BSAT, ALPHA \
HCMIN=12500. :
HCMAX=12800 .
IF CM.EQ.-2) 60 TO 80

IF (M.EQ:2) 60 TO 7@ i . Sl oma

IF (M.EQ.-13. 60.T0 S0
IF (M.EQ.1)60-T0 3@




"

.

DEAL WITH.MODE M=0 -~ *
IF OX-XD 11,1213

YY=YFXCX, Y, ALPHA,

XX

IF CYY) 14,15, IS -

XSTAR--XX?HI:
YSTAR=-YY
IF CXSTAR.LE.8.D

G0 TO 18

ERRM2=ERRCXSTAR, YSTAR, CB)

IF CERRM2) 17,18,

18

YSTAR=BXY(XSTAR, €8>

Y=—-YSTAR
H=-2

RETURN .
XSTAR=XX-HC

RETURN
XSTAR=XX~HC
YSTAR=YY

IF CXSTAR.LE.B.D

. Y=BXYCXSTAR, CA) .-

60 TO 17,

/ERR{=ERRCXSTAR, YSTAR, CAY

IF _CERRID> 19,17,17

YY=YFXCX, Y, ALPHA,
IF CYYD 28,21,21,

XSTAR=-XX-HC
YSTAR=-YY-
IF CXSTAR.LE.9.)

XX

G0 TO 28

ERRMI=ERRCXSTAR, YSTAR, CAY

" IF CERRMI) 22,23,
. XSTAR=—XX-HC

23

YSYAR-BXYO(STAR. CA>

Y=-YSTAR

105

) £ WA S




23

21

26

34

32 .

! Y=BXYCXSTAR,CB) - ', U : s b
e : i ; :

CIF (XX—X) 31,12, 32

 Yo-YSTAR - i ) ] i
Ma={® % g o 2 ol

ez : : Wl )

Mot a s ol ;
RETURN ’-
Yevy

H=0

RE‘TURN
XSTAR=XX+HC
YSTAR=YY .
IF (XSTAR.LE.B.> 60 T0 22

ERRM2=ERRCXSTAR, YSTAR, CB) .
IF (ERR2)23,26,26 L SR {

RETORN | : 8
HODE M@ CALCULATIONS ARE. conpLETED ‘ :
HODE Mo/

IF CABSCY>-BSAT) 48, 41,41 - S a1 W

HC=HCMAX y . 3

60 TO 42 By il
uuucmmcﬂcnu—ﬂmm).Assm/asn ' b
CB=CONBCX, ¥, HC) G < i s

[ IF (XX+HC) 33,34,34 i ' 5 5 ' W f‘

XSTAR==XX-HC =~ : b g
YSTAR=BXYCXSTAR, CAY

XSTAR=XXAHC .. : . g e
Y=BXY(XSTAR,CBY i ¥ 2 )
|

XSTAR=XX-HC . .
Y=BXY(XSTAR, CAY
Mat
RETURN

- TRY MODE M=-1~




§8 - IF OO-X)SK,12,52 - . g -
= L ¥ 51 XSTAR=-XX-HC il : % g
4 S vsnwzvocsnk,u> ; : o
UL YEYSTAR . ;
Il s2 IF CABSCY)-BSAT) 60.81:61 : ; :
,HO=HCHAX

? ‘e0T062 . - B S . 5
' 60 mwm.(mx—mm;-mcvuwt P ; S A
62 .. CBRCONBCXY.HCY = =u *7 00 ] AR 5
H “IF CXX-HC) 53,54,54 i 2 7 N §

