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This dissertation presents the design aspects and
performance of permanent magnet generatoras, used in alr craft
and portable applications. un account of the absence of a
soparate exciter, permanent magnet generators are frec from
commtation troubles, and their associated radio interference,
Light weight, amall size and higher efficlency are additional

features of n,m, generators,

Design of the p,m, magnet, inciuding the methodas of its
stabilization and magnetization, has been considered 1n detail.
Equations for estimating pole leakage which forms a conaiderable
amount of the total flux, have alac been derived, Most of the
remaining dimensions are calculated in the same way as in
spnchronous machines with wound-field, and have, therefore,
been discussed briefly, In addition, mechanical nroblems

encountered during the manufacturing process have been conaidered,

Expfassions for the machiﬁa parameters have been developed
with the help of the equivalent magnetlc cirecuit of the p.m,
goenerator, Tenasors have been applled to derive the performance

equations,

Although a perfect control of the output voltage of the
p.m, ga@nerator ias not possible because of the absence of a
separate excitation system, some indirect metheds for the
voltage control have been auggested, which are in actual

use,

Experimental analysis to verify some of the theoretical



conaideration has been carried cut on a small single
phase permsnent magnet generator obtained from Electrical
Engineoaring Department, University of Hoorkee, ilverkee,

and the results have QWeen found satisfactory,

<



oo oLASL_ QF SYMBULS...
Electrical, pechandcal and magpnetic ...

A = Cross-section of magnet, genseral, o
Ad = demagnetizing m.m.f,
Ap = Cross-section of magnet, optimam, m2

= material constant, defined by equations 3,18¢2.2
B = magnetic induction, general, Wb/nf

= magnetic induction, residual, wb/dz
Bg = magnetic induction, air gap
B = Specific magnetic loading.
b = material constant defined by equation 2.2.
b, = width of pole shoe, miter
C = demagnetization factor F,/Fy
4, = slot depth, meter
d, = wedge depth, meter
B = génerated e, m.f,, volts
Eo = excitation voltage, voltas.
ENL = No load voltage, voltas,
F = m.m.f., goneral, amp.turna
Fa = m.m.f., externally applled, ampeturns,
Fe = m.n.f., coercive of‘magnat Ha, amp, turns,
o = frequency, crclea/sec,
H = magnetizing force, gunéral, AT /m
He = magnetizing force, coercive, Al/m

>
]

magnetizing force, demagnetizing, AT/m
hy, = depth of pole shoe, mter

I = armature current, amps,

K = demagnetigzation factor

Kw = winding factor



o gonoratod o,n.f, p.u, 2ir gep fluxm
demagnetiging armaturo n.m.f. n.u, deaxis curront,

= Axial length of core, matars

Ht“gcﬁ
1]

a loength of magnot, ganeral, mator

length of magnet, optimum, moter

P
8
U

axial longth of pelo oshoo, w3ter

|
k-
]

N = oguivalent turns of armature winding
P - difforential operater, gE
= Parmiance, gonoral, honry,
pg = Pormianco, jap, honry
PPy ,Py= Pormiance, leakago, henry
Py = Pormsance, in-atator leakage, henry
P, = Pormasance, wat-gtator leakage, henry
2hp
R = {leluctance, goneral, yrneh
ng = roluctance, gap, yrneh
ﬁl,RLJRIa reluctance, leakage, vrnoh
3 = output ia KVA
8 = slop? of tho permsance limo
3 o shapo factor, gensral, per master,
V = voltage, terminal, volta. .
v o magnet v.lum, goneral, mters
o magnificetion factor
g, @ u load p.f. anzle
$§ = load anglo
@ = nagnatic flux, gop, Ub.
gp == magnatic flux, rosidual, ub.

Y = flux linika 08, do-tulna



/% =
/IIRQ
Ma =
fass
Ma =
H o=

permeability of free aspace = 4 M x 10'7 H/m
recoil permrablility = mp Qo s H/m

average slope of minor leopa.

average slope of minor loops (resaltant)
differential permeability at By, H/m

Velume correction factor,

I, 11, Iv, v, VI, XII, alnico greades,

Matriges

6 =

1 =

Voltage matrix

currefit matrix

reslastance matrix
inductance matrix

torgue matrix

transient impedance matrix
connectlion matrix .

tranapeae of a matrix.

dndices snd suffixes...

2 =
3 fi=
dg =
a,byc =
4f o =
dyqe0 =
dg =
dg =
K =
f =

ar =

2ephase axes

3-phase axes

d & q axes

3-phasos ax:a

2ephase, and zero axes

diregt, quadrature, & gero axes,
direct-axis stator field (i.e, field)
deaxis eddy current axis

axis of p.m., damper

field axes

deaxis armature axis
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Developments in the field of permanent magnet materials
and the methods of processing, have made it possible to
conatruegt generators with permanent magnets from small sized
units of fractional KVA ratings such as tachometer generaturs,
governor frequency sources, and magnetos upto unita rated at
many KVA (of the order of 75 KVA to 100 KVA). About 30 years
"ago Alnico II was used commercially as the permanent mapnet
material, which has a moderaté amount of coercive forge but
quite poor permaability; It gets aasily demagnetized when
oxpoassd to high reluctance circulta, such.as ramoving a rotor
from a stator, Useful flux per unit area of the magnet material
13 quite low which meant that the machines with larger cross
section could only be possible and hence the meanas of assembling
and using this material in large eross-ssetion had to be found,
This material found its use only in fractional KVA aslses,
Development of powerful permanent magnets such as Alnico V has
raised the capacity of the generators with permanent magnet

field system,

Elimination of the d,c, exeiter in parmanent magnet
generators results in eliminatiun of Commutation problems, saving
in welight and space, and thus making the overall cost, in some
ratings, lower than that for generators with electromagnetic
field, pPermanent magnet genserators 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 with Conventional fiold syatem, as followss

(1) a considaration of the bshavicur of magnetic ecircuita

employing permanent.magnet materials,
(2) the effects of dan;agnetizing forees,
(3) the means of magnetizing the machine,
(4) stabilization of permanent magnet

(8) the mtheds of reducing the voltage regulatiocn and mans

for voltage control,

(6) the methods of shielding the parn;aneht magnets from transient

demagnetizing foress and

(7) the metheds of reducing negative pequence reactancs,

3

Malysta ef the behaviour of a synchroncus machine with
electromagnetic field, under steady state and transient ca'nditinns
has bsen done previocusly by others and the results show a
satiafactory conformity between the prediction and actual
performance, Most of the aquations orginating from these investi.
gations are applicable also to machines with permanent magnet
fields, There are, however, som 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 electromegnetic 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,
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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 optimim design keeping
in view the aforesaid problems and factors associaxéd'with P,
generators, derivatiocn of the equivalent magnetic ecircuit, the
machine reactances, and performance equations of the generator,
Experimental results have been obtained on a 300 wWatt, 240V, 60~
3600 r.pefs, p.m. alternator. Some of the applications of p,m,

generators have besn discussad in detail,

M,K,3, raticnalised system has bsen used in deriving the
various equations, Tensors have been applied to analyse the

performance of the p.m. generatora,
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PERMANENT MAGRET MATEHIALS

1.1, INRAeDUCTIONG*®

. Magnsts which retain indefinitely a considerable portion
of the magnetic flux after the magnetizing force is removed,
are termd as parmanent Magnots, 3uch magnets should also

be able to retain thelr magnetism when used in connection
with air gaps, soft iron pole pleces, and other parts of
maghnetic circuits te which they may ba required to supply

maghetic flux,

When the permanent maghets becume magnetized, the
domains become oriented with the pole axes parallel to une
another and become 30 closely locked in positicn that it
requires a high demsgnetizing foree to unlock them and make
them assume the random relation tu one another which results
in the demagnetization of the magnet, Obvicusly, the domalns
which are most difficult to turn are most valuable in produc-

ing permanent magnets,

The materials for use as permanent magnets should,
therefore, have high coercivity and high retentivity, 1In
fact the hysteresis loop for pormanent magnet materials

should expand to the greatest poassible degree,

1,2, MAGNET MATEAZAL3'93+647
" permanent magnet materials may be divided intu three

clasaes as £followss

1. those made of carbon steels, known as Martensiiic ateels,
usually modified and inproved by the addition of one or

more other elements,
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2, alloys which are diasporsion<hardensd by the precipitation
of one phase in another or by the formatiun of a supor-

structure

3. material formed of Very small particles of the ordaer of

10~4 ¢m or less in one dimension,

Before 1910 hardened carbon steel containing upto 1.5%
carbon, was .ommonly used, Maggnese to the extent of 6.8%
was often added, Although tungsatsn and chromium ateel had
eriginated as early as in ebout 1870, it was during werld
war I that it was found that addition of high cobalt content
to tungsten and chromium steel could give a high cgereive
force as high as three timea that of any material existing
at that time and thus had replaced other materialsa at that
time, In 1931 the Fe.Co-Mo and Fe.(o«W syatams were investigated
Remalloy, one of the alloys of this group, has the advantage
that it can be hot rolled and amachined before the final
hardening treatment, The Fa.Co«Mo alloys ware the first
commercial permanent magnet materials that contained no
essential carbon, and aince then all of the improvemsnts have
been affected with alloys by the precipitation of some other
elements than carbon, In the same year alloys contalning
iron, nickel, and aluminium. were found to have cgercilve
ferce as high as 56,000 AT/m, Now similar alloys, heat
treated in an improved manner, are made commercially and
have a coercive furee of 38,000 AT/m, Fe-Ni-Al alloys are
kn.wn as "Alnico™ in United 3tataa and "Alcomax® in England,
These alloys have higher energy product than nemalloy but

are mechanically hard snd mast be ground, Addition of
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cobalt and copper, with approximste heat tresatment, results

in guod properties in many aizes and shapes of magnets,

At present the material having the highest energy product
(BH), and made in large quantities is Alcomax or Alnico 6. An
essential part of the heat treatment of thia material is the
cooling from & high temperature in a strong megnetic field

prior to the final herdening treatment,

The varicus parmanent magnet materials, with their

compositions and prupsrtiea, are listed in tables 1,1,

1.3, MASTENIILIC. @cEps 'Y’

For a permanent magnet mate -ial where the largest possible
hyateresis loop is deaired, atomic lattice mat be put inte
the highsat poasible state of strains, 3trains introdueed due
to cold working increase the hyateréata and the coercivity to
a certain degree but such atralns are insufficlent to give the
offacts desired in permanent magnet, For this the ssverest
lattice distertion throughout the whole of the constituent
crystals of the metal is necessary, The earlier permanent
magneta, as poeinted out previgusly, were of steel in which
high internal strains, and high degree of wechanical and
magnetic hardness depended upon the presence of carbon and
the formation of a martensitic structure resulting from

yuenching of the metal from a high temperature in oll or waler,

Consider carbun steel with carbon content of 1,24, At
10009 such a steel woRld conaista of iron in the face-centered,
or ¥ condition, having iren carbide, FE.C in solution, a struce
ture imown as austentite., when cooled bolow abbut 87020. the
iron carbide would begin to precipitate cut of the solution
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into & second phase called cewontite, Further cooling below
about 6809 the iron would re-crystallize on to a Body-centered
lattice, as { iron or ferrita, and with this would be intimaterly
sixed iron carbide to form a structure known as pearlite, having
a total carbon content of 0.89%., The remaining carbon in then
present in a ioeond phass of iron carbide or cementite, For
these changes to occur during cooling sufficient tim muat be
allowed, and if the steel is rapidly cooled by quenching the
movement of the irpn carbide is partially arrested, Martensite
18 the atructure corresponding to the condition immediately
following the decomposition of austentite into pearlite, Its
habdnesa and high internal strains are probably due to the

iron carbide in a fine state or~d1v1310n throughout the lattice
in the process of separating out, the erystal structure also
having just changed fraom the face centered tc the body centered

state .

Such simple steels suffer from the following two

disadvantage ss

le Structure obtain by quenching is unatable and *ageing'
of the material goes on at rvom temperature, the effect
18 furthar accelerated if the tomperature is raised,

2. Vibration and mchanical shook alsu badly affect the

wagnetic propertiea of the ateel,

Such changes are highly undeairable in a permanent

magnet material,

A good improvemnt 1s gbsarved {f eithsr tungeten ov
chromium is added tu the Martenaite stesl, Thess asteels are

als0 affected by ageing Fig,l.)l shows some results due to



g
WEvershed® for the fall in coercity with time of a sample of
tungsten magnet ateel immedluately after hardening, also after

a period of several years. Addition of cobalt upto about 42¢

to steel containing carbon, tungaten or molybdenum etc, gives
quite impcoved results, The heat treatment of such martensitic

steels consists in oll or air guenching from temperatures in the
range 800 to gsoqc, depending on the composition,

1.4, _DISPERGION - HAWDENED ALLUY§'131718

As m-ntigned above, quench - hardened or Martensitic
materials are fundamentally unstable aa 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
martonsitic steels, Their spogific gravity is 15% less than
35% cobalt steels and are cheaper than this atcel, They are
relatively free from go-rosion and the effects of atmoapherie
eonditioné. Various alloys forming this class of alloys is |
11sted in Table 1.1. At the present time there is a large
namber of Alnico alloys som® having aimilar and others widely vary.
ing characteriatics; which adapt them to innumerable a@plications.
Alnico V, VI and XII have greater use regarding permanent magnet
genorators, Alnico V is subjected to a magnetizing foree during
heat treatmint, This {ncreasss the magnetlic propertisas in the

direction of the grain which 13 developed during this 6peration.

