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This dissertation presents the design aspects and 

performance of permanent magnet generators, used in air craft 

and portable applications. un account of the absence of a 

separate exciter, permanent magnet generators are free from 

commutation troubles, and their associated radio interference. 

Light weight, small size and higher efficiency are additional 

features of n.m. generators. 

Design of the p.m. magnet, including the ri thoda of its 

stabilization and magnetization, has been considered in detail. 

Equations for estimating pole leakage which forms a considerable 

amount of the total flux, have also been derived. Inst of the 

remaining dimensions are calculated In the same way as in 

apnchronous machine a with wound••field,, and have, the refore , 

been discussed briefly. In addition, mechanical )roblems 

encountered during the manufacturing process have been considered. 

Expressions for the machine parameters have been developed 

with the help of the equivalent magnetic circuit of the p.m. 

generator. Tensors have been applied to derive the performance 

equations. 

Although a perfect control of the output voltage of the 

p.m. generator is not possible because of the absence of a 

separate excitation system, some indirect methods for the 

voltage control have been suggested,, which are in actual 

use. 

LTl 

Experimental analysis to verify some of the theoretical 
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6 	consideration has been carried out oma small single 

Qhaee Oermanent magnet generator obtained from Electrical 

Engineering Department, University of rtoork+se, Iloorlme, 

and the results have been found satisfactory. 
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E Z 	.T.rr i&J.- 	r b a  irtaL andYU+Ma r nq t L 
A 	Cross-section of magnet, general, 

Ad 	s demagnetizing m.m.f. 
Am 	= Cross-.auction of magnet, optimum, M2  
a 	• material constant, defined by equations 3.18c.2•2-  
B 	a magnetic induction* general, wb/ 

B. 	a magnetic induction, residual, Wb/d2 

.@a 	a magnetic inductions air gap 

B 	: Specific magnetic loading. 

b 	: material constant defined by equation 2.2. 

bh 	a width of pole shoe, rte ter 

G 	= demagnetization factor F./Ft 

slot depth,, tester 

d2 	wedge depth, .mite r 

F 	generated e.m.f., volts 

Eo 	excitation voltage, volts. 

ENL a No load voltage, volts. 

F 	= m. m.f . , general, amp. turns 

Fa 	= mm.?., externally applied ! amp-turns . 

m. rn.t. , coercive of magnet tog* amp, turns. 

f 	= frequency, crcle/sec. 

magnetizing force, genera,, AT/rn 

HC 	= magnetizing force, coercive, AT/m 

I,a 	a magnetizing force, demagnetizing, AT/m 

hh 	: depth of pole shoe, meter 

I 	• armature current, amps. 

K 	demagnetization factor 

Kw 	• winding factor 



it = gonoratod o.a .t. P.M. air gap flux 
ltd = demagnetizing arraaturo a.m•t. ,,u, thaxia current. 
L a Axial lr. ngth of core 4 z tore 
1 	-* length of magnet, goneral, rt3tc~r 
1m a length of magnet, optirum, m9tcr 
],P a axial length of polo whoa,, izn tar  
Ti a oquiv:xlont turns of armature 'winding  

p 	. diffa :ontial operator, $ 
P 	pa rn i anco , gnno ral,, hoary. 
PQ 	Pors3unon, cap, henry 
Py,PZ4p12 Par u anco, leakage, henry 
P1 a Parn anco, in..ntator leakage, henry 
PO a Pa ram ancO , ojut. ut ►tor leakage, henry 
Pm a 

2hp 
R a ito luc tance , general, yrneh 
ita a ro luc t ame , gap„ yrneh 
Al,RL ,R1a reluctance $ leakage # ,yrneh 
8 a output in KVA 

3 a slope of the Parrmanco line 
3 	ahapo factor, general, per motor. 
V 	n voltage # tori .nal, volta. 
v 	a magnet v-,lurD , general, rz ter*1 

= magnification factor 
0r ~► a load p.t. an le 

a load anglo 

y 	a r agnn tic flus, gap, tib. 
Or 'a ragno tic flux,  ro nfdual t tIb. 
9) a flux links ;039 40..tarn3 



• f/op w permeability of free apace a 4 * x 101 7  HIM 

,ua recoil permeability es pr )fto H/ n 

average slope of minor loops. 

page average slops of minor loops (resultant) 

a differential perp ability at Bj , It/m 

Volume correction factor. 

I, IIS  IV, V, VI S  XII, alnico grades. 

t ric 
o = Voltage matrix 

I , currebt. matrix 

it = resistance matrix 

L m inductance matrix 

0 = toz'equ+ 	z atrL* 
Z transient impedance matrix 
0 connection matrix 

t tranapoae of a matrix. 

2 %* 2-phase axes 

3 Ow 3.phass axes 

dq  a d & cj 

a,b,c a 3»p hasp s axe a 

WP o a 2.phase , and zero axes 

d,q,o a direct, ,u,adrature, & zero axes. 

ds  : direct-ails stator field (i*p. field) 

de * d..axis eddy current axis 

Rd = axis of p.m. damper 
field axes 

dr 	d..axis armatzrI anti ► 
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Developments in the field of permanent magnet materials 

and the methods of processing, have made it possible to 

construct generators with permanent magnets from small sized 

units of fractional.. 1VA ratings such as tachometer generators, 

governor frequency sources, and magnetos upto units rated at 

many UA (of the order of 75 I(VA to 100 itA) . About 30 years 

ago Alnico II was used Commercially as the permanent magnet 

material, which has a moderate amount of coercive force but 

quite poor permeability. It gets easily demagnetized when 

exposed to high reluctance circuits, such as removing a rotor 

from a stator. Useful flux per unit area of the magnet material 

Is quite low which meant that the machines with larger cross 

section could only be possible and hence the means of assembling 

and using this material In large cross-section had to be found, 

This material found its use only in fractional I VA sires„ 

Development of powerful permanent magnets such ae Alnico V has 

raised the capacity of the generators with permanent magnet 

field system. 

Elimination of the d.o, exciter in parmanent magnet 

generators results in eliminatiun of Commutation problems, saving 

in weight and space = and thus making the overall cast, in some 

ratings, lower than that for generators with electromagnetic 

field, permanent magnet generators thus find their use in 

portable and aircraft applications. 

Design of a permanent magnet machine involves certain 

problems and factors that are different from those encountered 



In machines 4th Conventional field systems  as followa 

(1) a consideration of the behaviour of magnetic circuits 

employing permanent.. magnet materials, 

(2) the effects of demagnetizing forces, 

(3) the moans of magnetizing the machine. 

(4) stabilization of permanent magnet 

(5) the methods of reducing the voltage regulation and moans 

for voltage control. 

(6) the methods of shielding the permanent magnets from transient 

demagnetizing forces and 

(7) the methods of reducing negative sequence reactance. 

Analysts of the behaviour of a synchronous machine with 

electromagnetic field $  under steady state and transient conditions 

has been done previously by others and the results show a 

satisfactory conformity between the prediction and actual 

performance, Most of the equations orginating from these inveati«. 

gatiuns are applicable also to machines with permanent magnet 

fields. There are, however, sots basic deviations from the 

Conventional design procedures and equations. In p.m, generators 

the same degree of conformity between prediction and actual 

performance, as In the case of an electromagnetic machine, can 

not be expected, This discrepancy is due to the following 

reasons. 

1, Difficulties in magnetizing the field magnets of machines 

with closely spaced poles to the maximum residual flux. 

X. 
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• 2. Leakage flux can not be calculated precisely. 

3, Uncertainty in predicting exactly the position of the 

minor hysteresis loop when the stabilization has been done 

by short circuit. 

This dissertation deals with the optimum design keeping 

in view the aforesaid problems and factors associated with p.m. 

generators, derivation of the equivalent magnetic circuit, the 

machine reactance a, and performance equations of the generator. 

Experimental results have been obtained on a 300 Watt, 240V, 60L-, 

3600 r.p.m,, p.m. alternator. oma of the applications of p.m. 

generators have been discussed in detail. 

M.K,S. rationalteed system has been used in deriving the 

various equations., Tensors have been applied to analyse the 

performance of the p.m. generators. 



1.1. YffI 	;DCTIQN}!8 

Magnets which retain indefinitely a considerable portion 

of the magnetic flux after the magnetizing force is removed, 

are termed as permanent Magnets. 	a.ch magnets should also 

be able to retain their magnetism when used in connection 

with air gaps~ soft iron pole pieces, and other parts of 
magnetic circuits to which they may be required to supply 
magnetic flux. 

When the permanent magnets become magnetized, the 

domains become oriented with the pole axes parallel to one 
another and become so closely locked in position that it 

requires a high demagnetizing force to unlock them and make 

them assume the random relation to one another which results 
in the demagnetization of the magnet, Obviously, the dominoo 
which are most difficult to turn are most valuable in produc.. 
Ing permanent magnets. 

The materials for use as nermanent magnate should, 

therefore, have high coercivity and high retentivity, In 

fact the hysteresis loop for permanent magnet materials 

should expand to the greatest possible degree, 

permanent magnet materials may be divided into three 

classes as follova* 

1. 	those made of carbon steel$, known as Martonst#ic steels, 

usually modified and improved by the addition of one or 

more other absents. 

{ 



2, 	alloys which are disporaion-hardened by the precipitation 

of one phase in another or by the forty ti a of a super.. 

structure 

3, 	material forced of Very small particles of the order of 

cm or less in one dimension. 

Before 1910 hardened carbon steel containing upto 1,5f 

carbon, was t.. ommonly used, Magnef3e to the extent of Q.81 

was often added. Although tungsten and chromium steel had 

originated as early ae in about 18709  it was during world 

War I that ,.t was found that addition of high cobalt content 

to tungsten and chromium at©el could give a high coercive 

farce as high as three tires that of any material existing 

at that time and thus had replaced other materials at that 

time. In 1931 the Fe.►Co-tutu and Pe.►Co..W systems were investigated 

tte malloy, one of the alloys of this group, has the advantage  

that it can be hot rolled and machined before the final 

hardening treatment, The Fe-Co.wtlo alloys were the first 

commercial permanent magnet materials that contained no 

essential carbon, and since than all of the improvements have 

been affected with alloys by the precipitation of soar! other 

elements than carbon. In the same year all ya containing 

iron, nickel,, and aluminium. were found to have coercive 

force as high as 66,,000 AT/a. Now similar alloys, heat 

treated in an improved manner, are made com*rciaily and 

have a coercive force of 38,000 AT/m. Fe..Ni•Al alloys are 

kn.,wn as "Alnico" in United States and "Alcumax" in gngland. 

These alloys have higher energy product than iiemalloy but 

are mechanically hard and nuat be ground. Addition of 
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5 
cobalt and copper, with approximate heat treatment, results 

In good properties in many sizes and shape* of magnets. 

At pre 9*nt the material having the highest energy pruduct 

(BH)m  and made in large quantities is Alco max or Alnico d. An 

essential part of the heat treatment  of this material is the 

cooling from a high temperature in a strong magnetic field 

prior to the final hardening treatment. 

The various permanent magnet mterial* , with their 

compositions and properties, are listed in table 1.10 

1.3.  SAT f-MX :'2L  '9397  

For a permanent magnet mate .-ial where the largest possible 

hysteresis loop i3 desired, atomic lattice rust be put Into 

the highest possible state cif strains. 3trainm introduced due 

to cold working increase the hysteresis and the coercivity to 

a certain degree but such strains are insufficient to give the 

effects desired in permanent magnet, For this the severest 

lattice distortion throughout the whole of the constituent 

crystals of the metal is necessary. The ear tiier permanent 

magnets, as pointed out previously, were of steel In which 

high internal strains, and high degree of mechanical and 

magnetic hardness depended upon the presence of carbon and 

the formation t of a marteneitic structure resulting from 

quenching of the metal from a high temperature in oil or water. 

Consider carbon steel with carbon content of l.29, At 

10000C uch a steel„ w4U1d eonaiata of iron in the race.c,ntered, 

or r conditions  having iron carbide, FC in solution, a struc-

ture ,known as austentite. When cooled below abbot 8100C, the 

iron carbide would begin to precipitate out of the solution 



• into a second phase called comontite. Further cooling below 

about 690°C the iron would re-crystallize on to a boiy.centered 

lattice, as L iron or ferrite, and with this would be intimaterly 

mixed iron carbide to form a structure known as pearlite, having 

$ total carbon content of 0.MOI. The remaining carbon in then 

present in a second phase of iron carbide or cementite, For 

these changes to occur during cooling sufficient tirre must be 

allowed„ and if the steel is rapidly cooled by quenching the 

movement of the iron carbide is partially arrested. 	rtensito 

I s the structure corresponding to the condition immediately 

following the decomposition of austentite into pearlite. Its 

hardness and high internal strains are probably due to the 

iron carbide in a fine state of division throughout the lattice 

in the process of separating out, the crystal structure also 

having dust changed from the taco centered to the body centered 

stats. 

Witch simple steels suffer from the following two 

di sad vent age as 

1. 	Structure obtain by quenching is unstable and 'ageing' 

of the material goes on at rom temperature, the effect 

is further accelerated it the temperature is raised. 

8. 	Vibration and rzflchanioe.i. shook also badly affect the e 

magnetic properties of the steel. 

Such changes are highly undesirable in a permanent 

magnet material. 

A good improvesent is observed if either tungsten oy' 

chromium is added to the Martensite steel. These steels are 

also affected by ageing Fig.l,3. shows sono results due to 



"Bvarshede2  for the fall in co.rcity with time of a sample of 

tungsten magnet steel immediately after hardening, also after 

a period of several years. Addition of cobalt upto about 4219 

to steel containing carbon, tungsten or molybdenum etc. given 

quite impcoved results. The heat treatnont of such partensitic 

steels consists in oil or air quenching from temperatures in the 

range 800 to 9500C, depending on the composition. 

1•4. D,I SPISH I IU;N  r  ,iAi►D 	AI E N U ,Lu  „ 19 3,7  9 8  

As m:ntioned above, quench «. hardened or Martonsitic 

materials are fundamentally unstable as they consist of super-

saturated solid solutions and with passage of time the carbides 

tend to pass out of solution. Dispersion hardened alloys are 

stable and have for superior magnetic properties over the 

rnartensiti a steels. Their specific gravity is 159 less than 

35# cobalt steels and are cheaper than this steel. They are 

relatively fats from oo* rosion and the effects of atmospheric 

conditions. Various alloys forming this class of alloys is 

listed in Table 1.1. At the present time there is a large 

number of Alnico alloys nom having similar and others widely vary» 

ing characteristics= which adapt them to innum9rable applications. 

Alnico V, VI and XII have greater use regarding permanent magnet 

generators, Alnico V is subjected to a magnetizing force during 

heat traatia nt. This increases thee magnetic properties in the 

direction of the grain which is developed during this operation. 