XSTAR=-XX+HC ;
YSTAR=BXYCXSTAR,CBY. ' 0 et
Y=-YSTAR | ; 2 PO : NS

T 5 RETURN ) el 2 Ry ; %
Y=BXYCXSTAR,CAD . - j : ok )
ks : - M=l SR
c TRY WITH MODE M=2 £
78 IF QX=X 71,12,13
71 IF COHHED 73,74.74 p
73- XSTAR=-XX-HC g, - - .
YSTAR=BXYCXSTAR, CA> v e =
Y=-YSTAR SR = e o S o 2 AT
Mt (I ) XS e
74 . XSTAR=XXHHC
Y=BXYCXSTAR, CBY : s B adlen” T
Y el . TRY WITH MODE =2 T e §
: 20 IF CX-X0 11,12,81 0 e g R e
81 - IF CXX-HC) 93,894,984 | i o
‘83 XSTAR=-XX#HC = © - .- .
| ; 3
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- _FLOW DIAGRAM:OF THE' MOTOR EQIJATLON me USED: TO Pmll:,r THE. TElmlAL
e B PERFORMANCE OF, msmxsls

. input motor dimensions

- » ’ : f
BTN ) hyscu—e.su Hng phnmgtum T L ey
_and vinding aenu.
ST \ [~ initialise the state of ._ IR e
\ s - .

the hysteresis Ting and

i set the other initial b
E condition ./ T Y i
7 : . : w o ¢
input time step. of stator e s
currents, angle ¢ - Lo e Gy .
o i s | tine T = 0 |
i el e o [ TeTH+ AT ] ) "}
i ]

W i [ compute Tam lsns 18 ] A

¢all gubroutines’ FLXLIN,

TORQUE, LOSS and UPDATE o

Lt " store magnetic state of J oy

5 ] 7. roter at T -4

/ =~ : LB () = By @1 “ wa g P 7 i

AL @,T; e
. T . 1 4ng 18-

\
g i




" enter hyaterssid routine
Py :

I to find By (D); 1< d £ 18

" using magnetic state of the

Totor at T - AT

compute error terms, in
motor equations,

@i 1 gns 18

adjust £ (m,T) by an’

amount depending on €(n)

f compute B_ (a,1); 14n <18

wompute .£1ux li.;kag'e. with

two stafor windings snd
 Hence compute S piae

voltage, :zx‘ntn;ll voltage;

phase angle *

compute shaft toTque, power

fxom torque; parasitic loss,

output power; efficiency




APPENDIX F

FILE NAME: HYSHOT.FTN

Q000 .

COMPUTER PROGRAMME TO PREDICT THE TERMINAL 3
PERFORMANCE OF HYSTERESIS MOTOR.

“COMMON PI

" ARC=RINDIAWDTHETA/2.

. WRITE (5,881) )
FORMAT ¢/, ~ CIRCUMFERENTIAL FLUX MACHINE PARAMETERS' ,/>

COMMON /6AP/RO, ALPHA,BETA, TOP, BOT.EF, RIG, PX, QX.RX, SX, TX, UX, VX, WX
COMMON /CURR/FY, FIP. VHBP . VHCP, REL, VHB, VHC, ARC., HODE . HODEP

COMMON /FLUX/VOLTSP, NT, DAREA, PST, FIG:

COMMON /POWER/VH, FI. TORQ. VoL

COMMON /PARAS/GAPDIA,CONLOS, PLOSS

COMMON: /WIND/WINDIN, DTHETA, PHI, FREQ, PP

DIMENSION FI(36),FMC18),FIG(36>

DIMENSION FIP(18), VHBPC18),VHCPC18), MODEPC18D

DIMENSION VHBC183, VHCC18),MODEC18), VHC36>, VHSCALC18)

DIMENSION NINCAC8D, STACRA(8), PHIA(B)

DIMENSION NINCAC3); STACRA(3), PHIAC3)

PI=4. WATANC1.) '

GAPDIA=158.5/1802. ) d i
AIR GAP=.508/1000.w1.

RING=16.38/1008. - _ °

RINDIA=BAPDIA-RING =3

RINWID=100. 19/1002.

FHUO=4,#P1/18.0E6

PP=2.

DTHETASPI/C18.4PP>

REL=C2, "ATRGAPWRING)/(FMUORGAPDTAWDTHETAY
CONTF=(2, WRINS)/CGAPDIAMDTHETA '

DAREA=RINWID®GAPDIAMDTHETA/2.