From Fig.1.2, 1t will b noted that with Alnico V, when H
reachss the value of -40,000 AT/m the induction denaity
‘suddenly drops to zero, This drop off 1s due to the fact
that up to the 40,000 AT/m point the domains are firmly



9
‘locked in a direction of eaay magnetization and it 1s posaible
to unlock only a relatively few. Most of the dumains are,
however, similar in character, and they atl become unlocked
almost simultaneously, producing a sudden drop off, This
material is highly effective with short fixed air-gaps which
woulld cause it to operate above the point P, In Alnich VI
the sudden drop-off 1s eliminated and the domains re apond
progressivdyty the demagnetising force, Alnico XII has the
highest cosrcive force mong Alnicos and 1s an almost perfect
examle of progressive unlocking of domains, Its characteristie

is almst a straight 1ine,

Many of the Alnico magnats can be mde by the sintering
process, The eonstituent powders such as iren, nickel, cchalt
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 atwosphere
furnace at a temperature just below the molting point of the
constituent, Th§ resultant pruduct 1s herd and fine.graived
but is non machinable and il to be finished by grinding, It
is not posaible to make Alnicos V, VI and XII by this pluceas -
and are made by the sand or pracision costing process, They

are also non.machinable and mast be gr.und,

1.5, Qther materiald!’
ale.

There are some other alloys which though ene of little
teommd reial autidity are of great scientific interest, Vectulite,
Cunico, Cunife and silmanal and vicalloy fall in this class .
Detailed discussion of these materinls 1s outside the acops of
the present work, “Hauavnr their compositions and gther

properties are enliasted in table 1.2.
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2.1, DEMAGNETIZATIGN CORVE...

permanent magnets are requirqd to produce external magnetic
flelds of sufficient strength and constancy. In all its applicat-
ions such as loud speakera, meters, motors and generators magnetic
circuit containing permanent magneta contains also an air gap
and the magnet is to operate under the influence of a demagnetia
ging field and thus the portion of the hysteresis loop lying
in the second guadrant, between residual induction and coercive
force, is important in case of psrmanent magnets, This curve
is lnown as 'Demagnetigation Curve', Magnetization and demagne.
tization curve shown in Fig.2,1 are for Alnico V, one of the

fmportant materlials used for permanent magneta,

Attempts have been made'to_find analytical expression
fitting the demagnetization carve, This Curve can be aimiltited
by a rectangular hyperbola passing through the points Br, the
residual flux density for which H 1a zero and « Hg, the Coercive
forge for which B = 0. General expression for a rectangular
hyperbola is -

| (x-x5) (y=¥g) = 002 see 2.1

Making the substitutions -

,&B' x::ﬂ

Co - =~ %-2- we can write the ralétion 2.1.% in
the form

E_%.§Cul+ b(ﬂ-ol-ﬁc)
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orB'“M ton a0 2.2
a + b(H oHp)

Relation (2) 1s similar tc the Frilich - Kennelly relation
B 1
B = A"

and differs from it in that the B, H Curve is displaced
horizontally such that ywhen B 0 H = « E

Now, when H = 0, B = B, wo got from equation tz),

By = ——8_

a + bH,
If By represents the flux density at saturation, then

4 -

Solving for a, we get
a = —Eg - Hc

A

Br » Ba

MdBﬂ J—tﬂg&—* Comee sa0 2.3

H, &

B * Bs

The energy product BH 1s given by

BH = H2 + HHe
a +b (HsHy)

This {3 maximim vhen A-L;'%L is zero

or when

m chfﬁ +Hay) [2H+Hgl- (R%Hii)(b) =0
(asd (HiHy)) 2

Solving, we have

Hm”%%;—(/l-bsr-i) eee 204
1
Bnﬁ ‘;‘;"( / l - bBr - 1 ) .ee 2.5

where H, and By sre the coordinates of (BH)pmay

It is to be noted from relations 2,4 and 2,8 that
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B By
-—-m- -
Hm .- ac se0 co e 2.6

and the diagonal of the rectangle constructed with
H, and Bp as sides, drawn through the origin will intersect
the BH curve at the coordinates of (BH), .
The ratio gfLEEL mown as 'fullnesas factor' of
He
the curve 1s denoted by K, Far & large number of materials

this factor 4s 0.4 and for Alnico V it is approximately 0.65.

2.2, AIS GAP_or LoD LINES?Y

| ‘if a magnet ie initially magnetiged to a Boint repres.
ented by the tip of the loop and an alr gap 13 introduced in
the magnetiec circult, the magnetigzation will drop to a point
A, as shown in Fig,2,1 on the demagnetizing curve, Thia point
will represent the magnetizing force which the magnet is
applying to the alr gap and the induction existing in the
magnet, The 1ine from origin through A is termed the air-gap
1ine or load line, The slope of this 1line determines the

permeance of the air-gap,

"The hysteresis loop obtalned for a maghetlc material
by normal method is termed the ‘major loop' of the material,
Let it be assumed that the Bajor loop for a permanent magnet
material 48 being drawn, When moving down the demagnetizing
curve, suppose point A, as shown in Fig,2.2, is reached and
the magnetizing foree 1s now increased; It can be seen that
the lower branch of the path Ab as marked by an arrow will be
traced, OUn decrecasing the magnetlzing force agaln, the upper

branch bby will be traced, If now the magnetization force
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is alternately increased and decreased, the induction will trace
the loop bybby. Such a loop 18 known as a 'Recoil loop'. RNow
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 30 small that a straight line can be
drawn through the tips of the loop. This line is called the
'Recoil line' and the alope of t‘his line determines the average
slope of the loop, The alope of the recoil line &8 called the
recoil orreversible permeability and dengted by the symbol
SUR Various receil lines for Alnico V are drawn in Fig.3.3.
Recoll permeability is, to a falr approximation, constant over

the working point of the major loop. .

ace 2yt

. 2.4, UFfE ;
Conslders the demagnetizing curve shown in Fig.2.4. A
is the working point on the demagnetiging curve and QA i{s the
alr gap 1ins, ILet a demagnetizing force Hy be applied, This
diminishes the magnetization to the point B , determined by
the intersection of the line BHy drawn parallel to the air.gap
line CA, Now, if the demagnetizing force Hg is removed, the
magnetization 1s given by the point AB' vhich lles on the load
line OA and 1s the tip of the, minor hysteresis loop. The
magnetigation represented by the peint 'B' 1s stable to any
demagnetizing forece that is applied temporarily, provided it

does not exceed Hy,
16,2%
2.8. SLABILIZALION... ,

The field of the permanent magnet 1{s not atable and
should, therefore, be shabiliszed in order t¢ avoid any voltage
change sabsequent to the application of a specified load
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condition, Btabillzétion in case of generators may be effected
by either of the following methodss
as air stabiligation or stabilization out of assembly,
bs Stabilization by demagnetization yith a given m,mf,
after magnetization in.assembly,

The above methods for stabilizing the magnets are
fundamsntally similar in the sense that partial domagrietization
is required to achieve stabilization, The B & H co-ordinates
of the opeTating point after stabilizetion are fixed by the
tip of the miner loop on the clesed circuit sir gap line 0P,
The location of this point depends upen the following:

as the resversible permeabillty
by the slope of the air-gap line

¢s the degree of daemagnetization,

As the élape of the air gap line ~hanges from zere te
infinity, the operating point traces another curve which
passes through H, & By,  This curve is known as 'sscondary
demagnetization curve' and, obviously, lies below the major
demagnetization curve, The magnet under astablligzed conditions
will, therefore, operate at a lower enorgy level,

ALr stabilisation is desirable when frequent withdrawl
of the éggggare fromthe atator is required without apeclial
tools or vhen magnetization can not be easily effected in the
" machine, In this method the rotor is withdrawn from the
stator without a special keeper and replaced in stator, When
the rotor is withdrawn from the stator, let the magnetization
be represented by M, f£1g.2.5, given by the intersection of the
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out-ofeassembly alr gap line OM with the demagnetization Curve,
ﬁpon asssmdbly in the magnetic circuit the magnetisation proceeds
te M', the intersection uf the minor loop with the cloased
circuit load 1line, The maximam demagnetization force for

which the magnet is stable is Hy. If at any subsequent period
the generator is dismntled and 18 reassembled without remagne.
tizatlion, the output voltage should be maintained asiright, The
disadvantage of this method is that an increass of 20 to 40%

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

a relatively poor use of the permanent magnet material 1s made,

In cass of atabiligation by demagnetization with a given
m,m.f, after magnstization in-assembly, the demagnetizing m.m.f.
mayfzorresponding to some specified maximim load of the generator
or to tie condition of short cirecuit, The formsr msthod is
lmown as 'load stabilization' and the lather !'short circuit
stabilization', Load stabilismation 1s a particular case of
short circult stabilization, Let the machine be assumed to
be fully magnetiged and running at normal speed on no load,
Under these conditions, the flux in the alr gaps is maximm
and the machine will work at the point A, Fig.2.6, generating
an open circuit e,m,f, By OC represents the leakage line.,-Eo% let
the mashihenbe short circuited., Thes working point will now be
given by D as the armature reaection will have a demagnetizing
- effect, D and C can never coincide because af C thers 1s no
flux in the gaps and thus no voltage can be generated to drive
the ahortecircuit current in the armature winding., Upon
removing the short circuit, the magnetization will be given by
the point At, For any load between no load and short circuit,
the magnet shall operate on the recoilAllno A'D, Considering
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unit volum of the magnet, DK representa ths magnet flux at
short circuit and IK is the leakage, The flux responaible
for short circult is given by DI, 3ince the flux necessary
to circulate the armature current in the winding is proport-
ional to the current, DI is proportional to the short circuit
current, The output current at P 1a gero and hence the
perpendicular distance between the lines PI and pD at any load
gives the output current and the flux to drive the current
in the winding at that load, Thus at F the output emf and
useful flux are proportional to FL,»the leakage flux to MN,
while LM 1a propertignal to the gutput current and the flux
and e,m,f, necassary to drive this current in the armature

winding,

Load stabilization finds its use in application
where weight i3 of utmost importance, Maximum generating flux
16 retained and thus minimzm weight is achleved, Short cireuit
.stabilizatiun finds its use in applications vwhere a short
cirouit may accidentally b applied to the generator, A sudden
short clrcuit causes the greatest possible load demagnetization
and thus no further decrezﬁg_in the opsrating voltage 1s possible

Ao

unless the alternagtor armature is withdrawn from the stator,

In fig.2,7, M represents the open circuit magnetization
and M', the closed circuit magnetigzation after assembly in the
circuit, The coordinates of M are B;, H;, and thoce of M' are
52,32. The in-and the out-of-assembly air gap lines are
fepraaented by OA and OM, '
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Let 1 = length of magnet in maters,
A = area of cross ssction of the magnet in msterg.
Rla open circult reluctance of the alr gap in ¥Yrneh
Roe closed cireuit reluctance of the air gap in Yrneh
o= reversible permability = /Br Mo

The the slope of the 1line UM is

' By g, 1 1 ¢
g ,l.-” m._J l l
%1 .ﬁi'A _:%” A F %Ry 2.7
8
The slope of the 1ins OA 18
%'ﬂ E?'n-w}-n voo TN 2.8
| H, * X, «
From (1) & (2)
R
. l 5 'YX s 00 20 '
%”*ﬁ"éslmiiﬁl 9

R
Where K = wi-
Ry

Rl and 32 are determined from mabnetié eircult analysias,
Slepe of the line MM' = reversible permeability = up and
from Fig.2.7

By - B ve. 2.10
/TR T,

Slving equaticns 2,7, 2.8, 2.9 and 2,10 together, we get

Hp- bl C 4R HpBy) e 2,11
ﬁRHl 4+ KB].
and Bz = /“R (Kl - 32) + Bl tee vee 2,12

The secondary demagnetigzation curve can noy b8 drawn
by taking successive values of B, and H, on the major demagneti-
gation curve and calculating the corresponding values of Bg and
Hy from equations (8) 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 e¢sn be seen that

82 = E-B-L ’ "o *8 e 2013
1-Hd 27 2.9 2.10
Sclving equations (1), (3) and (4) together we get,
Hd = M sesn soe 2.14
K
The m.m.f,.td which the magnet i3 stable is
Fd = }‘dtl 'K ) Y 8.15

Let By, Hy be the co-ordinatds of the point on the
secondary demagnetigzation curve for which the magnet

assembly 1s Just stable for a given stabilizing m,m,f, Fj.

The m.m.f. Fax Hz 1l s eee 2¢16
""‘g"d"“‘ﬁ fﬁiiuuﬂc XK} ce e 2017

where C = __g_. P.g.mamnzmz.mm vee 2,18
nperat:lng fleld

which ia fixed

and 5. = L4 [K (C-1)s 3] vee 2.19
2 KaCel

The intersection of the alr.gap line of slope §, with
the secondary demagnetization curve gives the desired operating

peint,

2.7,

 As menticned earlier, in this method, the maget la
magnetized after assembly and is then stabillzed by applying

a demagnetizing m,mf, for which the magnet i1s to be stabilized,

Referring to Fig.2.8,
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By, Hz are the co-ordinates of Q', a point on the

sscondary demagnetization curve By, Q', H,.

- B
E—-ﬂ-—n}-: e e oo 2.20
%zm LC N L 2.21
| Hy |

and equations 2,18, 2,16, 2,17 and 2,18 apply in

this case alse and are written _once‘again.