From Fig.1.2, it will be noted that with Alnico V #  when H 

reaches the value of 40,0o0 AT/rn the induction density 

suddenly drops to zero. This drop off is due to the fact 

that up to the 40,000 AT/m point the domains are firmly 



• locked in a direction of easy magnetization and it 1s possible 

to unlock only a relatively few. )bst of the dwmains are, 

however, similar in character, and they all becoi unlocked 

alrOat stem tanoously, producing a sudden crop oft. This 

material is highly effective with short fixed air..gapn which 

wouild cause it to operate above the point P. xn Alnicl VX 

the sudden drop.off is eliminated and the domains respond 
progressivdyto the demagnetising force. Alnico XII has the 

highest coercive force mong Alnicoa and is an almost p rfect 
example of progressive unlocking of domains, Its characteristic 
to almost a straight line. 

Many of the Alnico magnets can be made by the sintering 
process, The constituent powders such as irons nickel, cobalt 
and copper are pressed in a die. If some slots$ holes and 
grooves etc. are also required, they are made part of the die, 
The compact powder is then heated In a hydrogen atmosphere 
furnace at a temperature just below the molting point of the 

constituent, The resultant prduct is herd and fine..graid 

but is non machinable and iib to be finished by grinding 0 it 
is not possible to make Alnicos V, VI and XII by this process 
and are made by the sand or precision costing process, They 
are also non machinable and must be ground. 

1.5. Ujher 1 #? 

There are some other alloys which though one of little 

`eomxarc .aT.~utiIA-ty are of groat scientific interest. Vectolite, 
Cunico, Cunife and silmanal and vicalloy fall in this class 
Detailed distuesion of these materials is outsidii the scope of 

the present work. However their compositions and other 

properties are enlisted in table 1.2. 
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2.1. 	TIZATIUWCU1W .. . 
permanent magnets are required to produce external magnetic 

fields of sufficient strength and constancy. In all its applicat-
ions such as .loud speakers, r tern, rotors and generators magnetic 
circuit containing permanent magnets contains also an air gap 
and the magnet is to operate under the influence of a demagneti. 
zing field and thus the portion of the hysteresis loop lying 
in the second quadrant, between residual induction and coercive 
force y is important in case of permanent magnets. This curve 
is known as 'Demagnetization Curve'. Magnetization and demagne-
tization curve shown in Fig „2.1 are for Alnico V, one of the 
important materials used for permanent magnets. 

Attempts have been made to find analytical expression 
fitting the demagnetization c~arva. This Curve can be ainullted 
by a rectangular hyperbola passing through the points Dr, the 

residual flux density for which H is zero and - B6 ,  the Coercive 
force for which 13 * 0. General expression for a rectangular 
hyperbola is - 

(X*xo) (Y•Y0) a CO2 	... 	... 2.1 

Making the substitutions - 
B y 	x=H 

b 

CO2 	a we can write the relation 2.1.i, in 
the form 

... _He *a+  b(H + Hc) 
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' 	or B 	..-....-.. ±.. .. 	... 	. , . 2.2 

a+ b(E *He) 

Relation (2) is similar to the Frilich - Kennelly relation 

K 	hH 
and differs from it in that the B, H Curve Is displaced 

horizontally such that when B w 0 H a- H0 
~•i 

Now, when H 0, 8 a Br,, we get from equation (2),, 
Rr ~_.~......_ 

a + b1u 
If B. represents the flux density at saturation, then 

b . Be 
sc lying for a, we get 

Dr RB 

and B 	...,H. +. He... 	• . + . 
Rc R 

rr + Ba 

The energy product 5K is given by 

... 2,3 

......,....t...n..,.. 
a +b (H+H0) 

This is maximum when d a Z- is zero 

r or when 

S 	r 	+ j [2R+ j- (R2+ RX(b) 	=0 
dH 	

a+b (H+N0)3 2 

solving ,, we have 
Hm z H" ( y 	) 	... 2.4 

$® a s( f 1 . bBr - 1) 	.. « . 2.5 

where Rn and Ba are the coordinates of (HH)maa 
It is to be noted from relations 2.4 and 2.5 that 
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• Br 

and the diagonal of the rectangle constructed with 

11, and Br  as aides, drawn through the origin will intersect 

the BH carve at the coordinates of  

The ratio . m 	known as #fullness factor' of 

the Curve is denoted by K, For a large number of materials 

this factor is 0.4 and for Alnico V it is approximately 0.65. 

2.2. AxQ4 or g I? 

If a magnet is initially magnetized to a Point reprea.► 

ented by the tip of the loop and an air gap is introduced in 

the magnetic circuit s  the magnetization will drop to a point 

A, as shown in Fi .2, l on the demagnetizing curve. This point 

will represent the magnetizing force which the magnet is 

applying to the air gap and the Induction existing in the 

magnet, The line from origin through A is tern d the air-gap 

line or load line. The slope of this line determines the 

permRance of the air-gap. 

The hysteresis loop obtained for a magnetic material 

by normal method is termed the #major loop' of the material. 

Let it be assumed that the *ajar loop for a permanent magnet 

material is being drawn. When moving down the demagnetizing 

curve, suppose point A t  as shown in Fig.2.2, is reached and 

the magnetizing farce is now increased. It can be seen that 

the lower branch of the path Ab as marked by an arrow will be 

traced.. Un decreasing the magnetizing force again, the upper 

branch bbd, will be traced. If now the magnetization force 
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is alternately Increased and decreased, the induction will trace 

the loop blbbl. 	2ct1 a loop is known as a 'Recoil loop'. Now 

by descending the major demagnetization curve b C, a further 

similar recoil loop can be obtained and, thus, an infinite 

number of such minor loops can be drawn. Normally, the area 

of such minor loops is so small that a straight line can be 

drawn through the tips of the loop. This line is called the 

' zle coil line' and the slope of this line determines the average 

slope of the loop* The elope of the recoil line is called the 

recoil orrevereible permeability and denoted by the symbol 

Various recoil lines for Alnico V are drawn in Fig.2 ,3. 

Recoil permeability is to a fair approximation$ constant over 

the working point of the major loop.. 

2.4. 	 9 O 3` 
i . M 

Considers the demagnetizing curve shown in Fig.2.4. A 
is the working point on the demagnetizing curve and OA is the 
air gap line. Let a demagnetizing force H be applied. This 
diminishes the magnetization to the point B , determined by 
the intersection of the line BL drawn parallel to the airr.gap 
line QA. Now $ if the demagnetizing force B is re moved, the 
magnetization is given by the point ABI which lies on the load 
line UA and is the tip of the, minor hysteresis loop. The 
magnetization represented by the point '.B+ is stable to any 
demagnetizing force that is applied to a~porarily, provided It 
does not exceed Hd. 

16,z~ 
2.5. AAB1LIZ 1ON... 

The field of the permanent magnet is not stable and 
should $ therefore, be stabilized in order to avoid any voltage 
change subsequent to the application of a specified load 



condition. Stabilization in case of generators may be effected 
by either of the following msthodes 

as air stabilization or stabilization out of asembly. 
bs Stabilization by demagnetization with a given m.m.f. 

after magnetization in~.asa- embly. 

The above nothods for stabilizing the magnets are 
fundamentally similar In the sense " that partial demagnetization 
is required to achieve stabilization. The B & H coordinates 
of the operating point after stabilization are fixed by the 
tip of the minor loop on the closed circuit air gap line OP. 
The location of this point depends upon the followings 

a: the reversible permeability 

b: the elope of the air-gap line 
cs the degree of demagnetization. 

As the slope of the air gap line .' angel from zero to 
infinity # the operating point traces another curve which 
passes. through H. & Hr, . This curve is known as .I iaeondary 
demagnetization curve' and, obviously, lies below the major 
demagnetization curve $ The magnet under stabilized conditions 
will, therefore, operate at a lower energy level. 

Air stabilization is desirable when frequent withdrawl 
of the a-rmatnre from the stator Is required without special 
tools or when magnetization can not be easily effected in the 
machine. In this thod the rotor is withdrawn from the 
stator without a special keeper and reolace,d in stator. When 
the rotor is withdrawn from the stator, lot the magnetization 
be represented by M1 fig.2.5, given by the intersection of the 

I 
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out..of.aa; a mbly air gap line (H4 with the demagnetization Curve. 

Upon asasmbly in the magnetic circuit the magnetization proceeds 

to No t  the intersection of the minor loop with the closed 

circuit load line. The maximum demagnetization force for 

which the magnet is stable is Ode It at any subsequent period 

the generator Is dismantled and is reassembled without remagne,. 

tization, the output voltage should be maintained alright. The 

disadvantage of thin method is that an increase of 20 to 409 

can be expected in the size and weight of the rotor and thus 

a relatively poor use of the permanent magnet material is made, 

In case of stabilization by demagnetization with a given 

m. m.f. after magnetization in-aa iembly, the demagnetizing m. m.f . 

mayA corresponding to some specified maximum load of the generator 

or to tie condition of short circuit.. The former method is 

known as 'load stabilization' and the lather #short circuit 

stabilization'. Load stabilization is a particular case of 

short circuit stabilization. Let the machine be assumed to 

be fully magnetized and running at normal speed on no load, 

Under these conditions, the flux In the air gaps is maximctm 

and the machine will work at the point A, Fig..2.6, generating 

an open circuit e,m.f, 9o. C represents the leakage line .,iet let 

the paebthenbe short circuited,, Thn working point will now be 

given by I) as the armature reaction will have a demagnetizing 

effect. D and C can never coincide because eZ C there is no 

flux in the gape and thus no voltage can be generated to drive 

the shorteircuit current in the armature winding. Upon 

removing the short circuit, the magnetization will be given by 

the point A'. For any load between no load and short circuit, 

the magnet shall operate on the recoil line AID. Considering 
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• unit voluna of the magnet $  DX represents the magnet flax at 

short circuit and IK is the leakage. The flux responsible 

for short circuit is given by DI. Since the flux necessary 

to circulate the armature current in the winding is proport.. 

tonal to the current, DI is proportional to the short circuit 

current. The output current at P is zero and hence the 

perpendicular distance between the lines Pt and PD at any load 

gives the output currant and the flux to drive the current 

in the winding at that load. Thus at F the output ems` and 

useful flux are proportional to FL,, the leakage flux to MST, 

while LM is proportional to the output current and the flux 

and e,m.f, necessary to drive this current in the armature 

winding. 

Load stabilization finds Its use in application 

where weight Is of utmost. importance. Maximum generating flux 

is retained and thus minimum weight is achieved. Short circuit 

stabilization finds its use In applications where a short 

cirouit may accidentally be applied to the generator, A sudden 

short circuit causes the greatest possible load demagnetization 

and thus no further decrease in the operating voltage is possible 
how 

unless the alternator mature is withdrawn from the stator. 

2.6. 	''c' 	_X.? d' 	.I ►j. 2... R;.j  ... 

In fig.2.7, 74 represents the open circuit magnetization 

and 14', the closed circuit magnetization after assembly in the 

circuit. The coordinates of 14 are Si g  B1, and those of X$ are 

82,H2. The in-and the out.of-assembly air gap lines are 

represented by ©A and GM,: 
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Let 1 = length of magnet in n tern, 

A s area of cross section of the magnet in m9ter20 

Rlo open circuit reluctance of the air gap in Yrneh 
Ram closed circuit reluctance of the air gap in Yrneh 

/ql* reversible permeability s~ furl 
The the slope of the line OM is 

81 --1 
A 

• ,~ 	,.. 	.. 	... 	2.7 1 
. 

1 ~ 

The slope of the line OA is 
821 
H2 A 2 

From (1) & (2) 

2 31 ff31 

Where K :.I.r. 
R2 

.. • 	 ... 2.8 

. • w 	 ♦ .. 2.9. 

Rl and R~2 are determined from magnetic circuit analysis. 
Qope of the line MMI = reversible permeability =,uR and 
from Fig.2.7 

- 	1 	... 	... 2.1f 

Solving equations 2.7, 2.8, 2.9 and 2.10 together, we get 

Rte 	( R R+3~.. ,.. 	... 2.11 
,AR Til + 101 

 

and 82 " /ua (111 •• if2) + B1 ...  ... 2.12 

The secondary demagnetization curve can now be drawn 
by taking successive values of 81 and Hl on the major demagneti. 
zation curve and calculating the corresponding values of B2 and 
R2 from equations (5) and (6). Having drawn the secondary 
demagnetization curve, the corresponding energy product 
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curve may be drawn. 

Referring to fig, 2.7 once again, it can be seen that 

98 = 	 • 	... 3,13 
gl' 	 2~ 29 2•)0 

Solving equations (1) , (-3) and ) together we get, 

.._.._ 	... 	... 2.14 

The m.m.f.tb which the magnet is stable is 

..$ 	,•. 2.15 
Let 82' H2 be the co-ordinatLe of the point on the 

secondary demagnetization curve for which the magnet 

assembly is just stable for a given stabilizing m.m,f. F"d. 

The m. m. f. F = 113 1 	... 	... 2.16 
1+`d 	• 

C  ...  ... 2,17 
d 

Where C .. ,,, DaMagnetizing .field 	... 348 

	

F 	operating field 

which is fixed 
and 3 = i { K (c. i)+ lj 	 ... 2.19 &C-1 

The intersection of the air..gap line of slope 	with 
the secondary demagnetization curve gives the desired operating 
point. 

2.7. 

As mentioned' earlier, in this method, the maget is 

magnetized after assembly and is then stabilized by applying 

a demagnetizing m.mf o for which the magnet is to be stabilized. 

Referring to Fig,2.8, 
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• H2 , H2  are the co-ordinates of Q',  a point on the 

secondary demagnetization curve Br a  Q', Hc. 

B2 B1 
2.20 - 	 ... 	,.. 

til  `/u  K 

... 	... 2.21 
H2 

and Oquationa 2,18p 2.16, 2.l7 .and 2.18 apply in 

this case also and are written .once agars, 

..• 	...2.15 

F = H21 ... 	.•. 	2.16 

rW  .. • 	... 	2,17 

C 	y 2.18 R.. 	 ... 
F 

solving a quati.ons 2.17, 2.18 , 2.20 and 2.2]. 

H 	C+1 -/ + 	) I t )/ fC+1)2• 
	, .2.'x19 

2C 

and 82 a u (Ul  - i2) + 81  ... 	... 2.23 

The secondary demagnetizing curve can then be drawn 
222. 

from eqc tic:ns (3 & g8) 

If H2, B2  are the eo..ordinate a of the operating point on 

the secondary demagnetization curve, then 1 and A can be detarmin.. 

ed as follows; 
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1 	 ...2.24 

and A s F... 

	

 
±132

••• 	 r•• 2.25 

Volume of the magnet = V a  1.A, 

F2 
..."""'. 	.5. 	 .. • 2.26 Tt8232  

This volume is minimum if the energy product 8282 
is maximum, 

17 
29. 	VQPJF  MAGN-T I Z A.T IiL.  ,. 