VOL=PIWRINDIAWRING®RINWID . - ; oy

WRITE (5,882) GAPDIA,RINDIA
FORMAT (8H GAP DIA=,E18.4,1HM, 10H IRINS DIA=,E18,4, 1HM) s
WRITE (8,803) RING,RINWID b

e



803

. 8047

852

853

FORMAT 12 RING DEPTH=, E16.4, 1H, 7ww1nm~ £10.4, 1H
WRITECS, 8047 ATRGAP E
FORMAT "C8H ATR GAP=,E10.4, 1HY) 1 .
SETUP WINDING PARAMETERS ; ! ”
WINDIN=27.w12 [#.732/CPIWPT), " = ¢
SLOTS=48. ) :
FRans_e. 5 o '

. RES=f .

X1R=3.7
WRITE. .CS,852) UINDIN RES,X1R
FORMAT C16H WINDING FACTOR=,F7.3, EH OHMS,25H. STATOR

#PHASE RESISTANCE=,F5.3,3H OH. 7H REACT=,| F5 »

WRITE ¢5,8533 SLOTS,PP,FREQ

FORMAT C2{H TOTAL NO. OF ‘SLOTS=, F6,3,F6.3,11H POLE PAIRS.

;'I-BH - SUPPLY FREQUENCY=, F5.1, SH HERZ) B 3

-

‘FMURO=128,

FMRS=10,
TYPE », /FMURS ¢
ACCEPT w,FMURS

TYPE s, ‘FHURO* ~
ACCEPT ®,FNURO

RESIST=,26E-6,

ALPHA=FMURSWFMUD

BETASFMUROWFMUO

RO=408.. "
TOP=.8 :

TYPE, w, “TOP/ -~ : .
ACCEPT w,TOP EE 2 v
RI6=9500. . e : ¥
TYPE », ‘RIG* . :
ACCEPT “w,RIG : : 2

WRITE 5,881 i

-FORMAT ¢/, / HYSTERESIS RING PARAHETB?S‘ 73 ’

WRITE C8, 882> FMURS, FMUROD, TOP, EIG )
FORMAT .C8H,MU. SAT=,F5.1,11H HU UNSAT=,FS.|, X

*11H BR CREMd)=, F4,2,6H TESLA, 4H HC=,E108,3,4H A/M>




vouooooo

WRITECS, 883). RESIST ~

FORMAT C18H RING RESISTIVITV- €102.2,6H "OHH-MD .

W=PI/18.
BOT=~TOP
EF=-RIG

PXe- CTOP*BETAI‘RIG)/(EE"A—-ALFHA 2

WX=-PX
SX=(TOP-BETAMRIG)/ CBETA-ALPHAY
T X=-SX

RXe= CTUPvBETAhCRIE—RU))/CBETA-ALFHA)

UX=-RX
QX=RX~R0

INITIALISE THE HYSTERESIS. RING "AND CALCULATE -

THE LOSS. EXPRESSION FACTORS
DO 168 J=1,1

VHWD =8,

FICD=0.

e VH‘B(d >e-R0

VHCCJD=RO
MODECJ)=0

CONTINUE

BETA{=SORTC.S#(~1.+SARTC! .+(CHI##4)22D -

ETAl=.98
Al=.43

C(lNLOS-CDAREA“GAPDIAHFREd!FIDBETA llAl WAIRETA 1 #ETA1D /(2. wALPHAD

NSTART=1

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

 DATA

NINCAZ10, 10,18/
STACRA/7.24,5.31,6.23/
STACRA/8.23,8.27,18. 17/
STACRA/10.86, 10.82,9.31/
STACRA/9.38,9:18,9.7/
STACRA/9.84,9.92,18.29/
STACRA/10.37, 19.49, 10.82/
STACRA/10.86,10.94, 12.9/
STACRA/10.9,12.98, 11 86/

i g
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281

DATA STACRA/S.,7.8,7,8/

DATA PHIA/0..2.,0./

WN=3 s

DO 1802 IXI~1,NNN L s .
NINC=NINCACIII : :
STACUR=STACRACIII> . &
PHI=PHIACIID <
NEND=NSTART#NINCG

| FMP=STACURWWINDIN®S, /2 . \

BASIC. COMPUTATION LOOP 'TO DETERMINE THE BANDH -

IV THE HYSTERESTS RING ‘AT succzss:rvs INTERVALS -

DO 65 NT=NSTART,, NEND

TeNT

DO 2 Jot, 18

SEG1=J

FHCJ>=FHPwDTHETAWPPHSINCHNT-PPASEG | MDTHETA-PHI)
FIPCUYFICSH

VHBP CO=VHBCJ)