Fd = Hdl ‘ [N ) (XX 2.15

F = 821 ses ‘ sew 2.16

5. gg.',c el 217

c : E—d-- *e XN ) 2.18
¥

Solving equatlons 2,17, 2,18, 2,20 and 2,31

2, 4 H

- Croam) (e /EOE TR
» 2 pgC

and Bz = /‘IR (Hl - Ha) 4 B]. aee tee 2023

The aacongary demagnetizing curve can then be drawn
A 2-23
from equaticns &) & &8)

2.8, DARY DEMAGNET IZAT JuN

If Hg, B2 are the co-ordinates of the Operatmg point on
the secondary demagnetization curve, then 1 and A can be determin.

ed as followas:
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1 F ,
B A
He LA . ese 2.24
F
and A g ee.
.382 L N ] [ X ] 2085

Volume of the magnet = V o 1.A

Fe
TRy o S

This volume is minimum if the energy nproduct BoHy
12 maximum, | |

17
2,9, MTHODS OF MAGNETIZATIuN...

The rotor may b2 magnetized bj any of the folloQing
mothod sy | -

(1) Colls argund the pulea

(2) direct current in the armature

(3) leading power lgads on the gensrator

(4) magnecizing iig. if the roter 1s to be magnetigzed

outside the machine,

Method (1) requires s speclal winding around the poles,
Method (3) involves ths principle that leading power factor
currents produce magnetic fleld that aids the main field, This
method is 1imited to small machines as for large machines the
c¢apacitors needed may be prohibitively large, Mathod (2)
}13 more suitable, In this case the field is oriented with
respect tc the armature befere energizing the armature, This
cah be done hy éaéaing first a amall value of the current and
then a rdlatively larger current, Method 4 utilises a particular
type of magnetizer, One magnetiger is the 'Contact Magnetisert,

shown in Fig.2,9, It consists of a low rsluctance Yoke upon
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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 timew the coercive m,m.f.

has been found satisfactory,
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LE SIQN uF GENERATQH,

3.1, In the design of the generator with permanent magnet
rields, the design of the field aystem 1s of great importance.
This problem can b Yackled in many ways and all the methods
involve in some form or the other the same basic principles,
| One approach to the optimum deaign of the magnet has been
given in Chapter 2 and two more are diascusased in this
Chapter, other dimensions are determined in the sams way
as thoass in synchronous machines with electromagnetic

r{a 1ds,

3.2. DEGIGH UF PEAMANENT MAGNET...

permanent magnets may be required to perform either
(1) a statiec function or

(2) a dynamic functions

If the psrmeance of tho circuilt to which the magnet
1s connected is conatant, the magnet 1s fulfilling a atatic
function and 1f the permance 1s variable, the magnet is
fulfilling a dynamic function, oubviocusly in a generator,
the permanent magnets are performing a dynamic function and
thus, in this work the design for dynamic function pnly is
considered, Conasider a magnst, initlally fully magnetized,
and connected to a eirecuit of which OA, figure 3,1, represents
the maximum unit permrance, Unit psrmeance refers to the g
conditions for 1 o of magnet material, MNow 1f the circuit

reluctance is increased and the flux exists in leakage paths
only, let the unit: permeance be given by UC. During the
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increase in reluctance, the wurking point moves down the
demagnetization curve from A to C, Now if the circuit
reluctance is decrogaed until the unit permeance i1s again VA,
the magnet operatke, during this process, along the recoil
line CF and the working point corresponding to maximum
permeance 1s now UA' instead of OA, Under this cundition,
the total flux psr unit volume of the magnet ia given by

A'E and of this DE 1ia the leaksge flux. The useful flux

per unit volume is, thus, A'D,

The slope of the useful permeance line is
1 (A'E_= DI)A
puk el e

A'E . DB
E e

L A & ] Ql
i 3

where 1 = length of the magnet and
A = X-ssctional area,
Ubviously from relaticn 3,1 slope of the ugeful
permeance line is equal to the slope of the line U'A',

Leaiage coefficlent ias

]
o RE R A
and also
aner - 1 ol cos 302(3)
Useful energy A'D x F’s

For the magnet material to be minimam, the area A'Dx0B

should be meximm,

Heferring £1:.3.1(b) which shows a part of fig.3.1(a)
in details-



Both 8; and 8 can be varied by variation of 1/A. If
the optimm value of 81 can be determined, 3 can then be

fixed for maximum econonmy.

From fig. 3.1
n " UJ X OF - H(B +/uRB) o 8010
whore B and H are the coordinates of C.

XY 18 a maximum when H (B + /YRH) 18 also maximum

BH
or . gn( ’*3&3 =0

It 1a to b noted that at (BH),,, point
and thus C mist be below the (BH).. . point,

a(sd) = 0

A(BE) aB
aH = B+ B

or .uc-- +* aK
avb(BeHp) * Tarb(HeR

)Jz_...a/ﬂraﬂo
¢

or
2 /Rgb®HY (bi4 fapad + 4 AR bPH,)EZ: (28 +2bHG+2 ppals

4fgabil, +3/0g02H] JH & aHy + B2 w0 .. 3,11

dolve agquation 3,11 for H., Let the corresponding valuoa
be Hy and By, wWe mst have

P B eer 3,13
4+ - 'y

At the vorking point H = —k.

5§ 2
‘%"’p A‘ Bl*é‘;.i;a a - 3 see 3.13
But P = Pg + 913
A
P‘s ‘i“'(%_ * /IR) ess 3,14

P‘ 18 settled by the m/c‘ into ahich the magnet must

work and not by consideration of economy of material, Having
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A'D u OF - VB tan /- OB tanpg
= OF - (% .(tano(+ tang )
Area A' = A'D x OB
 OF x B = (0B)2 (tan/+ tanB )= 0

For this area to be nmaximum

~dAL. - cm' t
TeEy * oF (tan{ + tanp)=0
Bnd 08 = or “ee 3.3-
3(tani+ tanpP)
‘ 1
From fig.3) tan‘,L - g%-'n Py ces 3.4

where P, = Parmeance of the leakage path
and tan B = EY « /MR recoil permeability. 3.5

03
OE » W - QJd ess 3,8
acag&m> 2

Prom relation 3.6; it is obdvicus that, for maximum
b
gconomy of material, the point A' should;iacatad widway

alamg FC,

Area A = A'D x OB

where Y = OF and UJ = X,

For maximum economy for material, the recoll line

should b such that X ¥ 1s a maximum,

Let 8 and 8) be the slopss of the load and lsoakage

1ines reaspectively, Then

313-%-?1 ) 200 3.7

8'.%.P .‘... nee 308

whcroP-P‘«o-P]_ s eee 3.9
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. fixed Pgy Py 18 also determined,

I e S ) | cee see 3,18
A Pp H1
Volums of the magnet materlal
V ] -EL!‘—E— [ R 4oe 3016
B'H!

where B', H' are the coordinate of A',
#¢ = flux in the gap |
M = Potential drop across it
Ky = P/Pg,

2 = -P se e tee 3.17

For a given flux dg, the dimensionas of the magnhet are
determined from equations 3,15, 3,16 and 3,17,

3.2.1, A now approach to the optimam deaign of wagnet has
been given by Hana. K. Zlegler<® and the mothod has been
ut1lized since 1947 with very satisfactory practical results
by the Signal Corps, Engilneering Laburatories, The elementary
assumptisns made in this method are the same as those in any
of the metheds daveloped earlier, They are;
1, The magnet has uniform croas saction and 4s unifornm
in properties and magnetic atate,
2. The magnet has initially been magnetized to saturation,
3. The minor hysteresis luops originating from the min
demagnetization curve are of so emall an area that they
can b8 replaced for practical purposes by a straight
1line connecting their tipa,
4, All leakage flux is assumed to come from the enda or the
pole shoss of the magnets, Leakage is therefore
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regarded as a terminal f actor and the optimam design
18 achieved for th: requir-d total mugnetic flux #1
including leakage, Wwhe.@ excessive leakage originate
ing from the lateral magnet faces invalidates such
simplication, this part of the loakage i3 assumad

to be replaced by an equivalent ficitious terminal

lsakage.

The form of the equation chosen 18 not that of Lamounts’,

but that as given by ur.«l«nrm.l:la:3 anl is given by
Bs —So = H g ves 3,18
Hy -aH

where a 13 a material constant given by

a ‘2/_3:.§:_ - Br aee 1.1-9
-+ B; %;

All the quantities involved in those ejuationa being
in c‘.g.a. ayatem, In M,K,S8, rationalised system, th® equaticns
remain sam and the varicus quantitis s involved are defined

as underg

By & Hg w tho magnetic induction and the magnetizing force

corresponding to the point of max. energy product,

Bp = restdusl induction
Hy = Coercive forge
B& H = the magnetic induction & magnetizing forece points

on demagnetisation curve,

The units for magnetic induction and magnetizing force

are wb/m? and amp-turns per meter raspectively.

In the previous design methuds £t has been assumed and
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that the alope of the minor loops i3 constant, That Ls not
quite true and infact, it may very considerably with the point
of their origin at the main aauaenmtiaafian curve, Fig. 3.2,
shows how the alope of minoxr loops vggzgéa for various alnico,
8lloys. /#Arepreaenta the slope of straight line replacemnt
for minor loop and By is the difrcranual permability at

the point Br, Bor ias the magnetic induction at the point of

origin of minor loops,

It has been found that optimum operating conditicna for
all practical demagnetizing cunditions are confined to minor
loops originating from a portion of the main demagnetization
curve betwaen the point of max, energy product and a point
btelow, which is different for varigus materials, and is as
shown by the shadoed portions in Pig.3.2, for ainiao vV, Vi &
XII, The average slope of thess portions which ia designated
by /Ma, can be uased in all doaign calculations,

The design principle involves the introductivn of hypothe-
tical ideal magnet of the magnet material having the same valueas
of Bp and Hy, and having the main demagnetization curve as
peifect rectangle as shown in Fig.3.3. The net dimensions of
this hypothetical magnet are subsequently corrected for by
factors to take lnto account ths devistions in actual and
hypothetiesl ideal magnet, The optimum deaign is signified by

the minioum of volume correctiuvn factoy,

Two casea am considered vig, |
Case A; Demsgnetiszation by varying external reluctance

Cas® B; Demagnetization by externzlly applied n.n.f,.
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Al A-

Fig.3.4 daefinos the problem specificatiuno Py Feo e
ropregant the total magnetic flux, total magnotomotive forco
and total magnotic reluctance corrasponding to the norml
operating point, 1, respectively., Demagnotising condition

causad by opon cireuit reluctance is ropracanted by Hg. Lat

= eross nectional area of magnot
length of magnot

5 Al = volum® of magnet

L < P B
4

o }, = Shape factor
A

Ams 1ps Vg Spmy tho corrooponding values for the optimm
magnot

Agy lay Vo, § the corresnsonding values for tho ideal
maghot,

K = Rg/Rg = degree of demagnetizatiun

Maz the average slope of the miner leopo for a standard

unit of volume 1 and shape facter 1.

=
MMas /%ﬁrraanltant average olopo of minor loops for

dafinaed zona and shape factor 8§,

Tho idoal magnot does not roquiro e consideration of the
domagnotization caused by the onen circuit reluctance as no
minor loopo oxiat in this casd, tho dimansions of the 1deal

magnot aro givon as

AQ =1 ﬁt/ﬂr see 'Y 3.20
10 o Ft/ﬂc (RN . ®a 3.21
VB o ﬁﬁ__ and ao»:lﬁ/ﬁo *se 3.23

Brle
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The following procedure 1s employed to derive the
correction factors, point 1, ¥1g.3,8 must lie on the minor
hysteresis loop ms., For any chosen value of Alas, a min
demagnetization curve Mgp of the given material for the
corresponding shape factor can b placed intc the dlagram,
with reaidual flux gpy equal to @y, The curve Mg which has
the sam shape factors and passes through 2, point of inter-
section of the minor loop mg and open circuit reluctance Ry

can be obtained by magnifying the curve Mgg by )\, where

«3 F
).“‘g:"‘é’ Fg 'R ce 3.23

Then, g, = residual.flux of the main demagnetigation

curve,
‘)’t [ “e s 3.24
and 4 = Sr_ _ Mt - Ve 3,26
Br  Bp =t

As the 1deal magnet and Mgy have the same residual
flux and hence the same cross-ssctional area, Fpgp, the

coeercive force of the magnet Mag 18 given as

Feg' 3/80 Pt o ® to 3036
Fe = Coercive m,n.f, of the magnet Mg ...

- )?co - )(3/%)?‘ XY | sen 3.27

1 b fn: ﬂ)(—ga;)lnz .8. ’ 3 3 o0y 3 -33

and volum V = Al = ) (""‘%)h&ol )( %)Vg. 3.29

- r\\vo where s e ese 330
" = correction factor = “(-§) ... 3.31
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The optimum design 13 obtained for minfimum value of

the correction factor. o
%mﬁ = [f ('3%)} min * )m (%’) see 3032

The optimum magnet dimensions are then

Am = )m Ag %

1 3)

a mcg}“’“ H cee 3.33
Va= m ¢ %}Vo = ‘oo i

Equations for M is given in Appendix I
Physically My 15 the ratio between residual induction
By and optimum operating indueticn Bop

B
S . 3.34
.n . [ X . ) LI ) R

Bop

It has been found advantagepus for the conveniengs of
éalculatiuna and baat readabllity of dlagrams to use a term

Z, where

2 = (8/83)K
For optimam conditions
Zp = (8p/8y)/K
and 1y = pdp K 1
Vo= )2 2y &,

1e0 3,35

O, BG3E WD ST KIS et NN S DS

For the final evaluation of results, uptimum per unit

values for the magnet dimensions can be defined as,

agp = )./Br . 2. (meter? per Wh)

X
BOp )
1 }
)
i

2 1 3
y’Op s \m om K/BpHy = —=ee— (mter 3/Wb-amp-turnas)
Bopncp |
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With these definitiona,

1. = ’tlop g s 3.37
“‘

V‘ * ﬂt’t Vop

Case B ‘
Fig.3.6 deéfines the problem specifications. As in

ca®® A, gyy Fyy Ry represent the total magnetiec flux, total
m.m.f., and total magnetiec reluctance: respectively correspond-
ing to the operating point 1, F, 18 the externally applied
demagnetizing m.m.f, By, The degree of demagnetization in

this ccse 1s defined as

P _
C= PR m—, res ees 3.38
Fy |
The deaign relationa are similar to those obtained in
case A, A shifting auxiliary line R, 1ia drawn passing
hhrough the point 2 and origin, Ths procedure ia explained

by Fi1g.3.7.