The rotor may be magnetized by any of the following 

methods$ 

(1) Coils around the pules 

(2) direct current In the armature 

(3) leading power leads on the generator 

(4) magna Lining gig, if the rotor is to be magnetized 

outside the machine 

Method (1) require8 a special winding around the poles. 

Method (3) Involves the principle that leading power factor 

currents produce magnetic field that aids the main field. This 

method is limited .to small machines as for large machines the 

capacitors needed . may be prohibitively large. Method (2) 

is more suitable. In this case the field is oriented with 

respect to the armature before energizing the armature. This 

can be done by passing first a small value of the current and 

then a rr,latively larger curront. Method 4 utilises a particular 

tv,e of magnetizer. One magnetizer is the 'Contact Magnetizer', 

shown in Fig.2.9. It consists of a low reluctance YOMupon 



which a magnetizing winding Is wound. At the top of the Yoke 

and above the winding, a fixture is attached which can be 

adjusted to receive various forms and sizes of magnets, 

To ensure the magnetization to saturation, the maximum 

magnetizing m.m.f. equal to five times the coercive m.m.f. 

has been found satisfactory. 
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3.1. 	xn the design of the generator with permanent magnet 
fields* the design of the field syotea is of great importance. 
This problem can be tackled in many ways and all the methods 
Involve in some form or the other the same basic principles. 
One approach to the optimum design of the magnet has been 
given in Chapter 2 and two more are discussed in this 
Chapter. other d1insions are determined In the ea way 
as those in synchronous machines with electro iagnetic 
fields. 

3.2 . D& M21 uF rit itl AHJU 1 ►4P T . 

permanent magnets may be re,juired to perform either 
(1) a static function or 
(2) a dynamic functions 

If the permeance of the circuit to which the magnet 
is connected is constant, the magnet is fulfilling a static 
function and if the permeance is variable, the magnet is 
fulfilling a dynamic function, a bviouely in a generator $ 
the permanent magnets are performing a dynamic function and 
thus, in this work the design for dynamic function only is 
considered. Consider a magnet, initially fully magnetized, 
and connected to a circuit of which QA C figure 3.1, represents 
the maximxm unit permanee. Unit parnsnce refora to the 
conditions for 1 a~ of magnet material. Now if the circuit 
reluctance is Increased and the flux exists in leakage paths 

only, let the unit' perawance be given by vC. 	During the 
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increase in reluctance, the working point mnvoa down the 

demagnetization curve from A to C. Now if the circuit 

reluctance is decreased until the unit peruance is again t A, 

the magnet Dperat*e,, during this process, along the recoil 

line CF and the working point corresponding to maxim 

pernance to now QA' instead of QA. Under this condition s, 
the total flux per unit volume of the magnet t.o given by 

ME and of this DE is the leakage flux. The useful flux 

per unit volume is, thus, A'D. 

The slope of the useful parnanee line is 

.,... Pg 0  1 tA 	M -. 	- 

.M, 3.1 

where 1 a length of the magnet and 

A a X-sectional area. 

u bviou sly from relation 3.1 slope of the useful 

per ance line is equal to the Slope of the line Q'A'. 

Leakage coefficient is 

A$D 	/ P2-Pf) 	...3.2 

and also 

Useful energy 
	

:i- 

 .,.fir.,. 	... 3.2(a) 

For the magnet material to be .nimuatm, the area A'DxUE 

should be maxi main. 

Referring fig.3.1(b) which x howe a part of fig.3.l(a) 

in details- 



• Both 	and a can be varied by variation of 1/A. 
the optic M value of 3, can be determined, 3 can then be 
fixed for maximum economy. 

From fig. 3.1. 
UaVJ.xor0H(B+/ X) 	... 3.1. 

whore B and H are the coordinates of C. 
XX is a maximum when H (3 + /UEtR) La also maximum 

or 

It is to be noted that at (J 3H) 	point d ) n o 

and thus C nut be below the (BH) U point. 

or 	, ,c_„-- .M. 	aK 	+ 2 /'ax'I t 0 
a+b(B H0) {b(R)J2 

or Al2 ,Rb2H3+(b4 ,/nab + 4/up b2Rc)02+ (2a +2b00+2 ~atka2+ 
4 J abRe +2 1 b2Rt ) H + aH + b4 : 0 .. 3.11 

salve equation 3.11 for H. Let the corresponding values 
be Sl and 8y. We mist have 

Pi 	 ... 	 ... 3.18 

At,. the working point I. 

4 	- -- 	 8 	 ... 3.3.3 
2 

But P, P +Pi 

P* A (4j + 	) 	 ... 3.14 

3. 3 
If 

PS is settled by the m/c Into which the magnet must 
work and not by consideration of economy of material. Having 



AID a t F - 08 tan 1 - 09 tan,' 
a or - 0s (tan+ tang ) 

Area A' =s A'D x QZ 

a OF x OE - (OE)3 (tan,(+ tan/3 ) 0 
For this area to be maximum 

d(OS)
dA' ,n OF . 2 o& (tan,( + tan f3 imp 

and OR r 	OF 	 •r• 3.3. 
2(tan0C + tar~tJ3 ) 

Iromfig.3.)tars ot, 	1 P 	..r 3.4 

wht P1 = perm anee of the leakage path 
and tan 	F' a /UR,reeoil permeability. 3.5 

c~F..~.~. 	.-..- 	... 3.6 
2(a)  

From relation 3.6, it is obvious that, for maximum 
econcuny of material, the point A' should, located midway 
alfing ?C, 

Area A . A'D x03 

aX $~ a - 
2 

wh,reYsOFand UJaX. 

For maxiaam econow for material, the recoil line 

should be such that X ( is a maximum. 

Let $ and 81 be the slopes of the load and leakage 

lines respectively. The 

1 ... A P1 ... 3.? 

where P:Pgg+P3 	••r ... 	3,9  

32 
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. 	fixed PSI P1 is also determined. 

	

1 ... 	.,. 3.15 . ~.. p 31 

'solum of the magnet material 

	

Vs 	_E M. 	... 	 ..3.16 

where B', H' are the coordinate of A', 
p(g = flux in the gap 
M a Potential drop across it 
Ki P/Pg. 

lii 

	

BN'• 	1 P. 
~A 2 

a ''"' 	"' P 	.. • 	... 2.17 
4 14 

F'or a given flux pig the dimensions of the magnet are 

determined from equations 3.15, 336 and 3.17. 

3,2.1. A nYw approach to the optlmam design of magnet has 

been given by Hans. K. Zie ler33 and the method has been 

utilised since 194? with very satisfactory practical results 

by the 3Igna1 Corps. Engineering Laboratories, The elementary 

assumptions made in this method are the same as those in any 

of the r thuds developed earlier, They are: 

1. The magnet has uniform eros section and is uniform 

in properties and magnetic state, 

2, The magnet has initially been magnetized to saturation, 

3. The minor hysteresis loops originating from the main 

demagnetization curve are of so email an area that they 

can be replaced for practical purposes by a straight 

line connecting their tips. 

4„ All leakage flux Is assumed to cum from the ends or the 

pole shoes of the magnets, Leakage to therefore 
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regarded as a t.~rminal f actor and tho optimum design 

is achieved for th*-, requir--d total magnetic flux ¢l 
including leakage. Who.•a excessive leakage originat• 

ing from the lateral magnet faces invulidates ouch 

simplication, this part of the loakage is assumed 

to be replaced by an equivalent ficitious terminal 

leakage. 

The form of the equation chosen is not that of Lamounts' . 

but that as given by underhill and in given by 

• H 	
•.. 	 ... 3.18 He -ai1 

where a is a material constant given by 

a _ 	 ... 3.19 
O 

Al]. the quantities involved in those s..juations being 
in c.g.s. system. In M.K.S. rationalised system, th equations 
remain same and the vartoua quantitii a involved are defined 
as under 

B, &dip to the magnetic induction and the magnetizing force 

corresponding to the point of max. energy product. 

Or a residual induction 
He = Coercive force 

B & H a the magnetic induction a magnetizing force points 
on demagnetization curve. 

The units for magnetic induction anti magnetizing forms 
are Wb/m2 and aap.turns per motor respectively. 

In the previous design noth~;ds it has been assumed tand 
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• that the slope of the minor loops la constant. That is not 

quite true And intact, it may very considerably with the point 

of their origin at the =in demagnetization curve. Fig. 3.2. 
V is 

shows how the slope of minor loops varisus for various alnico, 
alloys. / ►~repre nts the 4ops of straight line replacement 
for minor .loop and,fid Is the differential permability at 
the paint Br. or is the magnetic induction at the point of 
origin of minor loops. 

It has been found that optimum operating conditions for 

all practical demagnetizingConditions are confined to minor 

loops originating from a portion of the main demagnetization 

curls between the point of max, energy product and a point 
below, which is different for various materials, and is as 
shown by the shadod portions In Fig. .2, for alnico V, VI 
XII. The average slope of these purtic na which is designated 
by ,ma t can be used In all deaign calculations. 

The design principle involves the introduction of hypothe•. 
tical ideal al magnet of the magnet material having the same values 
of 8r and 1JO and having the main demagnetization curve as 
perfect rectangle as shown in Fig.3.3. The net dimensions of 
this hyputhotical magnet are subsequently corrected for by 
factors to take into account the deviations in actual and 
hypothetical ideal magnet# The uptiriAm design is signified by 
the minims of volume correctiun factor. 

Two cases are considered viz. 
can As Demagnetization by varying external reluctance 
Case B, Demagnetization by externally appited m.m.f. 
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Irig.3.4 dofinoo the problem 3pocificati+ino øt,  ''t Q  11t  

re procont the total iignettc flair, total magnatonotive force 

: nd total mgnotic relucta teo corro oponding to the normal 

operating point, 1, respectively. Demagnetizing condition 

cau:-od by open circuit reluctance is roprocntod by f{o. Lot 

A = cross sectional area of magnet 

1 length of magnet 

V Al voluu of magnet 

1 shape factor 
A 

Am, 1m  V m, 8m, the corro aponding value a for the optimum 

magnot 

A, 1c, V0, 8 the corre aronding vaa.UO a for the ideal 

magnet. 

PC a R0/at , degree of demagnotizatien 

Nag the ave rage slope of the minor loops for a standard 

unit of volum 1 and .shape factor 1. 

= raaultant average slope of minor loops for 

dot mod zono and shape factor a. 

Th ideal magnet does not require  a conaide ration of the 

domignotizitton Gau•d by the urian circuit reluctance as no 

minor loops ouiat in this ca3 4  the dibnaiona of the ideal 

rragwt are given as 

A0  = ¢t/Dr 	. «. 	 ... 3.20 

1Q  = Ft/fl e 	... 	 ... 3«21 

V }) = 	Ft  and a .;io/! 	 ... 3.22 
anile 
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The following procedure is employed to derive the 

correction factor a. Point 1, 1ig, .3.8 must lie on the minor 
hysteresis loop ma. For any chosen value of /use, a main 
desagnetiZa~tiof curve 24ao of the given material for the 
corresponding shape factor can be placed into the diagram, 

with residual flux Jiro equal to Ø. The curve U3 which has 

the same shape factors and pas a s through 2, point of inter- 

section of the minor loop ms, and open circuit reluctance 119 

can be obtained by magnifying the curve Mao by) , where 

.•. 3.23 

Then, 07, : c'eaidualLflux of the main demagnetisation 

curve. 
a ~0t 	 • • e 	 ... 3.24  

and A a 	 A 	 w .. x.25 
Br B 

As the ideal magnet and N50 have the same residual 

flux and hence the same croas~s ct unal ariea 7 'r.0y the 

coesrcive force of the magnet Map Is given as 

Fco : 3/8°t 	s♦. 	••• 3.26 

Fc w Coercive n,m.f. of the magnet IS ... 
/► Fco fi ~~',"/ sort M s ♦ 

 

...  3.27 

... 3.2 

and volume V a Al a 2(l  0A )2t )V0. 3.29 
• )kV0 where 	... 	 . ♦. 3.30 

correction factor a 2(.) ... 3.31 



The Optimum t design is obtained for minis um value of 

the correction factor. 

 ()j min '~ ~m f 	3 c ~1 	
•• 3.32 

The optimum magnet dimensions are then 
An : ~a Ao 	 I 

2 	 I 	... 3.33 

Equations for \ is given in Appendix I 
Physically ~ffi is the ratio between residual induction 

Br and optimum operating induction Bop 

..'"`r" 	 ! . r 	 r e • 3,34 

p 

It has been found advantageous for the convenience of 
calculetiena and beat readability of diagrams to uas a term 
7, where 

I 
For optimumm conditions 

I 
Za M 

 
(/o)/ 	 s .. 3.38 

and la ) m K io 	0 
V m *)+a Za Kung 

For the final evaluation of results, uptimuw per unit 
values for the magnet dizønsione can be defined aa, 

lop * >s/ 	1 (n ter2 per Wb) 
Bop 
 0 

lop ~P 	 .......r.. 	(motor/amp.turne) 	L3.36  
2 	 3 

)'op * 	Z K/8rIc U 	-. (anter 3/Wb.amp..turns) 
apHOp 
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With these definitions, 

Aa of aop 	I 
in*Ftlop 	* 	 ...3.37 

vel a P(t?t Vop  

7ig.3.6 defines the problem specifications. As in 

came A a pit j Ft, Rt represent the total magnetic flux, total 

m. m.t., and total magnetic re1uctanco respectively correspond.. 

ing to the operating point 1. F* is the externally applied 

demagnetizing m.m«f, 	. The degree of demagnetization in 

this cast is defined as 

C .e 	,~...,., 	... 	 w. • 3.38 

It 
The design relations are similar to those obtained in 

case A. A shifting auxiliary line Ra is drawn passing 

through the point 2 and origin. The procedure is explained 

by ?ig.3,7. 

The per unit optlMam dimaneions are given as follows: 

cop  'a  — 1-- 

lop 0 a E *D-►)mss 	 ; .. 3.39
2 

Vop 	(b 1)/BrHc so 

and final optimum magnet dimanniona are given by 

AS at Jit cop 	I 

in s Ftiop 	 ... 3.40 
V a a 0t `t'op 	I 
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Figs. 3.8, 3.9 and 3.10 represent the values of V & 
as functions of the variable Z for demagnetization factors 
K between 1 and 10 for the case A. V is the vo1ui of magnet 
p.►r-unit external magnetic energy and is given by 

V = ~2ZlVBrffc 	... 	 ... 3.41 

The minimum per unit volume Vup and corresponding value 
m f a marked on the curves, Design charts shown in figs. 

3.11 and 3*12 give optimum per unit volumq Vbp , cross section 
aop and length lop* plotted V3 K, and help in determining the 
magnet dimensions for a given degree of demagnetization K and 
a chosen given material. 

Figs, 3.13 - 3,17 are the various design charts to be 
used for calculating magnet dimensions for case B. 