VHCP CJ)=VHC(J)

HODEPCU>=MODE(J>

CONTINE . : v

CALL UPDATE R i -
CONTINE ~ = :

- NT=NEND

FIGC1>=CFI(2)+FIC18)INCONTF/2.

D07 =2, 17

FIGCUI=CFICU+1)-FIC-1 > IwCONTF/2, ; w T
CONTINUE ’
FIGC18)=C~FICI)~FICI7)InCONTF /2.

CALL. FLXLIN

‘CALL. TORQUECPP)

CALL LOSS = !

PSIDEG=PSIwi80./PI

PHIDEG=PHI®I80./PI ) ~ ;
VINPHw=CVOLTSP4+ST, PSID. PSI>
VOUTPH=CSTACUR®X 1 R'COSCPS[)-STAU-R-RB'SIN(PSI))




VCOMP=SQRT (VINPHWVINPH+VOUTPHAVOUTPH)
VRNS=VCOMP/1.414 :
CURRMS=STACUR/1.414 : >
POW~TORQWFREQH2, »PT/PP

POW2=3 . »VOLTSPRSTACURRCOS(PST)/2. |
PERR=(POW1-POW2)#108. /POW1

POU3=3. wRESWSTACURMSTACUR/2. '+ ™ - 13
POUA-POW 1-PLOSS - * : tal e :
EFF-POU4I00. /CPOU1 +POU3)

WRITE 5,711 NT,STACUR,PHIDEG

" FORMAT C//12H. TIME STEP=,I3,27H STATOR. CURRENT AMPLITUDE,

WF8.2,iHA, 16H  FLUX ANGLE=,F7.2,3HDES)

WRITE 5,712) VOLTSP,PSIDEG, VCOMP

FORMAT C/16H AIR-GAP VOLTS=,F8.2,2H V, 16H AT PHASE ANGLE=,
*F9.2,14H TERH.VDLTS?,FS.Z,ZH w 7

WRITE CS,713> TORQ,POW! .

FORMAT C/8H TORQUE=,E18.4,4H N-M,22H POWER FROH TORQUE=,
“E1D.4,6H WATTS .

WRITECS, 714> POW2,PERR :

FORMAT C21H  (SwVwInCOSCPSI?)/2%, E10.4, en WATTS
#8H ERROR=,F7.2, 1HXD

WRITE (§,715) POWS,PLOSS = 4

FORHAT(/ZSH STATOR RESISTANCE LOSS~,E18.4, 6H WATTS,
*17H PARASITIC. LOSS=,E18.4,6H WATTS)

WRITE 5,716 POW4,EFF

FORMAT C/ISH OUTPUT POWER=, EIB 4,6H WATTS,
*i3H EFFICIENCY=,F6.1, 1HED

WRITE ¢§,12) L

FORHAT (311 AIR GAP FLUX' DENSITY IN WB/H2>

WRITE (S,13)  CFIGCIY,J=1, 18) :

FORMAT COF8. 4/0F8.4> "

WRITE (S, 14)

FORMAT C18H HYST FLUX DENSITY>

WRITECS, 16 CFICU>,d=1, 18>

FORMAT C9F8.4/0F8.4)

DO 152 J=1,18 \




162

158

181

a

17
1701

1702 .