The par unit optimam dimsnsions are given as follows;

fop = = i

PR 5 5op g
lop = o @)/ é see 3.39
Vop = m (FL)/Brhy

and final optimum megnet dimensions are given by

A = ft 8o, g
lﬂ = rtlcp g ess 3.40
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DE JIGN CHAST 8, ..

Figs, 3.8, 3.9 and 3.10 represent the values of V & )
as functions of the variable Z for demagnetigation factors
K between 1 and 10 for the case A, V 1is the volume of magnet

per-unit external magnetic ensrgy and is given by
2
V= )ZE/BI'HQ son soe 3.41

The minimam per unit volume Vop 8nd corresponding value

;)m i3 marked on the curveas, Designpcharta shown in fige.

3,11 and 3,12 give optimum per unit volume Vgps oross section
8p and length lops plotted Vg 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 caleculating magnet dimensivns for cass B,

3.2,2. HRE 5 T WEE ‘ ‘ D v) ' se e

It is obvious that demagnetigation of ths magnet by
varying external reluctance permits alsc the application of
a certain maximm external demagnetizing m,m.f, tc the cifcuit,
when operating at its normal reluctance. Ht’ without causing
further demagnetization, 81m11ariy, demagnetization by apply-
ing external demagnetizing force, permits a certain maximam
open circuit reluctance, In pe rmanent magnet gehnrator design
it 1s important to know how much short-circuit armaturse
reaction will be permissible if the rotor is designed for a
certain value of K, corresponding to the "rutor out of its

stator® condition,
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Li 18 axacs 5112 \

The permsability of the modern permanent magnet material
'y small as compared with that of soft iron parts and

:he lsakage exhibited by the permanent magnet is so

) that 1t can not be neglectad, Exact leakage calculat-

*equire graphical field mapping but good convenient

ich to the problem can be made by "estimating permsances

>bable flux patha®l2,

The following assumptions are made?

1, The magnetic circult is not saturated,

2, The actual field lines are repleced by lines which
are of almple ahape, aueb as circles and strailght
line s,

3. All permsances are eatimatad between one nalf of a
pole and tha equipotential plane batween this pole
and the adjacent one, The permeances of the various

paths are calculated as followss

apge Pj.ef. ths durface Leghkage Dotwaen Pole Magpelis...
daf, £12.3318 Lrakage flux betwean magnet sides facing
other can be oexpressed by

ﬂlﬂv" Pl wmr‘ - “s e 3.42
Vm = maximum potential of the magnet
or by dgy = Vpdp; where ese .43

Vp = magnetic potential of the magnet at a diatance
m 0, The leasage permsance between the surface element
- and neutral plune 1is
dpy = Ao 3p9r _  uhere eee 3.44
r(e/2)

@ = mechanical angle botween two pdles axes,
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2w
- —;-' P = N0, of pﬂlea

and 1p = axial length of the pgle shoes.

Combining equations 3.42, 3.43 and 8.44 and integrating
within ry and r, § hp as limits for r, spacific leakage

permeance per unit lsngth

a} -ag
lp [ a)1~ag e

where ag = ry @ and a) - a3 = hy &

Permeance Bg of the Additional put-gtoter Lsakage,..
Assume path of leakage lines un the top of the pole
shoes 18 as shown in figure 3,19, Tho lsakage parmeance
between surface elemsnt dr . 1§ and neutral plane ia
dpg = mig _1pdr .o «ee 3.46
Tr/2 ' ]
Integrating betwsen ligdts j; ;bh and ji'/2'

P 2 g
-i-: - # 10‘8_ Uhﬂrﬁ se 3047

Tp =bh

Tp = pole pitch,

dpecific permeance of the fringing flux bestween the
pole shoe edges

Pt g 0.322 (Tr-bh

1, 1.220 (Tp-by)/2

= 0,534 /uo
8 Pg is given by

ses 3.48

R -3
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' (f
Po/1ym 222 Jog, bebh + 0,634 /o

2/Mo 1
=» ____10‘2 -i:l + 00534 FD e e 304’

n

where Jd » bh/fr

Fig.3.20 reprasents the leakage paths, Magnetic
potential varies from gero at ths nsutral section to maximum
at magnet terminals and the average value 13 estimated as one
half of the maximum potential. In its effect on the calculate
ed reault, it 1s equivalsnt to ons half of the permeance,
hp.dr

[ X ] | . e 3050
arn/2

Integration limits are taken midway between the poles

dp, = 3/M0

103 . b@tu"n

2y + ag 8 4+ & b
and 4
3 2 -
2o 2
ps - T’lo‘e(l”‘ ) LI 3.51
& a , 22
P bp

The average fringing flux between the pols edges on
both sides Ls

52 Mo h 2 .3
Pa/hy = 0.52 /0 hp o 249 108, 1+ T .53
b * bp
permeance of Pole-3hoe Leakage...
The leakage parmancé betwéen the sidea of pole shoes
facing each other is



A
P E - -
P 2 /\ T
L Bgm

99
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1
arf-pbn

and on one peripheral side

p.l = 2/“0 L) see 3.54

P ji ese 3,58

2hp
or = Pa/lp
where dp = dia, of the rotor
hp = depth of pole shoe

bh = wi€th of pele shoe

The in.stator loakage permeance can be written as

pi¢?n*?m*?l+?2 , ece 3.56

and the gut.stator leakage permeance

po = Pi + Pg ‘ (XX eew 3057

It should be noted o
2] = maximm arc length between pole magnots

)] L)
= (dr - th) —E- - bp soe 3.58

a2 = minimum arc length between pole maghets
.
= (drﬂzt‘h.?thp) —Bﬂ‘bp s a 3.59

4.3.4, ELUX DEN3ILY IN THE AIR GAP.D.

Ref, figure 3.2 Py, Py, and P represent out-stator
lenkage permeance 1ine, in.stator permeance line and actual
working line, Interesection or‘ Py line with h™® coil line,
glves the working point A. S, B, and ¥ are the angles that

byl
Pi, Pp and p, make with the H-axie, Let Py = -éﬁ-pn «++3.60
P
then tan s .-;-.
n
and Pi soe 3.61
Pm
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The minor loop is determined by the inter-ssctiun
of the shearing line Py with the demagnetization curve
and Py 18 'leakage 1line', '

tanr.“?-&—'ﬁgg— eow | ove 3.62
Pa Pm
whe I'e

Pe = Mo 3. LCpAT here
gep

Cp = pole constant ratio of average to maximum
f10ld ferm
L = Axial length of core
Alr gap flux densgity 1a given by
B Splpp 3.6
g = Bﬁm e e . en b L 3
cpdrm, ~
Whero By oAB
e Flux in the air gap/magnet X-section

From trigonometrical relati.na, it can be shown

Bg = P Cosc8in r(tan r -tnn&_l v, 3.64
' tan T 3in (Yie)
&150 /"B = tan € e e aee 3.65

Combining the above relatiuvns, we get

Byp = Bat oE- —to+/8 Pm vee 3.66
Po Pg +Py +ARPon
whe ra
Bgt = flux density of the magnet at the nolint of
stabilization,

For air atabiligation, 1t is glven by the point of

inter-aection of Py & demagnetization curve,

The application of the load decreass Bgpm due to the
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demagnetiging force A4 by an amount

BC + AH = Hy | <S1BX .y tane, tan® tanS]..a.s'?
Sin(é+Y) tané‘.tanq/‘

The angle € is quite small and the above equation is

reduced to BC + AH = Hqy (tan € 4+ tan§) R ves 3,68
Hence
Bn' = Bgn - po- (Py +/0 69
‘m = ‘m. pm ' 1* Rpa) "o o e ¢l

Thess equations for By, anﬂ Bgn' have been derived un
the assumption that the rotor has been stabilized in air, If
the m/c 13 exposed to ideal steady-state short eircuit, the
lines upy and UPg will coinecide and Byp and Byy', then, are

given by
BSmt-I:E— P" *ﬂkp&_‘ LER) s e 3.70
Py Po + Py + ApP
and Byt = By - <3 ¢ (pys pppm) 372

Pi P1+pg+ /uR Pm Pm

3.6. SHusd CLICUIT AaT1o’.. |
snort circuit ratio in caee of permanent magnet:generators
is defined by

LR Ao ' e 3,72
® Ag + xfg .

where
Ay = exciting total ampere turns at no load

Ag = exciting amperes turns fgr the alr gap only,

-ﬁ— = 1+K whalre

K= -—g:-'h- where go'! =effective air gap length
8o’

From figure 3, 21

Ao’agll-p*—bp
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Conbining thess oquatioens,

sCﬂ = Bﬁm X R 3073
(84) pataaPa/Prr 21 Bgn/2e K

3.5, Bul, AXXAL IEHGTH AUD AXA_ gma":’ffl’m 5

Tho output of o oynchronous machins can b2 written as E3,
Se1l.l KeBae L% 2100 Ao ... 3.7
whore 3 = outpul in KVA
Kv = winding factor
B o dpecific magnetic loading
ac ©« amp. conductors p.u. length
D = atator bore

L = COI‘G lanﬂth !-‘.!nd s Q| ﬂpﬂad rapnag

Equatio:i 3.7¢ 35 alzo applicable to permsnent magnet
machine,

B can be astimtod fron flgurog 3,22(A) or 3.22(B) and ¢
Qguation 3,74. Ampere loading ac can bs choson batwoen 5800 and
0750. datio bore to axial longth i{s detormined moro by mchani.
cal than by alectrical conoldorations, auch as 3pace requiremanta
of the polo nmagnets on the circumference and othor limitations

which are tho osame as for conventional rachines,

Reactence of the armature reaction in the d-axis ia
loagor than thet for synchronous machine with wound field and
thoe alr gap 1o, thus, to b3 choson as small as poasible, Its
minitmun olgg doponds mainly on tho posoibility cof formation,
of an ungymmtricemagnotic fiold, This disoymytry may ba

causad by the accontricity in rotor position or by unoqual
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magnetization of the magnets. It has been found that a
concentric alr zap is quite good both electrically and
mechanically, Winding distribution and slot akew have to
be a0 designed, of couraze, as to produce an electromotive

force with low harmonic content,
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Figure 4,1 shova the donggnetigation curve for a permanent
magnet material, with the abeisaas reversed, F, and gp represent
the coercive mrf and residual flux respectively, Let the magnet
be demagnetised to the point (P,, ¢#,) for stabiligation, If the
magnet 1s not subjected to a demagnetizing force greater than
that of astabiligation, the operativn will occur on the regoil
1ine originating at (F,, #,) and having ¢ slope equal to that of
the major loop ot #,. This recoil 1ine also repressnts the volte
ampare characteriatics of the generator, The inter.section of
the recoil 1ino with the ¢de axis determines the short cireuit
magnetic flux db and that with the F.axis gives the gponecircuit
potential (F,), although operation vutside the major loup 1s
fmosaldle,

Figure 4,32(A) shows developed view of the machine where
the air gaps are such that the shaded porticns of the circutt
represent soft.iron parts of negligible reluctance, Fig.4.2(B)
shows the magnétic cireuit per pole, Neutral planes are repres-
ented by a magnetic ground, Figa, 4,2 (D) and 4,2(E) show the
agquivalent circuit with potential and flux sources respectively,
Rg and Py represent respectively thoe internal reluctance and
permeance of the equivalent magnetic sources, 1Ry and Py are the
reluctance and permeance of the pole leakage paths reapectively

wvhereas R and p

[ 4
of the gan,

g respectively are the reluctance and permmance

when the generator is working under no load conditions,
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the operating point La given by (Fl, ’1)’ the point of intera

section of the P, + P1 line and the recoil 1ine, The generated
voltage at no load is

. P H . .
EHL-K‘ﬁ‘-Ks—éﬁotK‘ -Zl-&-ﬁ'o cos ee 4.1

whore x' = generated e,m.f, p.u. s8ir gap flux,

A lagging load produces a demagnetising effect ond can
be introduced in the equivalent circuit as shown in Fig.4,.3(A)
and 4.,3(B). The demagnetizing m.a.f, 18 given by

Adnxﬂld ove LY N . »e 402
where Ky = demagnetizing armature m,m,f, n.u, deaxis carrent

and Ig = 4-axis component of armature current I,

Alternatively the sam no load sjuivalent magnetic circuit

(F1g.4.2) can bz used with a new value of gap permsance pP_' which

g
is o function of deaxis current, and 13 related to Pg as |
P“ - P‘ M&M aan X .0 4.3
“o + PgAd

This relation can bo provad as follows:
From fig. 4.3(D)«
ﬁ' 'Rlpc mﬂ dlA 'Rl Fo "ee e 4.3(3)