3.2,2. IN U 	'T E 	 D 	 ... 
It is obvious that  thcit c e magne tiz ttion of the magnet by 

varying external reluctance permits also the application of 
a certain maximum external demagnetizing m.m.f. tr, the circuit, 
when operating at its normal reluctance. E, without causing 
further demagnetization, Similarly, demagnetizatin by apply-
ing external demagnetizing force,, permits a certain maximam 
open circuit reluctance, In permanent magnet generator design 
it is important to know how much short-circuit armature 
reaction will be permissible if the rotor is designed for a 
certain value of K, corresponding to the "rotor out of its 
stator" condition, 
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The permeability of the modern permanent magnet material 

'y stwill as compared with that of soft iron parts and 

he leakage exhibited by the permanent magnet is so 

M th=-it it can not be neglected. 	Exact leakage calculat.. 

°equire graphical field mapping but good convenient 

ich to the problem can be made by "estimating permaance a 

~►bable flux pathar12 w 

The following aaaumption3 are made 

1,* The magnetic circuit to not saturated. 

2. The actual field lines are replaced by lines which 

are of wimple shape, such an circle a and straight 

linea. 
3. All per ancex are estimated between one half of a 

pole and th r oquipotential plane between this pole 

and the adjacent one. 	The perm9ance a of the various 

paths are calculated as follOwas 

ance g 	 t h &rf ace lL'l-ia h"  IIIS ~I■ a p210-~M n ~ a. i A 

hof. fig .2J18 Leakage flux between magnet sides facing 

other can be expressed by 

ort V n pl whe rpt 	 .. o 2.42 

Vm = maximum potential of the magnet 

or by d¢1 = Vrdpi where 	 . 4 . 3.43 

Vr : magnetic potential of the magnet at a distance 

~m 0. The Ieaage permeanee between the surface element 

and neutral planer is 

dpi, . /&O 	.. who re 	 ... 3.444 
r( /2) 

~i a mechanical angle between two plea axes. 
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2 W 
s 	.! p = no. of pole s 

p 
and 1, a axial length of the pole shoes. 

Combining equations 3.42, 3.43 and 8.44 and integrating 
within ri and rl 4 hp as limits for r, specific leakage 
peri 	ance per unit length 

,s 	1 .. 	X lob (1+ a--l- 	~ 	3.45 
1p 	 al-s3 	~a 

whore e,3 * r I iA and al .. a3 ! hp 0 

~J1 	 gt-atetox  

Aa3ume path of leakage lines on the top of the pole 
shoes is as shown in figure 3.19. The leakage p0 Z ance 
between surface a 1ernt dr . 1p and neutral plane is 

4P8 : /uQ1 r3r 	• . 
	...  3.46 

Tbh Integrating between lilts 	and 7rl2t 
P 	2/u0 

S 
~1. 

r 
T.r z pole pitch. 

Specific perm ancs of the fringing flux between the 
pole shoe edges 

,"10 
°3'33 t ? ..bha 	I 

bh~/ p  r-2  *  ... 3.49 
Q.534 /110 

So P3 is given by 
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• P2/lpa - o loge --r--• 

r' 	
+ 0.534 /Uo 

" hh 

' 2/90 loge 1 z + 0.534 Jho 	... 3.44 

wham 1  

the  i.. 

Fig.3.20 reproavnta the leakage paths. Magnetic 

potential varies from zero at the neutral section to maximum 

at magnet teraa.nals and the average value is estimated as one 

half of the maximum potential. In its affect on the calculat.. 
ed result , it is equivalent to une half of the pern$ance. 

dp$ a 8/GO hp•dr 	 .» 4I 	 i «• 3.50 

2~ 
Integration limits are taken midway between the poles 

i.e. between 

alp and .~l, 2 bP 
4 	 2 

Ps 	a 	w-1o*®(1+ 	a2 	... 3.51 
op 	 P 

The average fringing flux between the pole edges on 

both aides is 

P. = 10 2 x l x2* .26hpa 0.52 ,/PC hp. ... 3.52 

P 	a 0.52 /Zø hp + 	Toga, 1+ -- 	0.3.53 
by by 

Berme ane• of  

The leakage per Cance between the aides of pole ahoea 

facing each other is 



55 

. 	 ,~ i 	..Q ..i :zit 	s' i7 

PC 



p51 * 3/Uo 	-- 	•.. 	... 3084 r P~ 

and on one peripheral gids 

`' 11 . 	106 	7r + 0 * 534 /oo .0.3.55  
3hh 

or 	0 P2/lp 

where dr a dia. of the rotor 

hh = depth of pole shoo 

bh r wiltth of pole shoo 

Intal..~ ~.Z .~••• 

The in..atator leakage pormeance can be written as 

P =Pal+P82+P,+P3 	 ...3.56 

And the out~.atator leakage permoance 
PO 	Pi + P2 	RM4 	 ••i 3.5/ 

It should be noted r% 
ala maximum are length between pole magnets  

::.3.58 

*2 a mini mum arc length between pole magnets 
Cdr - 2hh - 2hp) p - by 

 
.0.3.59 

4.3.4. LPWY INI  

Ref. figure 3,2 P0, Pi, and P. represent out-stator 
leakage perm, ance line, in-stator peraoance line and actual, 
working line. Inter- section of Pw lino with hr" coil line, 
gives the working point A. S, 	, and Y are the angles that bl 

Pi„ Pa and Pw make with the H-axis. Lot Pm 
then taA spy• 

Pm 
and 	p ... 3.61 

tan S 1 
m 



The minor loop is determined by the inter.,aeetiQn 

of the shearing line Po with the demagnatiaation curve 

and pi is 'leakage line'. 

tan rs. _+,F.L 	... 	...3.62 
PM PM 

whom 	IN LCdr 
Pg /oo T• 	where 

Cp . pole constant ratio of average to maxim zm 

field firm 

L = Axial length of core 

Air gap flux density is given by 

Bg =3 a h.- 1 	~,«. 	...3.63 
G pdrfi L 

who re 89 M a AS 

a Flux in the air gap/magnet X-Section 

From trigonometrical relatians, it can be shown 
s It P Co. E Sin r(tan I -tans) 	3.s4 

tan sin(r~e) 
Also PR a tan E 	0 a # 

Combining the above relations, we get 

P 	po + 	gM B
~~  

B
~t ~   Pg +Pi + /KPan, 

... 3.66 

... 3.66 

whore 
Hat a flue density of the magnet at the point of 

stabilization. 

For air atabilization, it is given by the point of 

inter-section of PO & demagnetization curve. 

The application of the load decrease B due to the 
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demagnetizing force Ad by an amount 

X + AS = lid 	`----n r-~ x tan E + tam._., tang ..3.6? 
Sin(&+ ') 	tan(+tan 

The angle E is quite small and the above equation is 
reduced to BC + AN = U (tan C- + tan c ) 	... 	... 3.68 

Hence 
B1 Bgm • Hd (PI +/t* Am) 	... 	... 3.69 f 

Pm 

These equations for Bg and agm' have been derived on 

the assumption that the rotor has been stabilized in air. If 

the u/c is exposed to ideal steady state short circuit, the 

linea tip, and uP0 will coincide and Bsm and 8gm' then, are 

given by 

Him . IS.. . PI + 4XRn 
Pi 	Pa + Pi + /1P P 

and B. m+ 	Bat „ 	1 	Nd 
 P,+Pg+ /u P m 	P m 

3.6. 	:,:. :LGILIL 2I .5.. 

x CPj+/AjZPm,)•3.71 

Short circuit ratio In casa of permanent magnet -generators 

is defined by 

ZR.-.. 	' 	 ... 	... 3.73 Ad d+ gç 

where 
Ap o exciting total ampere turns at no load 
Ag . exciting ampere turns for the air gap only. 

1+K where 

K s - 	1-. where go t =affective air gap length 
Nga f 

From figure 3.21 
Fm h 
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Combining theca oquationay 

„ kt = ~.......-_+ I  	... 3.73 
(Rd)ratodP9/Pmfz Bg 	'PC 

3.5. 	 AI r,ilC, HX Alli L#Ap? o1l, 

The output of a aynchronouo machine can be written as V. 

3=1.1Fac *9a.cLp 2 a14'3 XVA 	1♦13.74 
uho ro d = output in vj 

Ku winding factor 

specific magnetic loadinrj 

ac amp. conductors p.u. length 

D stator bore 

L a Cora length and n 	+poed r.p.o, 

Equation 3.74 to also applicable to permanent magnet 

machine. 

F3 can be caticmtcd from figurca 3.22(A) or 3.22(B) and a 

equation 3.74. Ampere loading ac can be chosen between 5800 and 

9750. itatIO bore to a3rial length is determined Toro by rpchani-

cal than by electrical conaidoratione9 such rim apaco requiranento 

of the polo ncgnots on the circumference and other limitations 

which are the ario ao for conventional machine o. 

:deactanco of the armature reaction in the d-aitio to 

lay seer than that for oynchronoua machine with wound field and 

the air gap lop thus, to be choacn as omall as poaaiblc. Its 

minimum ciao dopondn riainly on the poaeibility of fortin-itton. 

of an unay :IDtric& 1agnetic fiold. Thio dinayr3try may be 

caused by the occontricity in rotor pomitioa or by unequal 



magnetization of the magnets. It has been found that a 

concentric air dap is quite good both electrically and 

mechanically. Winding distribution and slot skew have to 

be so de ,ignf3d, of course, as to produce an electromotive 

force with low harmonic content. 

2 
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4, 3.  

Figure 4.1 shows the do gnetiaation curve for a permanent 
magnet material# with the abeissas reversed. F0 and 4r rep .~e tnt 
the coercive mgt" and residual flux respectively. Lot the magnet 
be deragnettsed to the point (Fe, ptg) for stabilization. If the 
magnet is not subjected to a demagnetizing force greater than 
that of stabilization, the operation will occur an the recoil 
lint originating at (Poll O) and having a slope equal to that of 
the major loop at Or,., This recoil line also repre menta the volt.» 
ampere characteristics of the generator. The tnter.sectton or 
the recoil Tina with the '« axis deter nes the ahurt circuit 
magnetic flux 1p and that with the ?.-axis gives the opens circuit 
potential (20), although +portion outside the major loop is 
irosesble. 

Burs 4. (A..) shows developed view of the machine where 
the air gaps are such that the shaded portions of the circuit 
represent datt.~iron parts of negligible reluctance. Fig.4.,2(B) 
shows the magnetic circuit per pole. Neutral planes are repres.. 
enter by a magnetic ground. Figs, 4„2 CD) and, 4.'2(E) show the 
-equivalent circuit with potential and flux sources respectively, 
no and gp represent rsspectively the internal reluctance and 
pari ante of the egaivslent magustic sources. k1 and P are the 
reluctance and parsanco of the pole leakage path* respectively 

whereas 9 and P respectively are the reluctance and p0rm ancs 

of the lap„ 

When the generator is working under no load conditions, 
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the operating point is given by {Pl9  $1.) ! the point of inter. 

section of the P g  + Pi line and the recoil line. The generated 

voltage at no load is 
P 

	

... 	.. 4.1 

where 1 a generated a. m.i'. p.u. air gap flux. 

	

PT • Pa  + P1  + P9  and A rsi 2+R jF g+Rglt0 	.. 4.1(a) 

A lagging load produces a demagnetising effect and can 

be introduced in the equivalent circuit as shown in Fig.4.3( ) 

and 4.3(8). The demagnetizing m. ,f. is given by 

Ad 0 	Id 	•.• 	 *•. 	•*• 4.2 

where &4  * dereagnettzing armature rn.a,f, p.o. d..axis current 

axed 	ld a d-axis component of armature current I. 

lternatively the aai no load equivalent magnetic circuit 

can be used with a not value of gap pernance P9 0 which 

is a function of ci•axis current, and is related to P8  as 

pg t u  P  , 	"' F° •.. 	..♦ 	.. 4.3 
øo+ PgAd 

This relation can be proved as followas 

From fig. 4.2cD)- 

	

01  a R1  PO  and I l A * !fit  'o 	... 	.. 4.3(a) 

Frost fig.4.3(e) 
J19e a  R1 0 (I O  + 111)Ad 

	

land O] * 11gF D, + jlo 	.5. 	 • .. 	 .. 4.3(b) 
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Al o On a 0g + 0 	... 	 .. * 4.3(c) 

Let Its' art such that, replacing At, in Fig. 4.2, •quAtion 
4.3(a) -And 4.3(b) yield the sew flue. Substituting ig' for 
AI in the expression for #1 from ecru-.tt1 on 4.3(a) and equating 
tb1 Iii to that given by 4.3(b), we get 

11g' 

 

[3?.  -(R. + Al) Ad~ Z RIL (it To + Ro ) 

and Pg ' a F1 - 	CFO "Pl'')' 	 ...4.3 
,lea+PgAd 

When the. generator is 4upplying a demagnetizing lead r 
it will beworking at the Point (F2, 02) 0g2 (a03-013) is the 
gap flux that requirfio an m.m.f. crop acro3a gape 1 g2 tg0g2 
The de magnetizing m. m.f. causing ope rating at (F2, 0~) In 
accordance with f ig.4.3(A) is given by F2 .. FG2 The point 
F2 can be located by adding 0 * 	Ad to P1... 4.4 

4.3. 
• . 

Fig,4.4 shows the equivalent magnetic circuits for transient 
a d aabGeansiwnt `„anditone, D iep,i.a nta the W.s.f. of the 

damper winding arround the magnet ,And N represents the da.axia 

a. m.f . of th# pole fan winding. 

When operating at the ► point x'89 O), figure 4.1,E the 
driving voltage or the excitation voltage 99 is given by the 
ordinate to the p1 line at F2 0 

Ba . 1 PgF2 	gPg (71 + 
p 

ag)(L+ Kg 1
2 

 Ad 	 ... 	...4.5 
Pc 
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Thus it is seen that in esss of permanent magnet 
generator supplying an Inductive load, there is an increase 
in excitation voltage over that of the no load voltage by 

P 2 
Ad 

Ytgure 4.5 shows that h andsl's two•zreaction vector 
diagram of the permanent magnet generator with resistance 
neglected. V is the terminal voltage and I the load Current 
jagging V by an angle (. 14, Ad and Iq , X sr t e d.-sxis 
and q~axis quantities as in woundfield synchronous generator. 
It is readily seen from the Vector diagram that 

Coir r 
$in I-= 

1.2- 	Sin 6~ + 	-2 	'a, 	... 4,6 

and Coa 	 &00 	 .is 4.7 

✓ l+ ~. .'sin 0 . 

where Z ts load t podance 
The terminal voltage is given by 

48 

Using equation 4.5 and noting that 
Ad 'm K l4 	l Sin (0 + c) ,*  

SNL / Z, +2 z Sin 0 +  

v 	Z Z + ) Sin G+ Xq i •NgXd. (3* Sin ►) 	
. 