1703
1708,

‘60 TO 1706

. IF CABSCERROR(J>D-EPSIL) 18,18, 18

‘116

VHSCALC=VH(J)/1000." . -
CONTINUE ) o .,
WRITE (5, 158) : 8
FORMAT (/28H HYST MAGNETIC FIELD'IN, Kam>
WRITE (5, 151). (VHSCALCUD ,Uat, 18D~

FORMAT . (GF83/8F8 .3)

NSTART=NEND .

CONTINUE o Tl

STOR. G B

N

/UPDATE? CALCULATES HYSTERESIS RING FLUK DENSITY
AND. MAGNETIC FIELD. STRENGTHFOR EACH SEGHENT OF THE RING.
CALLS -ON SUBROUTINE LOOP, | - .
SUBROUTINE "UPDATE: g -

-COMMON PI
_CDNHON /GAP/R0, ALPHA,BETA, TOP, BOT,EF , RI6, PX, X, RX. SX, TX. UX.VX. W

COMMON /CURR/FH, FIP,VHBP, VHCP, REL,VHB VHC ARC HQDE,HDDEP
COMMON . /PUHERIVH FI,TORQ, vou

- DIMENSION FI(36> FMC18), VH(36D . VHBC18),VHCC18), HDDE(!B)

DIMENSION FIP(I8>, VHBPC185,VHCPC18), MODEPC18) .
DIMENSION ERRORC18), FIDISTCN) a /

* EPSTL=RIG/ 1200, B %y

VHINC=RIG/ 18. . Y -

_TYPE w,'TEST/,ARC

Jat .

(] - .
Net

IF CJ.EO0. l) GOTD 1702

IF. CJ.E0.183 60 TO {708 . g
FIDTST (=2 WFICUS-FLCI=-FIC+Y .. =
6 TO 1788 § o
FIDISTCI>=2  WFIC1 >+FICI8)-FIC2>

FIDISTC18=2, FIC18Y-FICITI+FICT) )
ERROR CUy=CVHCUI- GF MG ~RELWIDIST{d S/AREY. . 17




. . 1810

1920

1838

nnoAnoa

- MC=MC+1 3
IF (MC.EQ.18) 60 TO 1838
IF (J.E0.18> 50 TO 1828
- Jedel e
8070 17
SG=SIGNCI., ERRORCUDD
IF (N.E0.1> 60 TO ‘1810
'IF (ssGwse) 600, 1820, 1810
VHCJI =VHCJ)~SGHVHING :
CO=FIPC
VHBCUD =VHBP €D
. VHECUD =VHCP CUD
MODECUS=HODEPCS)

, CALL LOOP 'CVH(J, FICU), VHBCU), VHC(UD, MODECJD)

SSGeSG r
Nebiet :

60 70" 1721

VHINC=VHINC®.66. w -

60 70| 16 5

RETURN.

£

'FUNCTION XFYCX,Y,S. YV &
XFY=CYY-Y/S+X ]
RETURN

W .
FUNCTION YFX (K.Y, S,XX0.
YFXaCXX-XORS#Y '

RETURN |
END

SUBROUTINE FLXLIN FIRST CALCULATES THE FLUX LINKED
uﬁ'm A SINGLE TURN COIL WITH SIDES AT J AND J+i8.

D THEN ADDS THE-CONTRIBUTION OF A SET OF CoILS TO'
FROM THE TOTAL FLUX LINKED WITH TWO ORTHOGONAL COILS

FROM THESE THE PEAK' PHASE VOLTS AND PHASE ANGLE

ARE F'OUND
SROUTINE FLXLIN."

o
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COMKON PT 3 o,
 COMMON /FLUX/VOLTSP,, NT,DAREA, PST. FI6
(COMMON /WIND/WINDIN, DTHETA , PHT, FREQ,PP
‘DIMENSTON FIGC36),FLC30). . :
DO 4 J=19,36 : N By ¥ Moy
FIG=—FI6U—18) Y s
. CONTINUE ', ; g . s
DO | K=1.18 ’ . SRS
FLCK-0. ; ’ : 3

FLCK)=DAREAWFIGCIFLIK) g 5 i
CONTINUE : .
CONTINVE oo
FLA=. o
FLB=0. A : ) ’ 1
CUN-“INDINI?THE'HNPP i . ¢ g J
DO 38 J=1.18 £ .
| SEG=J y
FLASCON®SINCSEGHDTHETAWPPY wFLCI+FLA
FLB=CONWCOSCSEGHOTHETARPPY #FL(I+FLE
CONTINUE s
VOLTSA=FL AWREQ#2Z. #PInPP R & \
VOLTSB=FLBWREQ#2. #PI#PP .