From fig.4.3(a)

fgh = RgPg = (Rg + By)Ag
and '1&3 Rg?o & 1’"9.&6 o es cosw ’e 403<b)
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Alao ﬂ' » ﬁg + ”1 oo oo 4,3(c)

Let Rg' be auch that, replacing dg in Fig. 4.2, equation
4+3(a) :nd 4,3(b) yield the same fluxss, Subatituting ig' for
R. in the expression for #; from equstion 4,.3(a) and squating
this gy to that given by 4.3(b), we geot

Rg' (3,7 =(Bo + H1) Ag) = By (itgFo + Rorg)

#y = (Po+ PAQ

and Pe' = Pp =
[ 4 € "04’?‘%

PR 4.3

when the generator 1s supplying a demagnetizing load,
it will be working at thﬁ_ veint (FQ' ﬁa) ﬂca (nﬁguﬂla) ia the
gap flux that requir«s an m.m.f, drop across gap, F‘B-Bgﬁgg
The demagnetizing m.m.f. cauaing operating 4t (Fg, #3) in

accordance with f1g.4.3(A) is given by Py - Pgg. The point
P, can be located by adding G = —K- aq %0 Fp... 4.4

Pp

ARSIENT _AND HIERAANSIENT

Fig.4.,4 shows the equivalent magnetic circuita for transient
and subiransivnt conditions, D represents the m.m.f. of the
damper winding arround the magnet .nd M represents the d-axis

n.mr, of the pole fage winding,

4hen gperating at the point (g, fg), figure 4.1, the

driving voltage or the excitation voltage Eg 18 given by the
ordinate to the Pg line at Fg.
80 = K‘P"a - K'P‘(rl + mg‘—"ﬂﬁ)
P8 Fr
L
Pp

- Enp+ K Ay cee 4.5



Thus it is seen that in case of permanent magnet

gensrator supplying an inductive load, there 1a an increase
in excitation voltage over that of the no load voltage by
xi'EKEAd ; |
Pr

E&gure 4.5 shows thet Blandel‘'s twoeroaction vector
diazramwor the permanent magnet generator with resiatance
nsglected, V is the terminal voltage and I the load Current
lagging V by an angle ¢, I4, X3 and Iq, xh agﬁﬁtho desxia
and q-axib quantities as in wound field ayncﬁfnnous gensrator,

It 1a readily seen from the Vector diagram that
Cos @&

3in gﬁ : a—-«»
. 14.8-*-2—" S\in o -0'"“2""' vés cew 4&6
% X 3
q
: iﬂg" + 8in e ,
and Caaga X YY) eos &7

A ze
iy =3in o «
X X2

'where Z « load impedance
The terminal voltage is given by

R 2
Z /zmaxq Z» Mne s Xq | e 4B
7242 (X3 + X3) S8in @ + 4%,

V « By

Using equation 4,5 and noting that
' ) " ‘
Ay = Ky Ig = KqI Sin (o +§ ) = Kg =z9in (e+5)

B 2 ' 3
ZppByp, / 48 42X L sin o + X, a0

v = . -y s
2% %(X3+Xq) 8in @+ XgX, Pp -K‘Kgxqt-} ‘(h-x;sxn @)
4.8. S 109814
Let subscript S stand for short circutt.

a ( . , sve "10
Iy = (v‘ ) sc Kg(¥g) gc ,

2
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From equation 4,3(b)

(#g)sc = RlFL- ARQ + Rl)é& “ee LX) 4011
A].BD Asc = Kd Isc o e . LI 'Y .0 4.12
Solving squations 4,10, 4,11 and 4.12

Ise = Wc e . e 4.13

X)A+K, Ky (RoeRy)

Also, in the voltage equation 4,9, substituting ZI for V
and then setting 2 = 0

E
ISCB . NL P '2 "o e 4.14
Ly -KgKg &
Pr
Combining equaticn 4,13 and 4,14
dex1+l(ngpg s e LY 4.15
from which

%9 = D « Axls reactance of Armature reaction

EKg %Pg i ' e 4.16
X,q can alsc be calculated as in conventional way 1i.e,
Xadﬂx cmCI)a e @ PP . 4.17

where X = reactance factor
Cp =ratio of field to armature ampere turns for
the same fundamental flux.
Cy= ratio of the maximum fundamental to the actual
maximm value of the fundamental,
) o = Specific permance of the direct axis.
X4as in case of electromagnet machines, 1s determined by the
gap permsance but for machines with permanent magnet, the combined
permance of the alTl gap, the magnet and the pole leakuge is to be

considered, In that case,
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(xg4)0y Py ¢ fip Py
(x‘d)ﬁm P‘%Pi *ﬂnp.

L X s e 4.13

Variations of this ratio are plotted in figure 4.6
It 1s ssen that d-axis reactance in generators with
permanent magnet field 1s amsller than that in electromagnet

machines,

4.6 QuAXIS ®ACTANCE® 'S

The reactance of armature reaction in q-axis can be
calculated on the same basis as thet in case of conventipnal
synchroncus machine, In moat of the designs it 13 found that
Xy 15 amaller than xq %Xq 15 10w bscauae the permanent maghet
has a very low recoil parméability (the range of values of
relative psrmeability for modern materials is 2,5 to 3.5),
and because the astesl sleeve ia normslly completely asaturated,

and 1ts lncremntal permeability appiroaches unity,

The foliowing assumptions are mades
1, The machine is asudbjected to a sudden 3-phase short
circuit at no loed and, 1s such that only rotor circuits are

loops argund the magnet,

3. In accordance with constant flux linkage thegrem, the

magnet flux ecan not change immediately.

3¢ dec, transient is neglected,
D is the n,n.f, of the winding around the megnet by
which the magnet flux ¢, is suatained.

From equation 4,3



fos (1280 B 1

and fronm figure 4.4

‘I - (Rl * R‘)(Z *D)- RM se see 4019
‘ 's .—.!:(Fn ¥ D)-(REA* %) An s e vee 8.20
- i‘ ] le:BO *e we. 4.31
where

A‘e' - Kd Iu'

 From these relations, as proved in the last section

X' = I.1+Kgxd[an RI}ET;]

- xl » xad. e ...4.23
where
R Rl 1
!. ' = K‘Kd [ o s en e 4.23
ad * e
Ry Hyelg
4.8, DeAXLS SIHTAANIERT GRACTANCEQ,

The machine 1s assumed to have a pole face winding and
the airgap flux ﬁ‘ is prevented from changing immediately by

the mamoto M of the amortisasur Winding-

E," 1s then .!qnal to By,

) 4
&8¢
4 bS] A "
- WJM ) &— [ N 'E X} 4.34
xdn
from which ;i R

xd“lxl‘bxtxd-—-ﬁ-——

and x.d » K‘ Kd ""n""&l— e se 4.25
‘ A
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Comparing equation 4.23 and 4.25, it is seen that

xad' = Xad“ -+ &‘@‘-" Oo; X 4.26
Ri+Rg
4.9. IEAKAGE sBACTANCE!D)18

The armature leakage flux 1a dividad into four parts
1, Slot leakage flux
2, The end connection leakage flux
3¢ The 4ig-2ag leakage flux -
4, The belt leakage flux,

The largest portion of leakage reactance 1s slot and

zlg-zag reactance and ¢an be expressed as rollows}l

2
17"s772 ng 2% 3ug s nsgg

where N = no, of series armature turns per phase
ng = no, of armature slots
Kg = 8lot lsakage factor
KQ = winding factor

o
"

Dia of retor
Wy = 3lot opening

dj = slot depth and dy = wedge depth,

4.10. SHIEIDING THE MAGNET FROM TRANSTENT DEMAGNETIZING EFFECT 5i7.
Under short circuit, the armature m.m.f. is quite large,
which has to be balanced by an equal and oppoaite m,m.f. by the
poles 1f no Cage winding is present in the poles., C(Ccnsequently,
a saeriocus demagnetization of the magnsts occurs, A heavy Cage
windiﬁg in the poles establishea a Counter m.m.f, to pppose

the transient armature m,mef., and if this Cage winding is
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sufficlently large and well coupled, the net demagnetizing m.m.f.
to which the poles wlll be subjected may be well below the stabi-
1izing m.m,f, and no net reduction of pole strength will be
there, This objective can be achileved by -
(1) Casting the rotor in aluminium
or (2) using a copper plated peole,

Casting the rotor in aluminium places an infinite bar
Gage winding on the roter, Tcoe much of aluminium thickness
over the pcle shoe 4111 increnye the effective air gap and too
333&- will be mechanically weak, Copper plating the pole is
superier to the former and invelves plating all the surfaces
of pols except the cne in contact with the splder, In this
method copper can be made thinner over the pole face thus

retaining the optimum air gap.
REASING T s_SBQUENCEL?

A large negative sequence reactance adversely affects
the ragulation of single phase machines, as under l.phase
conditicns the negative sequence reactance is the series with
the positive sequence reactance, It has been found that the
mthods adopted to shleld ths magnets from transient demagnetiza
ing effeéta, 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 may be large.
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..CHAPTER, 5...
)LTAGE I T NI:

6.1, INHESENT REGULATIoNIC»%

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 13 constant for a given field current,
Buch a machine therefore has a large inherent regulation and
the voltage has to be kept within specified 1imits 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 reccil line and the magnet terminal mmf F increases 1i.e,
there is an increase in excltaticn as a demagnetizing load is
put on the p.m, generator, The permanent-magnet generater,
thus, behaves as though it had a "built.in.voltage regulator®,
The wvariable-excitation characseristic of a permanent magnet

goenerator has three features,

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
genarator varies from fairly close regulation for unity power
factors to peor regulation for highly lagging power-factor
lecads. Ieading power factor loads increase the voltage and,
thus, quite a close regulation can be obtained if the demagneti.
zing load is powsr-factor corrected by adding a parallel

capacitor, Figure 5,1 shows the regulation curves,
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If the inherent voltage regulation is not sufficient
enough to be within closs limits, external controls are
necessary, External control may de obtained by using any
of the following:

l, a sories capaclitor device, called a compenagator
2, tempsrature compenaation
3. toroidal back winding,

It consiasts of a sariea 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 may be obtained in addition toc the
usual voltage stability at low powar factors", This compensator

ia suitadble for a low voltage generator,
2 AATH ,N16
Fignfe 5,2 shows the variations in residual flux densities
with tsmpaéatura for alnico V permanent magnet, It is cbviocus
that the output voltage of a permanent magnet alternator using
alnico V magneta increnases as the temperature decreasss, Thus,
if the inherent voitaga regulation of a permanent magnet

generator ia to be kept within clos limits, the generator mst
be temperatures compensated,

A temporature sensitive ("thermomagnetic™) alloy ia
used for a portion of the stainless.atee]l (non.magnetic) plates
used in the rotor-cage structure, Thia 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 thermp.
magnetic shunt and the generator can, thuas, be made it: deliver
voltages independent of temperature, In practice it is prefer-
able to over compensate the generator, Figure 5,3 shows the
voltage-temperature characteristics for a p,m, generator with

and without compensation for the temperature,

TuBYIDAL BAGK WINDING1S,4

This control winding conaistas of a series helical winding
in the bottom of the alots arcund the armature core and over the
back of the toroidal winding, If the winding is uniform around
the entire circumference, no appréciable alternating voltage
will appesr at the tarminals of tho winding, A typical automatic
static control system ias shown 4in figurs 5.4, D;ract gurrent
13 given to thias winding, which superposes an unidirectional
flux on the alternating flux in the stator core, Thia increases
the reluctance of core and decreasws the gonerated voltage as
the control current is increassd, The change in generated
veltage is practically linear with the contrgol current, This
fact can be seen from figure 5,4, Under no lcad conditions,
maximum control excitation is required, The use of the control
winding, ro#ulta in no increamss of the armature heating, and,
thus, no decrease of efficiency, when working under ruli load
conditions, The alr gap flux density with control) winding can
bs obtained as followes

For an air stabilized machine, it has been shown that

the air gup flux density reduced to magnet area ( chapli~ 3)

Pe R *ARPa 3.46
B‘m.B‘t—F: Pg +Py + MR Py -7
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vhere the air gap permeance = mg MLL  Cpdr
2 BeD

The value of g4 includes the effects of the air gap
and the equivalent path of all soft iron components of the

magnetic circuit,

P
Lﬁt .T = ""Z"' [ X N3 X ¥ ) 5.1
R,
whe e Py = Permeance of the stator core
. 28 4, _Bcokp vee 5.2
i Deh

whers Jug = effective relstive permeability of the
stator core,
h = width of stator core
L = axlal length of stator iron
D = stator cutside diamter
g

= at:ackmg factor of stator laminations

Thus 7 = 2.45 .Splr. (@ *2“) ves 5.3
MaZg h “p

In equation 3.6( replace gyeby the squivalent air gap

permeance
1l

la+7

LA R ] 5Q4

P‘. » ?¢
The a;r gap flux density at no load is then given by.