4.5, jazAxl 8 i&&j A ul 	UJ ya~G11Ni0,5 914 

LSt subscript $ stand for abort circuit. 
1 ; () 	Q ~ 	... 4.10 
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From equation 4.3(b) 

Rl )A 	... 	.. 4.11 
Also Ate,. a Kd I ; 	.. 	 ... 	..4.12 
Solving equations 4.10, 4.11 and 4.12 

Ise 	-~--~- 	Fo ... 	.. 4.13 Xl4+KgKd ( 0+ 1) 

Also, in the voltage equation 4,9, substituting ZI for V 

and then setting `L 

FNL Isc = -- 	, 	... 	.. 4.14 

PT 
Combining equation 4.13 and 4.14 

Xd -- X1 + 	`yY r C► 	 . . .  

from which 

Xad a D - Axis reactance of Armature reaction 

Kg Kick. P9 	 ... 	..4.16 

Xad can also be calculated as in conventional way i.e. 

Xad = X Cm Cl )a 	... 	 ... 	.. 4.17 

where X = reactance factor 

C m -ratio of field to armature ampere turn.3 for 

the same fundamental flux. 

Cl= ratio of the maximum fundamental to the actual 

maximum value of the fundamental. 

) a a Specific permeance of the direct axis. 

Xad, in case of electromagnet machines, is determined by the 

gap permeance but for machines with permanent magnet, the combined 

permeance of the air gap, the magnet and the pole leakage is to be 

considered. In that case, 
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(xad)pm 	P , + , 	'm 

	

- ---.- * ----- 	+-wr- 	 • .. 	 . ! 4.18 

(Xad)sd pg#pi 

Variations of this ratio are plotted in figure 4.6 
It is seen that d-axis reactance in genorstorr with 

permanent signet fie ,d is smaller than that in electromagnet 
machine s. 

4,6 	 5115 

The reactance of armature reaction in q~.asis can be  

calculated on the saw basis as that in case of conventional 

synchronous sichinS. In mast of the designs it is found that 
is sral or than Z4 	is low because the permanent magnet 

has a very low recoil permeability (the range of tiles of 
relative pe rmrabi .ity for modorn mate rials ii 2.8 to 3.5) , 

and caus ► the stool sleeve is normally completely saturated, 
and its Incremental permeability approaches unity. 

The following assumptions are uiadel 

1. The machine is subjected to a sudden 3-phase short 
circuit at no load and,, is such that only rotor circuits are 

loops around the magnet. 

3, in accordance with constant flux linkage theorem„ the 

magnet flux can not change immediately. 

3, d,c. transient is neglected. 
D is the rme s,f . at the winding around the magnet by 

which the magnet flux elm is sustained. 

From equation 4.3 
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ad from figure 4.4 
4.19 

1g ,~ R (F + D)-f 	~/` A, 
w~ ~~p~rrorr~~~Irr~~ + Q r•r~~iiF+MP~~~  ass 	 • • i ~.~ 

s Jt_ z:1 	... 	..r 4.21 
AS 

who re 
Ala. a0 Ad Iso' 

From the ds relations, as ps•Qved in thy► last section. 

&I + led R 

where 
Xad, * KglS  

119 

•.•  ...4.22 

	

+ I ,.1 •♦. 	 •.♦ 4.23 

The machine is assumed to have a pole face winding and 

the airgap flux pi` is prevented from changing imdiately by 

the m.m.f. H of the asortisarur winding. 

a9" is then equal to ENL 

..,...i....~ .r~r~.~. x 	= ~..,.0 
xl 

from which 	 it Xd - X1 + K1 

and Xad 0 Kg I 	►-» 	 ... 	... 4.25 
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Comparing equation 4.23 and 4.25, it is seen that 
$ad t = Xad" + 	". 	 ... 	.. 4.26 

l+R9 

4.9. ,L]_t 	_____ 11:1B 
The armature leakage flux is divided into foul' parts 
i. Slot leakage flux 

2. The end connection leakage flux 

3. The Zig-zag leakage flux 

4. The belt leakage flux. 

The largest portion of leakage reactance is slot and 
zig-zag reactance and can be expressed as follows 

xi~Xs+Xz = 24 ' /~gf i,N3 	C Rs ~ d1 	8.. ,~ 2 ~# 0 ,266 D 27I~w 
us 	3w5 w8 nsg@ 

where N a no. of series armature turns per phase 
As a no . of armature slot s 

Ks a Slot leakage factor 
KW = winding factor 
D = Dia of rotor 

ws = slot opening 
dl = slot depth and d2 = wedge depth. 

4.10 . ani- I 	NG T H MSC IST F  

Under short circuity the armature m.m.f. is quite large, 
which has to be balanced by an equal and opposite m.m.f. by the 
poles if no Cage winding is present in the poles. Consequently, 
a serious demagnetization of the magnets occurs. P, heavy Cage 
winding in the poles establishes a Counter m.m.f. to Appose 
the transient armature m.mef, and if this Cage winding is 
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sufficiently large and well coupled, the net demagnetizing m.m.f. 

to which the poles will be subjected may be well below the stabi-

lizing m.m.f. and no net reduction of pole strength vill be 

there, This objective can be achieved by - 

(1) Casting the rotor in aluminium 

or (2) using a copper plated pole. 

Casting the rotor in aluminium places an infinite bar 

Gage winding on the rotor. Too much of aluminium thickness 

over the pole shoe • ill incae ,se the effective air gap and too 

the-ts will be mechanically weak. Copper plating the pole is 

superior to the forr. r and involves plating all the surfaces 

of pole except the one in contact witn the spider, In this 

method copper can be made thinner over the pole face thus 

retaining the optimum air gap. 

4.j; 1CktEA3INQ TiE NAT1VE; gtrENCS ~7 

A large negative sequence reactance adversely affects 

the regulation of single phase machines, as under l-phase 
4)', 

conditions the negative sequence reactance is the series with 

the npsitive sequence reactance. It has been found that the 

methods adopted to shield the magnets from transient demagnettz. 

iag effects, also reduce the negative sequence reactance. For 

a 3-phase machine, a series capacitor may be added which will 

resonate both the positive and negative sequence reactances 

thus making the single phase regulation quite small even though 

the machine reactances maybe large. 
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P T C:F R. 5• r. 

VOLTAGE JGULAT ION AND CU 

5.1. INI NT iWGULATIQN_10 i4 

In figure 4.2(A) the m. m.f . F at the magnet terminals 
represents the excitation of the generator. For synchronous 
machines with wound fields, F gives the effective ampere..turns 
of the field winding and is constant for a given field current. 
Such a machine therefore has a large inherent regulation and 

the voltage has to be kept within specified limits by a voltage 
Regulator. When a permanent magnet generator is loaded with a 
demagnetizing load, fig,4.1, the operating point moves downward 
on the recoil line and the magnet terminal mmf F increases i.e. 
there is an increase in excitation as a demagnetizing load is 
put on the p.m. generator. The permanent-magnet generator, 
thus, behaves as though it had a "rbuilt..in..voltage regulator". 
The variable-excitation characteristic of a permanent magnet 
generator has three feature s. 

1. Small inherent voltage regulation. 
2. Rapid Voltage recovery during sudden load changes 
3. High Current capability for starting induction motors. 

The inherent voltage regulation of the permanent magnet 
gen~3rator varies from fairly close regulation for unity power 
factors to poor regulation for highly lagging power factor 
loads. Leading power factor loads increase the voltage and, 
thus, quite a close regulation can be obtained if the de magneti. 
zing load is power-factor corrected by adding a parallel 
capacitor. Figure 5.1 shows the regulation curves. 
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5.2.  

It the inherent voltage regulation is not sufficient 

enough to be within close limits, external controls are 

necessary. ! xternal control may be obtained by using any 

of the following: 

1. a series capacitor device, called a compensator 

2, temperature compensation 

3, toroidal back winding. 

Q PEN 3AT T 4  

It consists of a series transformer in each phase lead 

with a capacitor connected across each secondary, "By inter-

connection between the capacitor circuit and the phase windings, 

a bucking or boosting action a ,y be obtained in addition to the 

usual voltage stability at low power factors". This compensator 

is suitable for a low voltage generator. 

 W cjJ 	&16 

Figure 5.2 shows the variations in residual flux densities 

with temperature for alnico V permanent magnet, It is obvious 

that the output voltage of a permanent magnet alternator using 

ainicu V magnets increases as the temperature decreases. Thus$  

if the inherent voltage regulation of a permanent magnet 

generator is to be kept within close lin .ta, the generator mast 

be temperature compensated. 

A temperature sensitive ("thermomagnetic") alloy is 

used for a portion of the etainleee.ateel (non-magnetic) plates 

used in the rotor-cage structure. This alloy shunts a given 

amount of the usable generating flux. The foregoing temperature 
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effects can be fully compensated by chosing a suitable therraa. 

magnetic shunt and the generator can, thus, be made to deliver 

voltages independent of temperature. In practice it is prefer-

able to over compensate the generator. Figure 5.3 shows the 

vroltage..temperature characteristics for a p.m. generator with 

and without compensation for the temperature. 

This control winding consists of a series helical winding 

in the bottom of the slots around the armature core and over the 

back of the toroidal winding. If the winding is uniform around 

the entire circumference, no appreciable alternating voltage 

will appear at the terminale of the winding. A typical automatic 

static control system is shown In figure 5.4. Direct Current 

is given to this winding,, which superposes an unidirectional 

flux on the alternating flux in the stator core. Thia increases 

the reluctance of core and decraar s the generated voltage as 

the control current is increased. The change in generated 

voltage is practically linear with the control current. This 

fact can be seen from figure 5,4. Under no load conditions, 

maximus control excitation is required. The use of the control 

winding, results in no increase of the armature heating, and $ 

thus, no decrease of efficiency, when working under full load 

conditions. The air gap flux density with control winding can 

be obtained as follows 

For an air stabilized machine, it has been shown that 

the air Cup flux density reduced to magnet area ( cam- - 3) 

flg WI 	B 	....fit 	r 	' ♦ 'R P 	_ 	_ 	_ - 	~6 
pa P$ +Pi 4/UR Pw 



s t 
• 

where the air gap p*r*anco a /uo ,. 	. 
gap 

The value of g Includes the offEcts of the air gap 
and the equivalent path of all soft iron components of the 

magnetic circuit„ 

P 
Let J' = 	 ... 	... 5.l 

where Pb a Permance of the stator core 

a 	. 	 .. . 5.2 

where ., a effective relative permeability of the 
stator core. 

h = width of stator core 
L a axial length of stator iron 

13 a stator outside diameter 
c - , atacking factor of stator laminations 

Thus ?' 	2.45 S 'r— (D . 	.. « 8.3 
,Mega h cP p 

In equation 3.66 replace P1 by the equivalent air gap 
pe rneanct 

PSG a P6 1....,.......... 	... 6.4 

The air gap flux density at no load ie then given by. 

B m a~ Hut 	 ... Po + 	R Pm ,.. 5.8 
PQ 	Pg +C1 +-r) (P j+,~ Pa) 

Similar oalculatiune can be made for short circuit 
stabilization* 

63501 
IMWV UNIVERS/TY OF WORM' 

ROORKEE. 



An explanation for 	is given as unders 	tV  

When the rotor flux enters the core, the subdivides 

itself into two opposite directions. The control winding 

superposes an unidirectional field. This Mane that the total 

flux =at be either the sum or the difference of the twos  as 

the care may be. Magnetic characteristics of the soft iron 

are nonlinear and, thuds  one half-wave of the resultant flux 

is pealaed and the other half wave is flat topped. Moreover, 

the rotating air gap field is far from sinusoidal. 	should 

thus be determined from testa on a typical machine and can be 

used with "other machines of the same material and identical 

configuration, 
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6,1. PJANWHT M4.Q T UP ATIO • s • 
Fig, 6.1 represents the demagnetization Curve of the 

magnet. D is the point at which the magnet has been stabilised 

and DE represents the recoil line. The magnet flux $ can be 

divided into leakage flux 94- and useful gap flux . Neglecting 

the leakage i except the ane that occurs across the terminals, 

the leakage path is in parallel with the useful path. The 

conditions can be represented as in figure 6.2. Let ,dr and 

be the instantaneous currents in the armature and damper slug 

in the direct axis. working under no load conditions, 

id'ra 1)d : 0 	... 	... 6.1 

and from figure 6.2 it can be seen that 

	

+ Hg lg a 0 	 ... 6.2 

	

Hl + Hill 0 0 	.0. 6.3 

Also oaBAaog + '1 
a lgPg+ Hilip, 
a +Hi (Pg +Pl) 

* ~ B a •ui (Pg +P1)A 	r.. 6.4 

a td 	l 	Pl 	PSH 	...6.d 
A 	1! 

Equation 6.4 gives the straight line QC, so that its 

inter.eectton with the recoil line TE at F gives the no load 

operating point.. 
Equation 8,5 rep, events the leakage line 00. 

dr 
When the d..axxe current i 

Hl + Hglg a .. A'id's'' 
is flowing, from figure 6.8, 



P Py  +Pe 



- 	-He - --* 

.r tri 	flkjj: 
L 	.4 	!Uti.0 

JL 



H1 + H111 0 0  ...  ... 6.6(a) 

So that 0 jig + ¢l 
(Nidr + Hl)Pg + H~P1 

dr 
Ham" A ~P +PI) H+ N.. ....:.. 	...6.7 

7»  (Pg+Pi) 

and _1..  
A 	A 

Comparing equations 6.4 and 6.7, it can be seen that 
the effect of flow of current ids' I. to shift the load line 
QC to a new position O'C' such that u(' = Nidr  

1(PN♦Pl) 
u'C' Is parallel tc+ uC: The working point is 	now 
given by PI and the leakage' line :remains unchanged. The 
re&uction in the useful flux density is liven by 'ig.6.1. 

ASoo aFJ••FIJI 
ra F M + JN' 

, 11RFtH ,+ F H'r PI 
f!~&.u'U (/ +4.. 1'1) 

1 	Pg+PI (/ 	r +.+L) 	... 6.8 

where K 9 P_ M. and  

Now consider that the damper current Ikd is flowing from. Fig.6.2 
H1+Hg19 wOd 
HZl + Hiller . ikd 

Vic► that B 	• 1 (P
6 

+Pl) Cu + 	) 	... 	... 6.9 
d and A  	p1 (H 	 ) ..,  ...6.l0 

1 
Equations 6.9 and 6.10 are represented by the lines a"C e 



• 
• 1 

and Q'G". It can be seen that both lines are shifted to 
the loft by an amount 

1 

The reduction in flux density in this came, figure 6.1, 
is ,given by 

A B" pi (FX - JK) . (F" K" • v r ) 

m K" - JN" 
A"M" ...Pg + Pl) 	A" 	pl 

w A")?' fPg 	 r •. 	 ... 6.11 

Lit XX 

PM et F"A"K /1o, 	a A" 
4

e (Pg +Pi) 

F' "A" 	 ... 6.12 
Pg+ISI 

From 6.11 sand 6.12 

8'Q a It 	6.13 
Pg +PI 

Lot the flux density under no load conditions be B =PJ. 

on load ids' and 11 are flowing and useful flux density in 

the magnet is 

B9 • Ho - 	( o f + 	p$) tdr.I 	o r2&
1 ltd 

1(PS+Pl)  1(P9 + Py) 

..! 