’ VOLTSP=$DRT(VOLTSA"VOLTSA*VOLTSB';VOLTSB >

TeNT .
WT=TWPI/ 10,

ANG-0.

" IF oLTSB) 1@,15,7

IF (VOLTSA) 9,9,11 =

ANG=PT i
ANG=ANG+PT
PSID=ATANCVOLTSA/VOLTSB)
PSI~PSID—WT+ANG+PHI

IF (PSI> 13,14, 14
PSI-PSI+2.4P1 ; -




r“,,,.._..,» i
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Q.0aa

' SUBROUTINE TORQUECPOLPAR)
 *TOROUE“ CALCULATES THE HYSTERESIS LOOP

- €L.00S! ESTIMATES PARASITIC LOSS 'IN THE-

RETURN : . s %

RETURN

PsID-PI—SIGNCCPI/Z >.voLTSAd - s
ANGePI - j

60 012"
END

FORMED BY THE B-H PISTRIBUTION IN THE RING
ComMoN PT :
COMMON /PDI(ER/VH.FI,TURG,VUL

DIMENSION VHC36),FIC36)

DO 4 J=18,36 ] .
VHW=-VHW-18>
FIW=-FIW-18> - = 5 Co
CONTINVE

TORQ=POL PARSVOLW(VHC 1-VHC36))8(FI ¢} )or.tcse»/u wI>
Do 1 =2, !B

TORG2ECVHCD-VHG1 D IWFICII+FICI—12)/C4. DD
TORUITDRD*PDLPARI'VDLDTDRDZ

CONTINUE

_RETURN

END

HYSTERESIS RING WHEN THE MOTOR IS IN
THE REGION OF SYNCHRONISM. INCLUDES FLUX
PARASITIC LOOS :ON.Y

SUBROUTINE LOSS

. ‘COMMON /WIND/WINDIN, DTHETA PHI, FREB PP

COMNON /PARAS/GAPDIA, CONLOS, PLOSS

COMMON /FLUX/VOLTSP, NT,DAREA, PSI,FIG . -
DIMENSION FIGCS6)

PLOSS=8 ..

DO | J=1,38

PLDSS-PLDSS«-CONLDSDF.IG(J)DFIG(J) .

CONTINUE




31

34

" SUBROUTINE LOOP IS PARALLELOGRAM MODEL OF THE

R 3 A

a Tl b2 2"

END S b

HYSTERESTS LOOP INCLUDING MINGR, RECOIL, LooPs
SUBROUTINE LOOP (X,Y,B,C,H>

COMHON PT -,

COMHON /GAP/RO. ALPHA , BETA, TOP,B0T_ EF,RIG. PXAJX RK,SK, TXUK VX
IF (H.GE.2) 60 T0 41
IF _(M.LE.-2) GO T0 St ¢
AT FIRST DEAUS WITH MODES =1,8,AND 1 ONLY 4

_IF. (X.LT.B) GO T0 36

IF.KLT.C) 60 T0 95
IF (M.NE.-1) GO T0 34

- IF (X.LT.VX) GO 10" 33

IF (X.LT.WX) GO T0 32

. Y=YFXCB. ,TOP, ALPHA, X> .

Y=YFX(RIG,0..BETA, XD

C=X .