B

o ® Byy k- ot MaPm__ 5,8
po Ps 0(1 +T)(Pi#/lapn)

Similar csloulations can bds made for short eircuit

stabilization,
6:,)50"1

CENTRAL LUBRARY UMIVERSITY OF ROORKER:
ROORKEE.
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An explanation for pe 1s given as under; &

Wwhen the roter flux enters the core, the subdivides
itself into two opposite directions., The control winding
superposes an unidirectional field, This means that the total
flux mast be either the sum or the difference of the two, as
the core may be, Magnetic characteristics of the soft iron
are nonelinear and, thus, one halfe-wave of ths resultant flux
is peaked and the othsr half wave 1a flat topped., Moreover,
the rotating air gap field is far from ainuscidal, o, should
thus be destermined from tests on a typical machine and can be
used with other machinea of the sam® material and identical

configuration,
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Pig, 6,1 represents the demagnetization Curve of the
magnet, D 1s the point at which the magnet has been astabilized
and DE represents the recoil line, The magnet flux ¢ can be
divided into leakage flux qg’ana useful gap flux #‘. Neglecting
the leakage, except the one that cccurs across the terminals,
the leakage path is in parallel with the useful path, The
conditions can be represented as in figure 6,2, Let 1“ and im
be the instantaneous currents in the armature and damper slug

in the direct axis, Wworking under no lead conditions,

1(‘1"‘ i’m - 0 [N "ty 6.1

and from figure 6,2 it can be ssen that
H!-l' H‘I‘ w 0 see 5.3
Hl L alll = 0 YY) 603

Also # < BA = §g + ¢

s -Hl (P‘ '.*Fl)

e 1 H 6.4
e s Bu e "‘z (P‘ 'I'Pl) wee »
o 1 1
&nd ﬂwi'*ln ....]..'....P m - ,......p B 000605
! A A 1 A 1

Bquation 6,4 gives the stralght line OC, 80 that its
inter-section with the receil 1line DB at F gives the no load

operating pelnt,
BEquation 6,5 repressents the leakage line 0G,

dar
when the dwaxis current 1 18 flowing, from figure 6.8,
Al + Bl = -  Thad cee 6.6
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Hl L 4 Hlll » 0 ‘ vee sas 606(8)

Sothatﬁaﬂg«bﬂl
= = (% 4 H)Pg 4 HpP,

1 N14®  p
B o - -—--(p' - p H P - . £ " ta 607
x(Pg + P1) s 1 (Pg-c-i’l)%

and ..fl.u-..i..?ln
A A

Comparing equations 6,4 and 6,7, it can be seen that
the effect of flow of current 19T 4s to shift the load 1ine
OC to a ney position O'C!' such that UO' = N*.Ldr Pg . and
U'C' ia parallel to uCi The working point ia 1{Pg+Py) now
given by F' and the leakage' 1ine remains unchanged, The

reduction in the useful flux density is given by RFig.€.1l.

LB = FJ - FIJ?
= FM + JN!
a ApF'M 4 PIM 4 Py
= £'M LW ¢ ug +_%_ P, )

PtA 1l
-x MY Pg 6
1 P.+P ﬂoﬂr *—-k—n) sae 8
P'M .
where K ’ m—- and M = ﬂaﬂr

Now conalder that the damper current 1kﬂ 1s flowing from Fig.6,2

Hltﬂgl n-tkd

g
kd
Hll + Hlllu -1
. 1 S
So t'hat B = r(Ps*Pl) (H + T ) aese "R ) 609
d .
d 1 1 m [ X ) o e ]

Equations 6,9 and 6,10 are represented by the lines 0"C!
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and Q'G", I% can be ssen that both lines are shifted to

the left by an amount ik
1

The reduction in flux density in this case, figure 6.;,
i3 . given by |
A Bgm (PK « JK) = (F"K" « JWEK")
w FM" - JN

= AMM" %{p‘ + P1) - A"M® .%’... Pl

= AWM -i.vg
Lot Ke ZoM
FﬂAﬂ

L 6.11

P« FUATK fig M = ATM' L. (Pg 4P1)

o owhAnye 1, prge 5&9& : e 6012
r’ Pg+Py i

Proam 6,11 snd 6,12

1l g Areg

1l
. Pg«»Pl

6.2. ELULLINSAQE ABD VOLLAGE BOUATIONS. ..
Let the flux density under no load conditions be By«FJ,

AB"o'K e 6013

on load 49% yng 1“ are flowing and useful flux density in
the magnet is

kd
B‘ = By - -.......m-gl.... (Mofar o ..J;i pg)idl‘_ KoM p 251
| 1(Pg+Py) 1(pg + P1)
LA XN J GDM

Flux linkages with the d-axlé coll are given by
Yar = = Bg AN + (armature leakage flux-linkages)

KAKZP 1 KAN Mr P
oAD+ t ) (/ﬂu/\l!‘ + 1?1)1 +———-(-&-————‘—) i

+Lary1?* vee 6,16
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Where Ldtl = leakage inductance in direct axis armature axis

Bquation 6,15 can be written as
\})dr " - % m + % "m + Ldr ldr LA s e 6.16 '

where Mg = Mitual inductance in the d-axis - N Mo pxPg
1 (Pg+ P3)

and. Lgp = total self inductance in the direct axis armature axis

=flg Ar + 3o Py 4 Lgpl

Proceeding the sam way, it can be seen that the fluxe
linkages with the damper ccil are

N momr Py 197 ma pg/ur W

$id = = BA = = BrA
I Pk + 11, + P,) 1

= - BJ-A + "h-‘\-dr + Lkd 1m to s 6.1?

where By = no load magnet flux density = FK
Lyg= Self inductancs of the damper in the d.axis
Lot  Lgps Self inductance of the geaxis armature coil, the

flux linkages equations can be written as

Lykd -] - BlA - Lm lm -+ xﬁ idr L) se 60;17;
6.18
Yap = = BoAR-4 My 190, g, 197 o ver 6,16]
J
X

Assuming sinusoidal flux distribution, the woltage aquations

can ba yritten as

un(rm+lamp)im+ﬁdpidrc0 1
K dr qr g
Var = Mpt™® & (Prelyp)l + Lyppe 4 b 610
Var = BoANp @ - Myp ol | Larp eidr+(rr+1.qrr)1qr (i
where p = differential operator ,f,

dt
p® = slectrical rotor apeed, radiana/sec,
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Yoltage equations for a synchroncus generator with

wound tioid can be uritten as

A ____ar TR —

4, T T ] ' ' 1448
' Vaga' 'Tagthiap’ toome 8 ' ds 1188
X dl. ds . dﬂtﬁdlp. Map ) i . ' s 11 '
, - s n . ) ¥ [ d []
: ' ( ' ! ' ' R
dr' vdr| ar t %p ‘rﬁLdr? qu ﬁ?’) t qu ' ar ! ! 1ee6,20
' s 3 ) ' ' R ' ' !
Wew ? af ‘e ‘e 3 ' ' r 11a%
qr.vq,. ' L il ' I-drpG' NLqu.' !‘.’qp ! h '..............1 !
; - X n 1 t . (] ] '
' ' ' ' ' 'p ' 1448 o
Q',vql t q.- ] ¥ ' qu [ qrx‘q.p ' ' 18 .1 !

The various axes are defined in the Nomonclature,

Comparison of equations 6,19 and 6,20 shows that
equations of the two machines are similar except thuot Vy4
the voltage applied to the damper Kd, 1s gero and in Vyr
there is an additional term B.ANpe, which 1s the open circuit
generated e.m.f, B, It can be inferred that the permnent
mignet field eystem is equivalent to a conventional field
coll da, having a resistsnce I,y and inductsnce Ly, to which
a battery with zero internal impedance 1s connected, that

‘ 1 |
circulates a constant current if which generates E, given by

Es!ﬁpﬁit s eee 6,31
"Let the battery e.mf, he Vg glven by Pgﬂif, and 198,
the instantaneocus current in the fictitious fleld ecoil

199 | o547 na 5198 . 1@

Add « Vg = - 171, to both sides of first equation in 6,19,

the equationa can he rewritten as

4
g = (Fpg + D) T+ Hypt®T
it ar qr
Vap= Mgpi™ 4 (Trelgpp)i™ 4L, ,pel g

1 d" Ldr o 1dr+(rr§l,qr p)iqr i ..6.20
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Eddy currents are flowing in the steel sleove of the rotor,

the pole pileces, and the copper damper segments, which can be
represented through short-circuited coil de & ge in the two

axes, The veltage equations can then be written as

de ds dr qr qe
{ ] ] ] { L] t ) 1 de 1
de? ' ' d ' L] j ] de
. 0 9% Taetlaer Mmp  Muer | : e
Y ' ¥ N ' i t ' ds '
dsta ' ' ' ' v ' U '
8' Ve ' ds :Mk'p |rm*me|Mdp ' ' ld8 31_ '
] ] [ ' ot ] 1] |} [} dr { ]
1 ] | B L] t ] a t ]
dr'vdr : a 4r :lﬁ.p 'l‘hp ’rr.pl,drp'Lqrpﬁ ' glﬁge ‘dr :1 '
1 L] [ ] f R | [ ] ] ] ] qr [}
F Var ,  ar -Mgep® -Myp8  elqrpl 'Frelgrp Mgp  'qr 4T !
! { ] | | § ] $ 1 $ | qa '
t o ¢ ' ' ' ' 'y ' '
qa‘ v ! qa 1  § !qu qua*l‘qe?qe '1 ¢
| ' . ;-'.6o33
Elimnating 19¢, 1ds, andigg and referring all quantities
tg the armature,
G Va4 Mlaedp L Boal a8 T g0
q Vq= B | loLg(p)pe reLg(pdp, 2, 13 |
where .
Ly(p)= Ly D(Ldauaé'm‘hﬂhﬂg.d-hg!ﬁgg)+p(”dtuda+l‘mnd'2)!
"z“‘dc’*m"“%')*P("ml'do-rl‘ml-m)ﬂdn " %
' feee6e28
¥ p i
Foe +Lq.p

Under steady atate balanced conditions, p=0 and Lgq(p)

and Lq(p) are respectively equal te aynchronous inductances

Ld & Lo

6.3,

Under asteady state conditions (p=0),equations 6,20

yield the folluwing ejuations;
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Vf u e l‘uid. = rmif

dr
vdr‘ rri + xqriqr s 6026

b3 3 % % %

Vqrs BaXgp1d® o 1 11

Thege equations are the same as that would be obtalned
in cass of synchronous generator and help in drawing the two.

roaction diagram ¢f the generator,

The applied voltage is equal to the sum of the resistance
voltage dropa, the voltages induced by chauging currents, and
the voltages generated by the motior of conductors, Egquations

" 6,20 can be written as

8 = R{ + Lpi + Gipe = 21 ens 6,27
* where
2 = transiant impedance of the machlne
R =~ diagonal matrix containing the resistances r in 3,
L = matrix of the coefficlonts of p
and G = matrix of the co-officients of po&

The elsctrical lnput power can be expressed as

P=oglcipesl1Rie delpl s+ $e0ipe ... 6.28
itﬁi = t9R power loss in the yhole machine
iglpi=s rate of increase of stored magnetic energy

1,G1p® = mechanleal power developed at a mechanical apeed

pom
The torque applied to the shaft ia glven by
Tapp = Ip%9, - 01,61 Ry - mters ves 6,29
who '€«

I= moment of inertia

n= no., of pairs of poles
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Under steady state conditions

Tapp = = Dig G1
p t
P . ds_dr  ar . ds _ dr _qr
T. nug_fiidr:,‘qr.d.f ' : :de’
app ® °% 22 . ' 1 p ' ! y d8-1 1§
dr ' ' Lyd are qar’
ot ' Ay ' '
] ¥ 1 ] ] qr§
', ' s t qr? Tt
qu )h ' Ldr 1 ' q L] 1 ]
f. qr
= - gt 1Y 4 0 (Lgp - L) 1T
& d _
Q-n——iq+n(lﬁ-xn)1 14 P vee 6,30
pe q
Mochanical power input to the alternator ias
W
B n T“PP
= - B1% 4 (Xg - x1%% vatts ... ver 6,31
6,4. BALANCED 3-PHAE LOAD uN THE P.M, QUHEAATQR,

The connection dlagram is shown in figure 6.3 Indices

1 and 2 denote the load and the generator respsctively,

Three phase voltage and currents have to be transferred
to the d-q axis, which can be carried out in two steps {.e.
first transform to the 2.phase ( & B) and goro sequence and
then d-q axia. Let 18, ib, 1% be the phase currents (3aquence
a-b-c) and 1“, 1, and 1°, the 2.phase and ssquence currents
(sequence . iq), as shown in figure €Y.
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Then
| z#\r__._.ast\” b e 3\
x U S S T,
CAL LA TR T L
[ ] 4 ] ll [} t 1] t
- ——— L b
IR, SR R
) ' N Ty i ' o""‘:'u'
4] ‘ o ’ '
LN R

Transformation from é-phaaa to deq axis is given by

194 o 8 ¥
2d
4 — dq\ A ' 2 1 ¢ ' 2"-7-7
a1 ¢+ a' Gos @redin @ ! vogr o
S ' ' ' ' ' ' '
PR ' = ' ' sm'z'?
q'1? * 4! Sln et Cos @ ! v Pr gy, ,.6,33
' ' ' ' 4 ' ' '
——y ' N ' 1 —r
o'o ' 1 o' o !
' ' '

gl ' L
: ¥ . ¢

 The overall transformation from 3-phase to deq axes
s glven by multiplication of the connec¢tlion umatrices of
' (6.32) snd (6.33). |

— \34’ o L - C 34’_\______

1 !