 

6.14 

Flux linkage m with the d..axis coil are given by 
AN + (armature leakage flux-linkaga m) 

a..B0Al~+ ='. (/ o/Ur + -4p1)idr+ 	r Fid 
l(pg+Pl)  1(P♦P1) 

+Ldrlidr 	 ... 6.15 



Th  

Where Ldrl a leakage inductance in direct axis armature axis 
equation 615 can be written as 

	

Ydr R • A.AN +, 	1k4 + Ldr idr 	,•• 	... 6.16 1 

where It a Mutual inductance in the d..axia a 	 6 
g+ 1 

and. Ld,r : total self inductance in the direct axis armature axis 

, 	fur 	p1 + L1 

Proceeding the .memo way, It can be seen that the flux- 
linkages with the damper coil are  

+ 
dr  Ica 	r 	'y i ♦ TA I11n/ur 1 

l(lg +P1) 1 

S1A + Ndidr + Lkd 1 .. , 6.17 

where 81 a no, load magnet flux density a 7K 
La 	if inductance of the damper in the d,.axi s 

Let Lara 	e1f inductance of the q-axis armature coil$ the 
flux linkages equations can be written as 
Y • 81A+ L 	IId + idr ... 6„171 

16.18 k~ 	dr BAN + ! 	i 	+ Ldr i ... 6,161 

Wqr Lqr t qr 

Assuming ainuaoidal flux distribution, the voltage equations 
can be written an 

Vka 	rwd + Lkd p) ikd ♦ Md P idr . 0 
Vdr ' %pt ld + (rr+Ldrp)i + Lgrp Iqr 	*6 
Vqr a BOAgp ~i - Ilp yid - LP 0ldr+ C rr+Lgp) i r 

t1 •19 

where p a differential, operator 
dt 

phi► a electrical rotor speed,, radiata/sec. 



Voltage equations for a synchronous generator with 

wound favid can be written as 

• ,1 • • 

.~....~... d 	t 	I I 
___ a.,___...dr,._ g_..,..~.,..~~...~. _ I I t 

Vdat 
p 

do 'rd.+LdsP t 
t 

t dp 	' _ 
, t 

t 
tt 

dr' Vd r ' or :M.IP rr+1drf 1qr   MqP ) 
~ t t t N 

gr,Fqr , rir , ,oMdpo , "LdrP6► f rr+LgrP : 	'q" 

q,§ Vqs t is r t t 	T~11~ rr' +Lq.P R 

ds 
I 

I 1 

dr ,idr 
' ......,....."., I.',.  2 p► 
I t 

qr rjgr 
t t 

qa t jq$ t 
t ........... t 

The various axe* are defined in the Norr nclature. 
Comparison of equations 6.19 and 6020 shows that 

equations of the two machines are similar except that 'dai 
the voltage applied to the damper W, is zero and In Vqr 

there. tee an additional term L.ANpv: which is the open circuit 
generated e. m.f. 9. It can be inferred that the permanent 
magnet field system is equivalent to a conventional field 

coil da, having a resistance rkd and inductance L, to which 
a battery with zero internal impedance is connected, that 
circulates a constant current f " which generates B,' given by 

Est p ltf 	 ..• 	..,d.21 
Let the battery e.m.t. be V1, given by r1 1 arnd ida I 

this instantaneous current in the fictitious field coil 
id e a ~tkdif and pido a pi~td 

Add . V f W .. 1f rkd to both aides of first equation in 6.19, 
the equations can be rewritten as 

.Vf s try + L p)id• + 
1pidr 

r 
Vdrw NdpiM + (rr+Ldrp) idr +Lgr6sq 

V ra • 1~,3 ~ i ~t 	dam Ldr 	idr+(rr+Lgr P) iqr 	..6.29 



Eddy currants are flowing in the steel sleeve of the rotor, 

the pole pieces$ and the copper damper segionta, which can be 

represented through short-circuited coil do & qo in the two 

axe a. The voltage equations can then be written as 

de do dr qr qs ___
t 

der 	0 1 da 'rd.+Ldop' Mks p ' 	s p r 	r 'de i ids r 
~~ 

do$-Vt 
d• 

f 

Mk9P 

t 

+L 	p r ,rkd 

r 

p 

r 	r r 

r do 

____i 

r ide r 	r r 

ridr drrVdr r dr „ 't dsP INA irr +Ldrp'LgrP r 3 r:th' 
 ' , r 

qr'Vqr 
f 
I qr r -"d•F& ' * 	p8 

r 
' -Ldr' 
r 

r rr+L rP )Lp 	: : iqr 
t 1 	r r r ____________ 

i r t 1 r 	r 
~_____'____" 

t e- 1 
qg r 	U , qe r i , r 	p 	R r 5+L1 8pqe q r iq i r t t 

....6.23 
Eliminating  i, ids 	and and referring all quantities 
to the armature, 

d' 	Yd 	: 	:l'+%(p) `P tLq(P) 	? d : 	id 
q0 yq- E-(p)p r+Z,q(p)P s 	, 	iq 

where 

tP)= Ld P(Ldo d' 	e+Lkd 46)+PCrd+cl ~+ `lal s ) 
P2(Ld*Lid 4o)+p(rj .#rd.Lka)+rde ' 	0 

P and 11q(p) * Lq -  rqi +Lgap 

Under steady state balanced conditions, p=a. and Lct(p) 
and Lq(p) are respectively equal to synchronous inductances 
Ld & Lq 

Under steady state conditions (p=Q) ,equations 6.20 
yield the following equational 



Vt a  - rkdid,  = rklif  

Vdra rridr  + Xgriqr 	 ... 6.26 
I 

Vqr* E-Xdr ,dr + rr iqr I 

Thee equations are the same as that would be obtained 

in case of synchronous generator and help in drawing the two. 

reaction diagram of the generator. 

The applied voltage is equal to the sum of the resistance 

voltage drops, the voltages induced by charging currents, and 

the voltages generated by the motior►. of conductors. Equations 

6.20 cam be written as 

e aRi+Lpi+GipOiZi 	... 	...6.2' 

who re 
3 w transient S m yedanco of the machine 

A -- diagonal matrix containing the resistances r in Z. 

L = matrix of the coefficients of p 

and a = matrix of the cry.efficients of pbr 

The electrical input power can be expressed as 

P : etl x its a itRi + ItLpi + i Gip 0 ... 6.28 

ithi a tai, power lose in the whole machine 

itLpi* rate of increase of stored magnetic energy 

itftp - mechanical power developed at a mechanical speed 

P0m 
The torque applied to the shaft is given by 

Tapp  0 IP20m  - nitGi Nw - ;cetera 	... 6.29 

where % 
In moment of inertia 

na no. of pairs of poles 
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Under atead7 state conditions 

TaPP °` - nit at 
f da _ _dr 

-n t4f l jdr ! ,ar: 
..~....~ 

da dr qr 

d4O 
1 

1 

drr r , 1 dr,1 	idrf 
t r r 'fir 1 	1 
t t 1 1 1 	f 

qr'-Nd '•Ldr ' ' qr' iq ' 
f r r 1 1 	e 
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a .. nl4dttiar + n "dr - Lqr) idrigr 

se 	n ---- 1q + n(Ld - L )tci 	... 	... 6.30 

*chanical power input to the alternator is 

Pty " Pm Tapp 

T 
app 

a EL 'q + (Xd • Xq)ldiQ watts 	... 	... 6.31 

The connection diagram is shown in figure 6.3 Indices 

1 and 2 denote the load and the generator respectively, 

Three phase voltage and currents have to be transferred 

to the d-q axis, which can be carried out in two steps i.e. 

first transform to the 2-phage (1f) and zOro sequence and 

then d..q a4a. Let ia, ib, is be the phage currents (Se ,uence 

a.-b-c) and t °( ,, i , and t°! the 2-phase and sequence currents 

(sequence /2 - $(), as stwwn in figure 6. 4, 
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T hsn  

¢. ~'~ 3 	3 	a 	b 	c 

	

:' j 	t 	t 	rff' : 	+ 

f3, i +,t. 	+ 	r ....o 	+ 	- , 	b, ib+ 	...6.32 

a 	io { 	o s 1 	r . 1. 	1 .._... + 

1 

Transformation from 3-phase to d.•q axis is given by 

id4 - Qdq 2# 

dq dq
\ 
L o 
	

o 2# 
d+1d 	r  

1 	t 	+ 	+ 	 + 	+ 	r 	f 

qj iq 	q 	.n 41 Coad 	+ 

oo +  o+  r  r  I r  QI o f 

{ 	+ 	t 	, I 	+ 	+ 

.».6.33 

The overall transformation from 3.phaae to dwq axes 

is given by multiplication off' the connection natricea of 

(6.32) and (6.33). 

#.dq cdq i3% 

3~ a  C 
L..,... 	d ~~.... ~,.....~...~ ..r. 	_  

d + /3 Cos + ~ 3Coa(0-120) +1_ 3 Coe(i~+120) + t 	+ 	f 	ii f 	+ 	 + 

L+ iq 	Sin e'/" f:33in(fii•12t1)+/"2/3 .n(k+12O) r 

	

e 	 : 	-w-- 	1 r 	f 	+ 	 e 

 

{  t 

 

a r  a r 

 

I  f 

 

e  + 

b 1 Ib '..6.34 

 

f  + 

c { ick r 

 

+  + 

Transformation from d t q components to 3. phaco 

components is obtairad by transposing the connection 

matrix. 
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4 30~~. d .__.. ,..~.r... f.._~..~ 
•'ia'' aI/2r3Cos0 .3 3 Sin  

1 
i1 

is 
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f 

b'/ /3 
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1 

Cos((#-12o°) f i 

r 
- 
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~ 1 
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f 

a' //8 
r 

1 

Coa(G+12th°) 2 3 
f 

1 
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1 

1 

. 	 = 
~~ 

The voltage equations of the load along the phase 
axis are expressed as 

9 * Zi a (ft + Lp) i 

3iA 	__ _ 3% 	AL bl cl 
I 	/ 1 f i 	/ 

a 
'
ry 

~1 	si' r 
fR + 

~'1 
y 1 

~r 
f 	e 
r 	r 

1 	I r r 1 	t 
bl:Vblrle blr 'I1+14 a 	r 

f 	/ 3333.._ 1 f / 	t 
1 	f t r $ 	/ 
t 	!  

C11V11 1: 
r 
M 

1  
t 	r 

R and L refer to the load resistance and inductance 

respectively. Equations 6.36 can be transform d to d-q, axes 

by the connection matrix 6.36. 

o f * Z' i' = CtzCif 

* Ct(A + Lp) Ci' 

	

* Ct(R + Lp)Ci' + CtL (pc)i' 	««• 	,••6.37 

So that the new Impedance matrix La, 

Z's Ct (R + Lp)C + Ct Lpc 	
••• 	•••6.38 

Ct, (R +L )C + CtL. 	pii 



Thus 
1 	pl 

	

dll11 ♦ r 	r 	r 

	

! 	t 	1  

	

1 	r 	1 	1 

	

Zl„gl' 	•R tL ! 	' 

	

! 	! 	t 	1 

	

~ 	1 

	

1 	! 	t 	1 

Or 

dq !d4 dl 	1 

r 	 1 	 " 

Zt 	1 	/ 	t 

41i ..LP* 

 

'ii + Lp 	# 
I 	1 	 1 

(~1 
d 	~wwiwrlrr i~_rl~~.+rriw+w~..~~~ 

	

dl' 	' Lpp 

	

1 	1 	t 

	

i 	1 	1 

	

1 	e 	! 	t 

	

Of 	1 	! 	1 

	

1 	f 	1 	1 

4•. 	.•.6.39 

Zero sequence quantities are dropped on the 

assumptions that there is no connection to the star point. 

Now the load is to be eannected to the alternator 

Let the axes of the Connected system, d and q, be the 

same as those of alternator„ d2,, q. The old and new 

currents are given by 

Coned... 
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~Y  or d~'j. \  	dy~ nrr~w~~r.~r+r frr.rw~rc, w wrrrrrir t * 	 ~ t d 	T

s Idds2l~ der 1 	r 	t 	rds2fid~d 
r 	r 	r 	 r 	r 	f 	t 	t 
t 	t 	r 	r  

	

d
2 

! id'

!_! 
d
2 

r 	
r 
1 1 	f 	► d t id ' 	..6.40 

   t 	r 	t 	t 	! 

	

q2r  t 	► 	1 	t i t iq ► 

	

 
dl r id1 r dl' 	t wl 	t 	t 	f 

1 	f 	1 	f 	f 	! 	1 
t 	t 	1 	f 	t 	f 	! 

	

ql t iql t 	 t  
r 	 f 	t 

From equations (6,23) and (6.40) , the impedance matrix 

of the unconnected system is 

d 	dq 	d 
a 

d2 q2 dl ql 
/ 1 1 

d@2 t r jd#LkdV r (̀4p ' t r 
t + t 1 r  t 

d2 I r+Ldp Lqp 
Z, 	! t t t 	f 

q2 ::p -Ldpd ~'+L~p r t t 	r 

,dl 	f 1 t t it,l Lp t 	Lp  
t r t t R 	 r 
r 1 r r ~  

q1 r r t -Lp1 tRR+Lp 	t 
I 

- - 

1 
V• 

t 
VV 	- - 	V - 	V 

t 
__V - - 

f 	r 
__ 

The voltage equation of the connected system is 

er: Z'it or es a CtZCi' 

t t 	 ! ! 	d 	r 
d sa t -Vt 	1 t 	d+ ' r ld+Lkdp Mdp 	t 	' d *21 i 

_ 
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1 1 	1 	f 	+ 
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In ata ady state, p * Q, pa v, ida -1f and 
pfi 1d' .. E, so that 6.42 reduces to 

d 	q - 	 -  
I 	 I 	I 	I 

	

dr p r 	d r r + grX,1+X  
r 	s 	r 	 r 	r 

r 	r 	6.43 

	

_..~rri* 	 rriwrrrwr 

Solving for 1d and 1q, 

	

tda E- ,.t!) and iq 	__C____ Q 	 D 
where I 	r + R 	Xq + x 

(r+R)2 + (Xq +'X)( +Z) •.6.44 
C Xd+X) 	r + ii 

Alternator terminal voltage and load terminal voltage 	ejjtJ. 

dl' Vdl ' dl r R 	X' 	' 	d .1d 
a r 8.45  

Q . r vql r 	-x / 	r  
i 

From equation 6.46 

Val Ca (Xr• VRa/ 	 1 	~! 

and Vql a 8 AC 	' 	+E ( r +R) 3 	
6.46 

rw~..nw~rrr+~Y.+r i r ~ir.rrw~rr.r.Lr 

D 

For a given load impedance, the r.m,a. phase currant and 
line voltage aa 

I * 	L [Xq+ X)2 + (r+R)2 
1'3 	 0 6.47 
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The rotor structure in a permanent magnet generator has 

to be such th- t. it is sound rrochanically, efficient magnetical. 

ly e f an' is simple to manufacture. Maximum reliability under 

extreme storage and operating environmental conditions and 

minimum weight and space for a maximum output are the objectives 

for the design of a permanent magnet generator. From the 

magnetic point of view, the optimum design has been discussed 

earlier. Developments of the new permanent magnet materials 

involve ao rnchanical problems. In the early stages of the 

use of alnico for erminont magnets, the smaller hole structures 

were of a single shaped casting and the larger units were mde 

with blocks of magnet mate rials bolted to the central hub or 
6//̀   

shaft. This simple construction is still used in moat)magnetas 

and sono tedium capacity generators. 