B=XFYCR. ,TOP, ALPHA, Y

Hes :

RETURN E
Y=YFXCRIG, 8., BETA, XD

[ o

B=X-RO -

M-t s ’
RETURN

o-cv-Amumaeu-Rzemasn—mu)

IF (X.6T.D) 6O T0 81 . ., .
YHVFXCE, Y, ALPHA,X) - wige ' : |
[ ;

. BeX-2. R0

Bi=XFYCEF,8., BETA, Y
IF (B.GT.B1) GO T0 340 il




L IFCH.NE, 1> 60 TO 48-
"IF CX.6T.0X) GO TO S8

i G Tl o ol F

s . . b
RETURN e W
YaYFXCEF, a.,a:u )o N5 '
B L w 246
r;xnca.‘an'r ALPHA, v> SR ]
M-8, b, B mm R Ty i
RETURN e 3 0 50,
. Y=YFXCEF, @, BETA, X i J
-0 i iy L i
i CaXARO. - et e B
Mot ‘ = y « ) S 3 i 2
RETURK. 7 ol Elipe 8 Sl
K A-cv»AerMEnuzn/cﬁru-nmA) wrs o, 3 e
IFCX.LY.AD 60 TO 87 2 p it ety
! YSYFRCB,Y. ALPHA,xa ; %
- B »
/ CoX+2. R0 o
CISXFY(RIG, ol BETAYS | . .
IFCE.LT. cusu'rom &
Cmgtt . 3 2
M=o ; 3 s :
“RETURN © S L T N e e b
Dmsunnmozszsmvaa., v et !
1F<:<L1s)eo‘m46 . Telid e
I CHINE.43 B0 TO A3 Tt T
Y=YFXGD ., TOP;ALPHA, XD f Ao e e T
e ” ‘

RETURN

IF (X.6T.PX) 60 T 88 ) :
Y=YFX(8.,BOT, ALPHA,X) - B Y GRS et
Bex . : - 570




48T QLT.CO RETURN® -

T J‘.rcxe*rux;eo:m&

IF(HNES)GOTD‘S

IF CX.GT.VX) 60 T0 44
T YSYFXCC, Y, ALPHALX) «
L : - .

. IF CX.6T.S0 60 T0 49
IF CX.6T.0X) 60 10.48

<EF,B..BETA.X>

. CHXFYCO. , BOT, ALPHA, Y




8@

B

" s12,

RETURN
Y=YFXCO.. JT0p. ALPHA, x:
B=X"

C-i-tRD

RETURN ’ ¥
Y=YFXC., TOP, ALPHA, X3

C=XFYCRIG,8.,BETA,YS, . .
RETURN - 1

'DEALS WITH MODES -2.-3 AD -4

IF (X.LT.B)!GD TO 56 .

"IF (M:NE.-4> G0 TO. 511

IPCX.LT.PX) 60.TO'58 |
IF (X.LT.RX)<60 T0 56 . -
IF CX.LT.TK) G0 70 547, . ' <

:IF (X.LT.VX> 60 T0-53

IF CX.LT.HKD 60 T0.52 - .
Y=YFXCQ., TOP, ALPHA, X

<B=X

o=
M= ;

RETURN W -
IF (X.6T.0) mmsxz ;
RETURN
GoToS18 .- o
Y=YFXCRIG, 0., BETALXY

cax'

BXFY(0.,TOP, ALPHA,Y>

Mes .

RETURN

Y=YFX(RIS, a.,aeu X3

cex.

5"2“"” o -

<123
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54

56

187

RETURN

Y=YFXC®.,BOT, ALPHA, XD

c=X
B=X-RO ’

M2 .

RETURN
Y=YFXC@.,BOT, ALPHA, X)
B=XFYCEF,@. ,BETA, Y>
He—3

RETURN .

IF CH.E0.-4) 60 TO S8
IF (M.EQ.-3> 60 TO 57

IF CX.6T.0X> 60 T0 60

IF CX.GT.PX> B0 T0 58

Y=YFXCQ..BOT, ALPHA, X)

B=X Fhadlid 3
c=x s

et f

" RETURN

YeYFXCEF, 8.,BETA, X0

B=X 2
C=XFYCQ.,BOT, ALPHA, YD

. M3 e
RETURN

- L_Y=YFXCB, Y, ALPHA, X0

B=X :
CmxeRO ~
RETURN

m.
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