-

L t
4 a
A ' /273 Cos o /'875(:“(6-120)'/2/3 Cos(@+120)' a ! 1%
' § ? $ ¥ ' ]
44 J : ' /37384 jo ' /273 3 - ' ' b ’0060
1’1 :- q '/375 5in e’/a/a:sm(u 120) ’/3/3 un(auao)' b ' 1 ' %
L} ¢ t ' ] ' t 1
140 . ' é_ ' e ' t 4
’ni ' ° ' J8 ! /3. ' /5— ' e ' 1 '

Tranaformativn from d & q components to 3-phase
comonants 18 obtained by transposing the connection

matrix,
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13’ cd" dq

3?__1, :aﬂ\r 4. —

a'1® a'/2/3 Cos @ /273 Stn &

L ] . '
b:ib ‘s b'/Z73 Cos(@-120°)/E73 stn(e-120°

[ § ]
c:1° ; ~c:/""a/3 Cos(0+120°2/7'2 3 8in(0+120°

—————— Wty

- o wle w aje o
-

3|

The voltage equations of the load along the phass

axos are expressed as
8 =2l = (R4 Lp)d

W M c1 <] \,_.....

' 3
' ' ‘R ' ' ' ' '
‘1“’,1‘ ‘lu M va ' ' 1 1 '
t ¢ ] t t t t bl t
17y, ¢ ' U 1 ' bt 1 '
blt b]'t. bls |R‘..Lb ' ' ln ' ees6.36
l-_"t' ' ' T ' ' o1 '
' ' ’ ¢ '
; &I@ : 01 i

e, Ve1, 1, :

R and L refer tc the load reaiastance and inductance
respectively., Equatiocns 6,36 can be transformed to d-q axes
by the connection matrix 6,356,

' = 2710 o CeZCH!
= Ce(R + Lp) C1!
-] Ct(ﬂ + Lp)ct' + CtL (pﬂ)i' s 0006037

9 that the new impedance matrix is,

'= ct (R +» Lp)c + Ct ch

= Ct (R 4IR)C + CyL. _gg )

L .6038
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Thus
d 1 dq 41 1
q al q Q
dq S LSS « MRS g - Lo L. -
1l 1 ' 1 '
a :ﬂ + I'P: X : d ' ) Lpe , ,
1 ' ] ' 1 l. 1 ] [ ]
t 'R t t '- ' ' '
gt 'Roalp ! 4 QT -Lpp . .
' ' ' ' ¢ ' '
o' L :R..,Lp ! 0! | ' ' !
' ’ ' ' ' ! ' !
or
dq a1
dq 5 — J '
; ' : '
Ay | e
Z' ] ? ) ] ] e re .u6.39
*

Zero sequencs quantities are dropped on the

assumptions that there is no connection to the atar point,

Now the load is to be connected to the alternator
Let the axes of the connected aystem, d and q, be the
sam® as those ¢f alternator, dg, qo. The 0ld and new

currents are given by

Contd...
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1 = ol!
or dq\' QXL oS, : d N4 . N :
] ] ' ]
dgo ¢+ 1982 ' ' ' 1da." dag ,
2 ' 1 ' d.av 1 ' ' ' 02'1 '
_ ' ' ' ' 1 ' ' 1
4, + 1981 qy o1 rar1d 06,40
' ' ' ' ' ' ' '
' 1 ' 0 1 ' ' ~
N L L T
' a ' ' ' ' ' '
a4 '1 1+ a3 "l ' ' '
' ' ' ' ' ' '
S ' ' ' ' ' '
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From equations (6,23) and (6.40), the impedance matrix

of the unconnected systenm is

d .
dq\ q dza a2 q2 a1 | q1
' ] [) ] ] t
182 Foatbir, Hap | ; : :
L] | § [ ] ] ]
' t ' U ' L]
, da '!dp 1 +Lgp qupe ' ' '
z - ] | L 1 ] '
t, : LI ! 1 ' '
qa ] }hpc L] de ¥ r*Lqp ] ] ] . .6 .41
] ] ] ] ] ]
| ] ] ] L ¥’ L ] ¢
dl ] 1 ] I“"Lp ¢ Lpa ]
] ] ] ] ' ]
' ' ' ! v} '
Q1 1) ] 1 ] Lpu ] “Lp ]
The voltazc equation of the connected aystem ias
| e's 2'L' or e,@ = CyCi*
4\ J\¢_93 B\
t ] ] t (] ] daa!
] ? ¢ lr§ﬂ* ' (] ' a ]
@ ' 0 ' 4 ' Mp (Lg+l)p '(LgeL)pe ' d * 17 ,.6.42
¢ 1) ] ] ] {1 ] ;
' v ' ' v IEK i q v 1%
' ¢ ‘. - '
T 0 1 a (M (Lael) ' ellpldp T Ty
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In steady astate, p = 0, po = v, 1“2@ -1‘ and
Mape 19%2 » . B, a0 that 6.42 reduces to

a q
3 y ' ' ' ' a '
a' o ! a I‘+B'Xq+1' a1 '
] L] ] 1 4 ] t cees 8,43
' Tl ' ' ' ' ' »
1Bt ' ' T+R 1t r 49 v
q, . q (!«X)' R 4 X i '

L ] ) iy

dolving for 19 and 19,

. St w1t g
I & R + X[ » . '
wl‘mrt D F xq = (r+ﬁ)2 +» (xq +X)(.XA+X)006044
_(xd...X) T e it

Alternator terminal voltage and load terminal voltage ancejud.

R s s 0 o d

¢ ] : ] t ) a ]
d+' Vay ' 4 R ¢ ' dy e '
1| a ] ll ? X ' 1 ! ! ! vee 8,45
" B R 1 Ty [ T-”;*-'T
N L S
1

From equation 6,45

and Va1 = € fx(zy + X) w(r +R)3
D

For a given load impedance, the r,m.s. phase current and

eve 6.46

SO A W g

line voltage a-e

- 7§~. = ﬁqu)a » (rsR)2

3
Ve %"‘ /(xr.an)aq- fX(Xq-t-X)-rR( roR )2;

i
0
§ 6,47
0
¢
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MECHANICAL CuNSILEAAT IR} 16

The rbtor structure in a permansnt magnet generator has
to be such th-t it is sound mechanically, efficient magnetical-
ly,,anc 18 simple to manufacture, Maximum reliability under
extrem storago‘and operating environmental conditions and
minimum weight and space for a maximam output are the objectives
for the design of a permanent magnet gensrator, From the
magnetic noint of viow, the optimum deaign has boen discuassed
earlier, Developmnts of the new permanent magnet materiala
involve soms mechanical problems., In the early stages of the
use of alnieco for permanent magnets, the mn_aller nole strmetures
ware of a single shaped casting and the larger units were made
with blocks of magnet materimls bolted to the eentral hub or
shaft, This simple conatruction 13 still used in magﬁ:agneto:

and some medium capacity generators,

There have besn gradual improvements in mdchunical
deosigns to gat the aforesald gbjectives and the latest design
18 shown in figpures 7.1, 7.2, & 7.?13’5, which give the details
of the magnet assembly for a 75 KVA, 28 pole 400 cyecle p.m.
generator, <+“he pole shoe i3 laminated and the inner magnet
ties locating the rectangular blocks of Alnico 8 are in exact
alignment between annular discs of non-magnetic steel, This
13 all cast centrifugally with an aluminium alloy. Centrifugal
casting, besides the usual advantages of riving a denss and
true casting, "allows the partas to be made with adequate
clearance for oasy assembly yet have no clearance after casting”.

The inner magnet Gies are loosely riveted aso that both the



Fig.7.1 (op—left)
A 75 KVA, 28 pole, 1714 r.p.m., 400 eycle rotor
with drive shaft for use as a 2-bearing generator.
The small roter is a 0.1 KW 8-pole, 12,000 r.p.m,

800 cycle generator and the uneastmagnet assembly
for a 0.1 KW, 8 pole, 6,000 r.p.m,, 400 cycle unit,

Flg.7.2 (top-Riget)

75 KVA, 28-pole, 400 cycle rotor magnet assembly,
partially stacked, showing main drive tube with
casting cpenings, inner magnet ties with loose

fit on rivets, magnets in place, and pole shces
tight on the rivets, The nonemagnetic steel
retaining discs hold all parts against centrifugal
foree,

iotor of 6.3 KVA, 60 cycle, generator mounted on
lathe to remove excess aluminjum,
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magnets and inner magnot ties are free to move radially
outward undar the centrifugal force of the casting machine,
thereby maintaining a tight internal magnstic eirecuit during
the casting, In centrifugal casting a special typs of cast
iron mould socures the mugnet assembly, which 18 prehsated to
a enocified temperature, The hot mould 13 mounted on a verti.
cal axis and rotated at high 3pead while %the molt;n aluminium
is poured slowly into the central opening., The mould ia
fillsd fron the gutside toward the gentre unuer pressure by
centrifugal force, If the mould ia correctly designsd, there
816ll bs no bdlow holes in the caating, The 0.1 KW rotor
{llustrated in figure 7.1 ias too smll to cast centrifugally and
othor mana are usad to obtain the deasired tight assambly, The
alr gap in nermnent magnet ganerators is usually small,
compared with that of conventional alternators, .otors of the
pel. genarators should be turned on lathe after casting to
remove th» excess aluminium and finish to a definite diameter,

e figure 7.4.

The nonmagnetle stainleas ateel retalner discas shown
in figure 7,3 reatrain all centrifugal forces so that there

{5 nu atreas in brittls magnetas due either to tension or shear,

Dis casting can also be uaedlﬁ. idotor aasembly is
preheated and dle casting performadhuslng a speclal) casting
die into which molten aluminium 13 forced from one end of the
die to the othar, High die casting pressure ensuras the
abaance of all internsal volda or blow holes, Fig, 7.5 shows

a typleal rotor cunatruction, designed in a basic cage-type
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structure, wvhich is die cast with an alumdnium alloy, In
a 2-pole structure, flanged drive huba are used instead of
{nner magnet tie block and through shaft, as shown in
¥#1ig.7.6.

Aluminium is uesed because of the following reasona:

1, It 18 readily cast within the required temperature
range,

2. It has good mechanical strength propertieas,

3. It 18 e good electric conductor, and thus serves
as a closad turn, aurrounding sach magnet so that
permanent magnet is shielded against the tranaient

demagnetizing forces,

The various critical parts used in the rotor strufture
are made from dies, in a punch preas operation, as it results
in economy in production quantities, To provide maximum
maghetic properties, the alnico 8§ magnets are cast in blocks
and the desired dimensions obtained by gridding. Since all
parts are identical for a given rotor diameter and number
of poles a wide range of outputl ratings can b nmet with by
ad justing astack height,

For p,m, generators operating at high apeeds of the
order of 24,000 I'.p.t., the gutput frequency is limited in a
small rotor by the impoassibility of magnetizing the poles of
opposite polarity, that are vary closely spaced, This 18
overcoms by the unique rotor censtructionl® shown in figure
7.8¢. The permanent magnet and soft ateel poles are placed

alternately arcund the circumforence, Entire rotor is



'
magnetized by a unidirectional radial field and the permanent
magnets are of the same polarity. During the magnetigzing
isplilese, the soft steel poles are saturated but bocoms poles

of a normally fully magnetized rutor,
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.G HAPTERB...

; GQUILE Tu APPLICATIVNG.

B.1. T;,maka a choice between permanent-magnet or a convent.

ional wohhd-fiild generator, it 1s essential to‘consider the

rnlativc marits and demerits of each type for a particular

applicat1¢n. The varieus aspects that should be congidered

are as uulersﬁ)

1., 882% AND WEIGHI.

'I The permanent magnet generators are inhsrently smaller
and lighter than the conventional wound field generators, Gue
to the absence of the exciter and slip rings in the former,
This fact 1a especially marked in very small high apeed units
and in high frequency mltipole designs where the diameter ia
large compared to the axial length, In many engine-generator
applications a 'noebearing' design can be adopted aince the
rotor simply replacea the engine flywheel,

2, cui.

Relatively high cost of Alnico V, used for magnets,
makes the permanent-magnet expensive, Howevar, by laminating
the structure and using punch press instead of machined parts,
the overall cost 18 greatly reduced, In these designs Alnico
is used only as magnet material and not as any connecting or
structural part, Umaller permanent magnet genelators are

mich cheaper than the conventional units complete with exciter,

3. Lu33 ARD BFFICIENCY.

Many electromegnetic machinea are limited i{n ratings
largely by the ahiiity'of the f1eld to dlssipate the heat
loss associated with the windings. Because of the ahsence of
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the field winding, the limiting factor in permansnt magnet
generators will be the armature, Absence of a field winding
reduces the losascs associated with a given machine thus
increasing the efficiency. A 15KVA 220Volts, 3-phass, 60 cycls,
1200 r.p.m, machine has an sfficlency of 82,5 with the electro-
magnet field while the efficliency 1s 90.9% in case of a corres-
ponding permanent magnet generators under the same load condit.
ions, Usually efficiencies range from 75€ for 0.1 KW, 12,000
2,p.M. generator with high windago and friection losses upte
apnroximately 93€ for 1800 r.p.m, units rated at 10 KW or
larger, Apart from the elimination of the actual field powver
’losah the entire exciter losses are also eliminated and,

thus, a higher gverall efficiency is obtained, This makes the

operating cost of a permanont magnet mechine leas,

4, MAINTENANCE:

Maintenance cost of the pormanent magnoet generatora is
highly reduced becaus of the elimination of field windings and
the associated aliperings, commtator and brushes, The rotor
itaslf 1is a s0lid hu-a with no insuiation material and is, thusa,
practically indestructible. Alnicc V ia not demagnetiged by
time or by any normal vibration ¢r heat, The only remaining
wearing parts for which maintenance 18 neceassary, are the
bearings, and that, %oo, when practicable, can be heavy duty
"sealed for life" bearings.