There have been gradual improvements in mechanical 

designs to get the aforesaid objectives and the latest design 
4 

is shown in fi ures 7.1, 7.2, & 7.316, which give the details 

of the magnet assembly for a 7$ LVA, 28 pole 400 cycle p.m. 

generator, The pole shoe is laminated and the inner magnet 

tie a locating the rectangular blocks of Alnico 5 are in exact 

align$nt between annular dlaea of non-magnetic steel. This 

is all cast centrifugally with an aluminium alloy. Centrifugal 

casting, besides the usual advantages of r; iving a dense and 

true casting, "allows the Darts to be mate with adequate 

clearance for easy assembly yet have no clearance after casting". 

The inner magnet thea are loosely riveted so that both the 
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A 75 KVA, 28 pule, 1714 r.p.m., 400 cycle rotor 
with drive shaft for use as a 2-bearing generator. 
The small rotor is a 0.1 oaf 8-pole, 12,000 r.p.m. 
800 cycle generator and the uncastmagnet assembly 
for a 0.1 KW, 8 pole, 6,000 r.p.m., 400 cycle unit, 

75 JVA, 28-pole, 400 cycle rotor magnet assembly, 
partially stacked, showing main drive tube with 
casting openings, inner magnet ties with loose 
fit on rivets, magnets in place, and pole shoes 
tight on the rivets. The nonmagnetic steel 
retaining discs hold all parts against centrifugal 
force. 

J 

•totQr of 6.3 KVA,, 60 cycle, generator mounted un 
lathe to re ms %re excess aluminium. 
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magnets and inner magnet ties are free to move racially 

outward under tha centrifugal force of thn casting machine, 

thereby maintaining a tight internal magnetic circuit during 

the casting, xn centrifugal ca.3ting a special type of cast 

iron mould Jc cure s the magnet assembly, which is preheated to 

a anecified temperature. The hot mould 1a mounted on a verti. 

cal axis and rotated at high speed while the molten aluminium 

is poured .lowly into the central opening. The mould 13 

filled frog► tho uutsid© toward th centre unuer pre asure by 

centrifugal force. If the mould is correctly designed, there 

a:iall be no blow holes in the casting. The 0.3. KW rotor 

illuotratud in figure 7.1 is too small to cast centrifugally and 

other mans are used to obtain the desired tight as embly. The 

air gap in ermanent magnet generators is usually small, 

compared 4th that of conventional alternators. :Iotora of the 

p.m. generators should be turned on lathe after casting to 

remove the excess aluminium and finish to a definite diameter. 

.Ia figure 7.4. 

The nonmagnetic stainless steel retainer diacs shown 

in figure 	restrain all centrifugal torch; so that there 

1n no stress in brittle magnets due either to tension or shear. 

Die casting can also be used16. totor aaseably is 

preheated and die casting performed using a anecial casting 

die into which molten aluminium is forced from one end of the 

die to the other. High die casting pressure ensures the 

absence of all internal voids or blow holes. Fig. 7.5 shows 

a typical rotor cunstructioa, designed in a basic cage-type 
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structure, which is die cast with an ~ uminium alloy, In 
a 2•pole structure, flanged drive hubs are used instead of 
inner magnet tie block and through shaft, as shown in 
'ig.7.6. 

Aluminium is used because of the following roasona: 
1. It is readily cast within the required temperature 

range. 

2. It has good + chanical strength properties. 

3. It is a good electric conductor, and thus serves 

as a closed turn,, surrounding each magnet so that 

permanent magnet is shielded against the transient 

demagnetizing forces. 

The various critical parts u30d in the rotor structure 

are made from dies} in a punch press operation, as it results 

in economy in production gquantities. To provide maximum 

magnetic properties, the alnico 5 magnets are cast in blocks 

and the desired dimensions obtained by grinding. Since all 

parts are identical for a given rotor diameter and number 

of pole a a wide range of output ratings can be met with by 

adjusting stack height. 

For p.m, generators operating at high speeds of the 

order of 24,000 r.p.m., the output frequency is limited in a 

small rotor by the impossibility of magnetizing the poles of 

op osite polarity, that are very closely spaced. This is 

overcome by the unique rotor conatruction16 shown in figure 

The permanent magnet and soft steel poles are placed 

alternately around the circu orenca. entire rotor is 
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magnetized by a unidirectional radial field and the pe `manent 

magnets are of the sari polarity. During the magnetizing 

impulse, the soft steel poles are saturated but become pales 

of a normally fully magnetized rotor. 
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GUIDEu APPLZ J Le?i • 

81. TO malas a choice between permanent.. magnet or a convent. 

conal wound fifld generator, it is essential  to •consider the 

relative merits and demerits of each type for a varticular 

applicatiin'. Ts various aspects that should be con,3idered 

are as  

The permanent magnet generators are inherently smaller 

and lighter than the conventional wound field generators, due 

to the absence of the exciter and slip rings In the former„ 

T hi a fact 13 especially  mar ked in very email high speed units 

and in high frequency multipole designs where the diaster is 

large compared to the axial length. In many engine-generator 

applications a 'no•baaring$ design can be adopted since the 

rotor simply replaces the engine flywheel. 

2, 

Relatively high cost of Alnico V, used for magnetai  

rnat. a the permanent-magnet expensive. Uuwever, by laminating 

the structure and using punch press instead of machined parts, 

the overall cost is greatly reduced. In these designs Alnico 

is used only as magnet material and not as any connecting or 

structural parts Smaller permanent magnet generators are 

such cheaper than the conventional units comaete with exciter. 

3. Lq 3 3 AND IIFFIC -11GY. 

Many electrpaag4V,ethe machines are limited in ratings 

largely by the ability of the field to dissipate the host 

loss associated with the windings. Because of the absence of 
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the field winding, the limiting factor in permanent magnet 

generators will be the armature. Absence of a field winding 

reduces the losses associated with a given machine thus 

increasing the efficiency. A 15KVA 22OVolt s, 3'.phas e # 60 cycle, 

1200 r.p.m. machine has an efficiency of 82.51 with the electro.. 

magnet field while the efficiency is 90.91 in came of a corres-

poncting permanent magnet generators under the wares load condit.. 

ions. Usually efficiencies range from 751 for 0.1 ICW, 12,000 

r.p.m. generator with high windage and friction loses upto 

ap aroximatsly 939 for 1800 r.p.m. units rated at 10 t or 

larger. Apart from the elimination of the actual field power 

loess the entire exciter losses are also eliminated and, 

thus, a higher overall efficiency to obtained. This ma is the 

operating coat of a permanent magnet machine leas. 

Maintenance cost of the permanent magnat generators to 

highly reduced because of the elimination of field windings and 

the associated sl$p•rings, commutator and brushes. The rotor 

itself is a solid emus with no insulation material and is, thus, 

practically indestructible. Alnico V is not demagnetized by 

time or by any normal vibration or heat. The only remaining 

wearing parts for which maintenance xs necessary, are the 

bearings, and that, too t  when practicable, can be heavy duty 

"sealed for life" bearings. 

If the permanent..magnet generators are correctly 	the  

designed„ almost no heat i3 generated in the rotor and uauall.q 
s̀  stator loss s are less. The very small high pee`d units 
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are operated completely sealed without exceeding  doss 

A temperatures but larger units require reasonable cooling 

and when operated with compensators, or on high power factor 

loads, hosting may beeoms the limiting factor. Generally 
is 

the aaxi*,m capacity of a given unit usually /determined by 

Inherent voltage regulation liadtati, n rather than by heating. 

p,PTut 6"4  i  lfi 

A permanent magnet generator is simple and rugged 

in construction and finds applications in roclota and guided 

missiles where the small size t  light weight#  high efficiency, 

positive excitation, and absence of external excitation with 

moving contacts and associated radio interference are all of 

vital importance and the coat of the generator and difficulty 

of voltage control can be sacrificed. Better voltage control 

will permit the use of the p.m. generators ' in large air craft 

applications.. The p.n. generators are also used as ground. 

support power sanplies9  emergency power supplies, and electric 

conversion units. 

Sam of the interesting applications that are in actual. 

operation are detailbd as onders 

A 15 KVA, -400 cyc le , p.m. generator was being used on a 

military application and it was required to have an additional 

21/2 KW , 28 Volt d.c. generator with no radio interference. 

The d.c. generator was eliminated by a low voltage 3 phase 

winding to the regulator ate `nor winding and the d.c. was 

obtained through rectifier, 

A permanent magnet generator coupled to a liquid - 
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monoporpellantf A..hot gas-turbine forms a unit that provides 

electric and mechanical power completely independent of the 

atd.seile' a min power plant and fuel system. Temperature 

co,enestion of the generator rotor, gives the generator output 

voltage relatively constant over the extreme temperature. 

conditions Imposed by high-speed and high..attitude flight, 

Another hot..gas turbine•.alte rnator power unit uses a 

solid propellant. It oonaists es enttally of a solid rocket 

propellant, an impulse turbine., a p.m, alternator, and an 

electromagnetic control system able. to withstand long term 

storage and insensitive to vibration, shock, and all air.born 

environ*ntal conditions. The unit is a light weight source 

of electric energy. 

A 1 KW, 6-pole p.m. generator in a truck referigeration 

unit i s anotte r interesting application, where the rotor becomes 

the engine flywheel and It in turn drives the refrigeration 

compressor by a semiflexible cuupling, The generator supplies 

a 3..phaae induction motor- driven evaporator blowers in large 

semitrailers and also supplies single-phase power for charging 

battery, Light weight, short axial length=  no brushes, the 

ability to generate power at any speed are the critical require. 

n*nts. Positive excitation is necessary since generator failure 

could result in lose of refrigerated cargo. 

A dual motor-generator vet consisting of a permanent 

magnet generator normally driven by an induction motor but with 

a 

 

d,., motor on the cam shaft for em9rgency service from 

battery power, is used in microwave relaystat jna there a 



iftCAaflcQ froe pater unit that ri .l trcinr f er from noril 

to th,) otorndy pocsor ,ith perfect voltage continuity and 

nogltgibla change In froquoncy to required, D,Cd field to 

p ar i Z1y o citad and cotor brushos are cant1nuc uoly onoro 

g cad but they are hold oft the commtator by OO1OnQ1ds to 

prevent :ioar, Uhen tranaro rtnc to d,c, powar g  the bru ghee 

are dropped and th fiold 1ncroaaed to normal. The rotor 

to rt1 povonta an objectionable drop in opeod that may 

bo more during tt tranafor from ono aoeurco to another. 

If no+co aaary f lyti ea l alao may be added to the rotor, 
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9.1• £CALI !AIL8JI.. 

This chapter deals with the experimental study of the 
behaviour of a small salient pole single phaae permanent 
Magnet generator of the U.S. Army Signal Corps available in 
the electrical Enginaartng Dapart~ant, University of kt~►orkIe, 
Ptgorke.. The generator was originally coupled to a gasoline 
engine designed to run at a wed of 1600 r.p.m. so as to 
generate alt+ 'nating voltage at a frequency of 60 cycles per 
second. The gasoline engine was replaced by a D.C. motor 
nand the coupling was provided through belt and pully 
arrangement,, The generator was run at a speed of 3000 r.p.m. 

so that it generated a.c. at 50 C.P.S. Specifications of the 
set are: 

(1) 	... 	11 

output .. 300 watts 

Voltage .. 240 volts 
Full load current . 1.25 aa. 
froquency .. 60 c.p.a. 

ed .. :a6o0 r.p.m. 

Rotor s , permanent Magnet 
Stator wound for single phase eurply. 

( Li) 	 1,1 

output 	.. 5 H.F. 
Voltage 	.. 220 Volts 
Current 	.. 20 gaps. 
8peod 	.. 1450 r,p:m► 
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(iii) CQUILINQ 	Belt and Pully 

Fig. 9.11 shows the errenger~nt of the experimental 

set. 

In addition to the other inetrunonte the cembridge 

6.element oscillograph was used for recording the transients. 
The essential parts of the oscillograph Brat 

1. Slectroma netic Vibrator 
2. Optical system 
3. Commutator 
4„ Drum Car ra 
5. Motor and Control. dheostat 

Center or opening section controls simultaneously the 
operation. or the relay azo: the opening of the shutter. The 
position of the center seg nt in relation to the camera 
driving plate Is determined by the setting of the speed 
scale which should be adjusted to the camera aped being 
used. This scale irsoelibreted that at all speeds the Camara 
cm~y be retarded in relatt.un to the opening segment by an 
amount which ensures that leading edge of the film arrives 
at the shutter aperture just an the shutter opens. When 

the expose button is pressed, the commutator takes the 
control and energlau the open magnet at the correct instant 
and the relay operates. The shutter naves up Into its open 
or middle position where it stays during the recording period. 

The Commutator than energia.e the close tenet and shutter 
wve* up in to its closed or upper position. The mechanism 

is adjusted to work from 40 r.p.m. to 1800 r.p.m. 
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Current and voltage signals we  fod respectively to 

vibrator 6 and 4, For #switching ins transient records 
and sudden short circuit on the generator, the circuit was 
closed through a contact relay 'K', ante the commutator adjusted 

for 1200. 13witoh1ng off' transient records were taken,, by 

opefltflg the circuit manually and ccuitator was adjusted 
for 3600. This had to be done because the opening time of 
the relay and that of the shutter were not in correspondence. 

The following tests were perform+d to study the 
behaviour of th-, p.m. geagoru,tori 

1. tagulation on different power factor loads, 
2.  DetarminAti4n of the machine constants 1d dad Xq. 

3.  flebavtour of th generator when full load is 
suddenly ' itched in' or 'switched off', 

4. Sadden short circuit on the generator, 

f r'cuit diagram for the test to shown in figure 9,1, 

~S~r MM 

I 	 i 

• Curront(A a) 	' Voltage (Volts) 
I 	 1 	 t 

0 212 

0.4 195 

0.88 177 

1.00 168 
1.10 161 
1.20 158 

1,25 155 

Contd... 



115 ZEfu P.?. (LAQG XNO)W 	! ..CQntd.. 
' Current 	' Voltage 

1.36 150 
1.40 148 

f 

t 1.50 0 
• E 

S S 

UAQ L 

t CE1rr~n ' 	v'oita f 
r r f 

0 212 

' 0.6 201 

' 1.08 189 
1.25 184 

1.36 182 
1.48 179 

* 1.66 175 

' 1.85 
— 	_-s__ -- 

170 
- . 	- - 

$ 

R 

' Current I 	Voltage 
f t  f 

.r+nwr 

f 0 21 

• 0.24 224 

0.51 239 
1.05 265 

• 1.13 267 

* 1.33 277 

the regulation curvas acre shown in figure 9.2. Regulation 
of the generator is not good. 
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It was observed that when the zero p.f. lagging load 

was removed, the open circuit voltage was 209 instead of 

212, and when the capacitive load was removed, the open 

circuit voltage was found to be 214, instead of 212. This 

Is due to the tact, that armature reaction due to highly 

lagging load has a strong demagnetizing effect and the 
per: anent magnet is demagnetized to sora extent. The armature 

reaction due to highly leading load has the magnetizing 

affect and the generator is thus magnetized. Further, it 

seems that the type of material used as permanent magnet in 

this generator is not of high quality because a good material 

would not change its magnetic strength In 3acb a short tin►. 

This point is fur' her supported by the fact that when the 

generator was tested by the author, it generated 220 volts 

on open circuit at SA c.p.s. in the beginning and later on 
the open circuit voltage dropxed down to 212 volts. 

9.2.6.  2 2` RMN F ,14 gad Y, 

It was shown in Chapter 4 equation 4.8, that the p.m., 

generator excitation increases with the armature reaction 

thus changing the induced voltage go. Thl3 psoulatity of 

the p.m. generator ray be taken into account by either of the 

following me t hod10' 15. 

1. 	The reactance of armature reaction (X) is defined 

as that for an electromagnetic machine and go is the true 

excitation voltage,, the no load voltage corre sponding to the 

main field n. m.t. and is as given by equation 4.5. 

rA 

2. 	The excitation voltage E0  Is taken to be the no load 



118 



119 
voltage 911L and the reactance of the armature reaction is 

reduced below that value, calculated as U' the machine were 

electromagnetically excited by s; factor involving the mage tic 

circuit constants. 

The former concept was u3ed while deriving expressions 

for various reactances, from equivalent magnetic circuit of 

the p.m. generator discussed in Chapter 4. The latter m9thod 

has the advantage that for a particular stabilisation, go is 

independent of loadlOg  and had therefore., been used in the 

experimental determination of the const is Xd  and . 

Most of the tests that are normally applied to convent• 

tonal wound field generators were not appl..Wable to p.m. 

generator because its field could not be switched off or varied. 

Steady state short circuit test was the only conventional teat 

that could be applied at full excitation* Xj and 	were 

determined by steady state load test. X was also determined 

by steady state short circuit test, 

Figure 9.3 shows the Blondel - two reaction diagram for 

a synchronous generator. It can be seen from the diagram, 

d 4 rld 	0 	 ... 9.1. 
I 

where staff ixee d and q stand for direct and quadrature 

site and r Is the resistance of the armature. 

In order to reduce the croes.aturatton affects, the 

load phase angle was adjusted so that part of the current 

was in the required axis. Thu,e formeasuring X, zero p.f.  . 
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(lagging) load was used and for measuring X, u.p.f. load was 
used. The shift between the no load voltage and terminal 
voltage of the generator when delivering full load current at 
required power factors was seen on a 	This shift Is a 

measure of the load angle . 

Vq s V cos 
Vd, V Sire 

Iq wr I Cos (c+ f) 
Id - I SinCk+11) 

From figure 9.3, 

I 

I 
I 
I 
I 
I 

... 9.2 

where 1 s load p.t. angle 

Using equations 9.1 and 9.29 X4 and 	can be determined. 

tta st ruoc.a of the generator was found to be 9 *has• 

9= 

 

212 Vita 
V . 184 Volta 
Ia1.23Amps 

a 32.4° 

V'd. 184 Sin 32,4G = 98.4 volts 
Id= 1.25 3m 32.4° a 0.674 Amps. 

Iq= 1.25 Cos 32.4° a 1.05 Amps. 
~~ 

• 9 oh ma .wJs 94- + 6ww~3 rw..n+r  

The angle in this came was so small that it could 

not be measured. In this case s however, the numerical 
difference 9 • V could be taken as the IZ drop, so that X4 
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could be calculated from Z. 

8 a 212 volts 

V185 volts 

I 1.28 Asps. 

IUS 87 Volts 
Z 	Me  _ 0 45.8 ohms. 

1.85 

E212 Volts 

1s 4.9  'amps. 
43.4 ohms, 

4.9 

The re eult a are tabulated in table 9.1. 

ci1i 9 
 

I 	 e Num r ;;I'p.U. value a an 
Machine c nstant$ $ thod ' value $the basis of 

Armature resist,. 'Oho' s -law 	9 	* 0.0838 
once 

ti 	! 	I 
'Steady state 44.4 ' 0.264 
'lo4.test  ' e edy state 7 
short circuit 48.6 ' 0.282 

I 	 f 	 e 

'Steady state 99 ohms 0.588 
'load teat I 
M 	r 
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9.2.3.  : c 	r  .•. 

Cambridge electromagnetic oscilloscope was used for 

recording the switching tranalontu. 

Figure 9.4 shows the voltage (I) and Current (II) 

wave forme when full load at unity power factor was suddenly 

switched on. The voltage signal applied to the vibrator 

of the oscilloscope was taken from the load. terminals. The 

voltage across the load become steady alma .t Instantly. 

Current becomea steady in 0.029 second. 	maximum value 

of the current reached during the t.;Punsient arid is 2,26 
ti eye the r. m. n, value of the steady state current (1.28 Amps.) 

Figure 9.5 slaws the voltage (l.) and Current (II) wave 

forms when full load at zero p,f. (lagging) was suddenly 

applied and the vibrator was given voltage signal from 

generator terminals. Voltage bacoa steady in 0.01 eecnds 

ad the maximum value during the transient period is only 

1.70 times the i , m. s. value of the steady state voltage,. The 

current becomes steady in 0.082 seconds and maximum value of 

the current during the transient period is 2.69 ttn s the 

r,m,e, value of the steady state current (1.25 Amps.). 

Figures 9.6 sad 9,7 are the voltage and current wave 

forms for suddenly applied load respectively at u.p.f. and 

zero p•f. (lagging), but the vibrator was now excited from 

the generator terminals. The records reveal the following 
information: 

Figure 9,6 (u.p.f.) z violtage becomea steady gradually 

to the new value in 0.01 econds and current attains its 



Voltag: (1) and cup.°:ont (II) w P ton when 
full load int u.p.f. i3 judth my . itch'd on. 
(Voltage sign it from load termina1a) , 

" 	F 	 « a 

Volt 	(I) ,n..t rt: rant (II) wavo forma when 
full loan at zero Def . (1,Ag) is .3uddenly 
3Witeh,d on. (Vv1. age sign ~ , from lead terminals) 
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steady state value 	in 4.0423 aeconie with maximum 
value equal to 2.47 tiny the steady state r, a. a. value. 

Fi?ure 2.7 (zero 1p.f. lagging): Voltage be comes steady 
gradually to thr now value in 0.02 apconde and current attains 
its steady state r.m.3. value in 0.021 3econda with regia. value 
durin tran:3ient equal to 2,67 time.3 the steady state r, m, i, 
value. It can be ae n from the afurnanid d ►au1t. that tiger 
taken by tPv Lui rent to reach 3toady State value for eith: r 
u.p,f, load or zero n.f, load fur the two ca a (Voltage 
oignal obtained frim loud trminal3 and generator tt~rmiaala) 
is different. This i3 due to thl' fact that load was pr, bbly 
not awitched on the aam inatant. 

Figure a 9„8 :end 9.9 are the uacillograrna for the lc: jda 
having been suddenly thrown off at u.p.f. and zero p.f.(lag3ng) 
re apectii ly. In both the c . e a the current dies instantly. 
The voltg3 to ate t..ty to the open circuit value in 0.01 3 c~and 3. 

1,2,4, 	DDS:T 	5e~ .w. a :~ ►... 
Application of sudden abort circuit to the s chtrv? i1* a 

the current ihort initially to 2,4 ti :3 the r, m.s, ate. dy 

state ;hart circuit currant (4,9 Arapn.). The short circuit 

current becomes, steady in 0.03 seconds (Fig,9.l0), 
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...0  HAPTER.. 

.CuNCLUaIu  .. 

Perma.nnnt magnet generators are assuming an important. role 

for the portable and air craft applications, as they offer a 

substantial reduction in weight and space and are more efficient 

and reliable than conventional synchronous generators. originally 

the use of p.m. generators was limited only to small sized units 

but with the develonn nt of dispersion-hardening alloys typified 

by the Alnico group, higher KVA units of the order of 75-100 KVA 

have been made. 

permanent magnet generators operate on minor hysteresis 

loop that can approximately be replaced by a straight line, 

called the recoil line, so that the generator characteristics 

remains fixed, the permanent magnet must operate on ,particular 

line of return. To obtain this objective )  the magnet should 

be stabilized for certain demagnetizing m.m.f. Application of 

a demagnetizing m.m.f; smaller than the stabilizing m.m.f., will 

not demagnetize the magnet further. 

The permanent magnets can be stabilized either by taking 

the rotor 'out of aseamblyi (air stabilization) or by 13eping 

the rotor 'in assembly' and subjecting it to the expected 

maxinum demagnetizing force. Air stabilization is used in 

applications where rotor may have 'to be taken out of assembly 

very frequently. Modern machines are short circuit stabilized 

because air stabilization offers a weight per lty, as explained 

in Chapter 2. 

The rotor can be magnetized by coils around the poles, 
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direct current in the armature, leading power factor loads or 

magnetizing jig. To assure complete saturation, the magnetizing 

m.m.f. should be approximately five tins the prt:duct of Ile and 

magnet length. 

Design of the field system of the generator depends upon 

the type of stabilization to be used. The general output equatihn 

of a conventional synchronous generator is applicable also to the 

p,m. generator. The air gap in the machine 1., kept as small as 

possible. Short circuit ratio of the c.m. generator -;i high 

and ranges between 1.5 to 2.5. 

To shield the permanent magnet against transient demagnetia- 

ing forces, the poles should either be cast in aluminium or 

copper plated. This reduces also the negative sequence reactance. 

perfect voltage control of p.m. generators can not be 

obtained as the excitation of the system can not be varied. 

The generators can be designed to have good inherent voltage 

regulation but improvemnta can be made by the use of a toroidal 

back winding in the stator. 

An analysis of a p.m. generator can be made in the same 

way as that in a conventional wound field generator, the 

permanent magnet field being replaced by an equivalent electroc• 

magnetic. field with a constant fictitious field current. The 

operation of the p.m. generator can also be represented by 

equivalent magnetic circuit having either a constant m.m.f. 

source Fo or constant flux source %o. The equivalent magnetic 

circuit is helpful in deriving the expressions for machine 
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reactances Lj, Xd' and Xd' Appendix II gives values of machine 

parameters for p.m. generator for different capacities and that 

for synchronous generators. 

Methods for determining Xq , normally applicable to 

conventional wound field generators are not applicable to p.m. 

generators. Both Xd and Xq  can be determined from the direct 

load test in which the load angle S. is measured. The calculat.. 

ions are done with the help of Blondel's diagram. Xd can also 

be determined from steady state short circuit test. The test 

results on the experimental p. in. generator show that the value 

of Xd obtained from both the methods agree with each other. The 

discrepancy in the two results is due to the fact that the 

angle S , in the former method i  could not be measured accurately 

when the generator was loaded for zero p.f, loads. Xd  is found 

to be lower than Rq. This is due to the fact that the recoil 

permeability of the permanent magnet materials isquite low. 

Transient records on the experimental p.m. generator show 

that the steady state conditions are obtained quickly and this in 

fact is a desirable feature for machines like p.m. generators that 

are used in control systems, where deviation of signals even for 

fraction of a second is undesirable. When full load at unity 

power factor was switched on the experimental generator„ the 

current become steady in 0.029 seconds with the peak value during 

the transient equal to 2,26 tires the r,m.s, value of the steady 

state current, . Similarly for the zero p.f. loads, the time taken 

was 0.052 seconds and the max. value of current reached was 2.69 

times the r. m. s, value of the steady state current, Voltage 

across the load became steady almost instantly. Switching in 
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transients were recorded again with the voltage signal taken 

from generator terminals. Voltage became steady to the new 
value in 0,01seconds in case of p.f. load and in 0.02 seconds 

In case of zero p.f. load. A discrepancy in time taken by the 

current to become steady and the max. value of the current in 

the two cases (signal voltage taken from load and generator 

terminals) was observed. This may be due to the fact that the 

switching was, probably, not done at the same instant. When 

the load Is thrown off, the current ales almost Instantly and 

the voltage gradually rises to the new value in 0.01 seconds. 

When the machine was suddenly short circuited, the steady state 

short circuit current was attained in 0.03 seconds and the 

maximum value of the current during the transient period was 

2.4 times the r. m. s. value of the steady state short circuit 

current, 

• A thorough analysis of the p.m. generator in transient 

state has yet to be done. It is felt that Investigation of 

better permanent magnet materials and better voltage control 

► thoda can makm the machine comparable with large power 

. unite of the wound field type. 
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Using f igure ~.c' the abscissa values F2 and F3 of the 
inter-section noints 2, between the straight lines Ro and n2, 
and 3. between the straight line ftp and the main demagnetization 
curve M80 , can be calculated as functions of the shape factor S 
and parameter K. After simplifications and introduction of 
the terms 

Z 
b 	/hq, Mc/B. 	... 	... 1,1 

/uoL is always a negative value, therefore b is always 
negative. The final relation for c F3/F3 reads 

Z - b/k  
U ----------  2Z(Z-b) (1 + Z+ /l+ 	- 4aZ 

F n~~atintl f gr, 	„4 C imse 

 

B... 

Using f igure'3 6, the abscissa value a F2 and F3 of the 

intersection points 2, between the straight lines itta and me, 

and 3, between the shifting auxiliary line Rai connecting 

pointe 2 and 0, and the main demagnetization curve t ao ~ can 

be calculated as functions of the shape factor 4 and C. After 
simplifications and introduction of the term b, according tri 

equation I.1 the final relation for 	reads 

2~1 	C(l+b)+Cl-b 	) (l+ 	)+ C (l+b)+(l- 	) (1+ ) 

4ab [C+(a_b 4)] { C-(1• # )II\ ] ..I.2 
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