5., BALING. = HEALING.
If the permanent.magnet generators are correctly the
deasigned, almoat no heat is generated in the rotor and usually

tas
atator l1osses are lems, The very small high apeed uni
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are operated completely sealed without exceeding cloas

A temperatures but larger units require reasonable cooling
and vhen onerated with compensators, or on high powsr factor
loads, heating may becoms the limiting factor, Generally
the naxtlnn)capacity of a given unit uauallyag;terndned by

inhorent voltage regulation limitati.n rather than by heating,

APRLICATIuN*118

A permansnt magnet generator is simple and rugged
in construction and finds applications in rockets und guided
| mliasilea where the small sige, light weight, high efficiency,
positive excitation, and abssnce of external excitation with
moving contacts and assocliated radio interfersnge are all of
vital importance and the co s of the generator and difficulty
of voltage control can he sacrificed, Botter voltage control
wiil pérmlt the use of the p.m, genaratora‘in large air craft
applications, The Pells genetutnra ars also used as grounde
support power supplies, emargency pewer supplies, and electrig

conversion unitas,

Some of the interesting applicatiovns that are in actual

operation are detailed as unders

A 18 KVA, 400 cyclo, p.m, generator was being used on a
military anplication and it wa& required to have an additicnal
zl/a'xw, 28 Volt d,c, gonerator with no radio interference.
The d.c. generator was eliminated by a low voltaga 3ephase
Qinding to ihe regulator stator winding and the d.c. was
obtained through recgtifier,

A permanent magnet generator coupled to a liquid -
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monoporpellantfuil-hot gas-turbine forms a unit that provides
nlectric and mechanical power completely independdnt of the
missilets main power plant and fuel syatem. Temperature
comensation of the generator rotor, gives the generator cutput
voltage relatively constant ovar the extrems temperature.

conditions imnosed by highwspeed snd high-attitude flight,

Another hot-gas turbinewalternztor power unit uses a
s01id propellant, It consists essentially of a solid rocket
propollant, an impulse turbine, a p.m, alternatoer, and an
elegtromagnetic control system able tg withatand long term
storage and insensitive to‘vibration, ahdck, and all air§born
environmsntal conditicns, The unit is a light weight source

of electric energy,

A 1l KW, 8<nole p.m, gonerator in a truck referigeration
unit is anotter intsresting application, where the rotor becoms
the engine flywhael and It in turn drives the refrigeraticn
comprasagr by a semiflexibdle cuupling, The generator supplies
a 3.phase induction motor-driven svaporator blowers in large
semitratlers and aiao supplies single~phaas powsr for charging
battery, Light weight, short axial length, no brushes, the
ability to generate power at any spoed are the critical require-
mnta, Positive excitation 4is nocessary since generator fallure

could result in 1loas of fefrigorated cargo,

A dual motor-generator aot consisting of a permanent
magnet generator normelly driven by an induction motor but with
a d,c, mtor on the sams shaft for emsrgency service from

battery power, is used in microwave relaystations, Where a
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raintenanes £reo powdP unit that will transfer from norml
to thy storndy powor uith perfect voltage continuity and
nozligiblo chango in froquoney is required, D, C, fleld 18
portd 2y omeitod and motor brashoas aro cantinu@uely anore
gdcod but they are hold off the conrutator by asolonoids to
prevent war, Vhen Sransforing to d.,c. powor, tho brushes
are droppad and tho f101d inercased to normal, Tho rotor
inortd poovento an objectionable drop in opaod that may
0 thora during th? tranofor £rom ono osourcoe to ancthar,

If nocoooary, flywhool also may be added to ths retor,
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This chapter deals with the experimental study of the
behaviour of a small sallent pole single phase psrmanent
| magnet gsnerator of the U,8, Army Signal Corps available in
the Blectrical Enginearing Department, University of Hooriee,
Rgorkee, The gonerator was originally coupled to Q gaaoline
. engine designed to run at a apewd of 3600 r'.p.m. %0 as to
generate alternating voltage at a frequency of 60 cycles per
second, The gesoline engine was raplaced by a D,C. metor
and the coupling waa provided through belt and pully
arrangement, The generator was run at a speed of 3000 r.p.m.

s0 that 1t generated a.c, at 80 C.p.a. Specifications of the
2t ares

(1) AaCa GENBRAIVR
' vutput «» 300 watts

Voltage vo 240 volts

Full load current . 1,28 ampa.,

frequency .. 60 c.p.s.

spoaed " s 3600 r.pem

Rotor «¢ Parmanent Magnet

Stabor wound for asingle phase sunply.

(11) R.C, MTOR  (FUNT)
futput .o 5 H.P,
Voltage e 220 Volta
Current es 80 mmpS3,

8peod »¢ 1450 r.pim



[}
(111) CQUPLING  Belt and pully
Pig, 9,11 shows tho arrangemnt of the experimental
st,

In addition to the other instruments the cambridge
6-0lamnt oscilliograph was used for recording the transients,

The esssntial parts of tho osecillograph are:

1, Blectromagnetie Vibrator
2. Optical aystem

3. Commtator

4, Drum Camera

6. Motor and Control :iheostat

Center or opening section cbntrela aimltaneously the
operation of the relay and the opening of the shutter, The
position of the center ssegment in relation to the camera
driving plats is determined by the sstting of the apesd
seale which should be adjuated to the c‘amara apsed being
used, Thia sgale uféanbrated that at all spesds the Camera
may be retarded in relatiun to the opening segment by an
amount which snsures that leading edge of .the film arrives
at the shutter aperture just aa the shutter opens, when
the exposs button is pressed, the commtator takes the
control and onergises the open magnet at the correct inatant
and the relay operstes, The shutter moves up intc its open
or middle position where it atays during the recording period,
The Commatator then energises the closs magnet and shutter
sovés up in to its closed or upper position, The mechanisnm

is adjusted to work from 40 r.p.m. to 1500 r.p.om
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Current and voltage signals wesre fed raspectively to
vibrator 6 and 4, Por 'switching in' transiznt records
and sudden short circuit on the genarator, the cirpuit was
closed through a contact relay *K', ana the commutator adjusted
for 120°, '3witching off' transient records were taken, by
opsning the circuit manually and cummtator was adjusted
for 360°, This had to be done bscause the opening time of

the relay and that of ths shutter were not in corre spondence,

9.2,
The following teats vere parformed to study the
behaviour of th: p.m, generator;
1. tegulation on different powsr factor loads,
2, Determinaticn of the michine constants Xq and Xq.
3. Behaviour of the generator whon full load is
auddenly '"switched &q' or 'awitched off!,
4. Sadden szhort circuit on the gensrator,

Circult diagram for the teast 43 shown in figure 9,1,

9.2.1. ABQULATION QN DIFFERERT _PQUWEH FACIOU LyaD3...

(éi AT 131 J LY N (Etmml..mm_‘.
! Current(Amps) ' Voltage (Volts) .

0 212

0.4 195

0.88 177

1.00 168

1.10 161

1.20 | 158

1,258 185

Contd, .,
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Current ' Yoltage
LABRRA Y {Yalta)

]

;

'o1.38 150

' 1.40 148 X

'1,80 140 '

: o
: Cu#ront : gg:&gi; : :
r0 a1z ¢
' 0.8 a1 !
v 1,08 189 v
' 1,38 184
' 1,36 w2
' 1.48 179
' 1,68 75
' 1.88 o !

¢ Curront ! Voltage

]
t__(Apns) t (Ugltay ¢

' 0 212 :
' 0.2 226 !
' 0.81 239
' 1,08 268
v 1,13 267 9
¢ 1,33 2717 !

The regulation curves sre shown in figure 9,2. Hegulation

of the generator ias not good,
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It was observed that wvhen the zero p.f. lagging load
vas removed, the open circuit voltage was 209 instead of
212, and when the capacitive lgad was remgved, the open
circuit voltage was found to be 214, inatead of 212, This
is dus to the fact, that armature reaction dus to highly
lagging load has a strong demegnetizing effect and the
peruanent magnet is demagnetized to some extent, The arumature
reaction due to highly leading luad has the magnetizing
effect and the generator 1s thus magnetigzed. Further, it
scems that the type of matqrial ussd as permanent magnat in
this genergtor is not of high quality because a guod material
would not chonge its magnetic strength in such a short tims,
This point {8 furthsr supported by the fact that when the
generator was teated by the author, it géneratﬁd 220 volts
on opén elrcuit at 50 c,.p.8, in tho boglnning and later on
the open ﬁircuit voltage dropned down to 212 volta,

It was shown {n Chapter 4 equation 4.8, that the p,m,,
generator excitation incroases with the armature reoaction
thua changing the induced voltage Eg, Thialpseularity of
the p,m, generator may be talmn intoc account by sither of the
following methoal0s18,

i, The reactance of armature reaction (Xuq) is defined
as that for an tlectfomagnatic machine and Eg ia tho true
excitation voltage, the no load voltage correeponding to the

mein fleld a.m.f, and is as glven by equation 4.5,

2. The excitation voltage Eg is taken to be the no 1load






voltage Ey; and the reactance of the armature reaction is
reduced below that value, calculated as if the machine were
electromagnetically excited by a factor involving the magnetic

eircuit constants,

The former concept was used vwhile deriving expressions
for various reactances, from equivalent magnetic circuit of
the p.m. generator discusaed in Chapter 4, The latter methed
has the advantags that for a particular atabllisation, Eg 1s
independent of loadw, and had, thorsfore, been used in the
expsrimental determination of the constants Xg and g0

Most of the tests thut are normally applied to convente.
ionel wound fleld genmerators wer¢ not spplicable to p.m,
generator because ita fleld could not be awitched off or varled,
Steady state short circult test was the only conventional tast
that could be applied at full excitatlon, X4 and X, were
determined by staeady astate load test, Xy was also detormined
by atoady state short circuit teat,

Figure 9,3 shows the Blondsl - two reaction disgram for

a aynchronous gensrator. It gan be scen from the diasgran,

IE -V - I o !
N Vg + FIg | 0 er 9.1,
q

whare suffixes 4 and q stand for direct and quadrature

axls and r 1s the resiatance of the armature,

In order to reduce the cross-saturation effects, the
load phase angle waas adjusted ao that part of the current

was in the required axis. Thus for mrasuring Xy9 B30T0 pefe
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(lagging) losd was uad ard for measuring xq, Uspefs load was
used, The shift botween the no load voltage and terminal
voltage of the gensrator when delivering full load current at
required power factors was seen on a C,d.0., This shift is a

measure of the load sngle ., From figure 9,3,

vq.v cos
Va = V Bing
IquICos(5+6)
Ig » I sin (44 @)

L X N 9.8

FENE I JURE WO IR T DG

where @ = load p.f. angle
Using equations 9,1 and 9,8, Xa and xq can be determined,

JEADY ST ALE LAJAD TEHD
Hesistance of the generator was found to be 9 ohns,

VBB o IVAD

& = 312 Volits

V = 184 Volta

I = 1.28 Amps

« 32,4°

=0

Vaw 184 8in 32,4° = 98,4 volts

Ta= 1.28 Sin 32.4° « 0.674 Amps,
I,= 1.28 Cos 32,47 = 1,08 Ampa,
. o qu W = 92 _ohna

~GBH0 RoEa CLAGGING) J0AD.,
The angle in this cass was s0 small thmt it could

not bse measured, In this ca#e, however, the numerical
difference € ~ V could be taken =as the IZ drop, #0 that X4



could be cealculated from 2%,

E = 213 volts
V = 186 volts
I ax1,26 Amps,
1%« 57 Volts

z2 s 3

P —— - ‘5.5 th.

L J

X4 = /48,8 = 9° = 44,4 _ghnma

WWM
B = 213 Volts

I1go=4.9 amps,
2w 312 | 23,4 ohas,

4.9

Xgw /%28-r2 = 42,6 ghns

The resalts are tabulated in table 9.1.
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¢ "Numericallp,U,values dn
Machine conatsnt' Method ' value *the basia of
! 'Cohma) !
Armature resist. ’Ohn'a lav ' 9 ' 0.0538
ance i ' '
"- L | ] 1
Xq 'St‘.aady atatc 44.4 ' 0.264
' '3Stogdy atate '
' shgrt ctrcu,m 42.6 : 0.252

'B‘lﬂ&

'meady atate 99 ohu? 0.583

:load taagt
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9.2.3, MIICHING THARSIENT G, ..

Cambridge electromaghetioc oscilloscope was used for

recording the awitching tranasients,

Figure 9,4 shows the voltage (I) and Current (II)
wave forma when full load'dg unity power factor was suddenly
switched on, The voltage signal apnlied to the vibrator
of the oscilloscop® was talen from the load terminals., The
voltage across the logad bacomes steady almoit instantly.
Current becomes steady in 0,029 secunds, +‘he maximum value
of the current reached during the trunsient feried is 2,26
time the r.m.8. value of the steady utate current (1,28 Amps,)

Figure p.slahowa the voltage (I)‘and Current (II) wave
forms when full load at zero p.f. (lagging) was suddenly
applied and tho vibrator was given voltage signal from
generator terminals., Voltage becomes steady in 0,01 secgnds
and the maxioum value during the transient pﬁ:ﬁ'iOd ias only
1.70 times the r.m, s, value of the steady state voltage, The
current becomes steady in 0,082 seconds and maximum value of
the curreant during the transient peripd is 2,69 times the

r.m, 3, value of the steady atate current (1,35 Amps.).

Figures 9,6 and 9,7 are the voltage and current wave
forma for suddenly applied load reapsctively at u,p.f, and
zero p.f. (lagging), but ths vidbrator was now excited from
the generator terminals. The records reveal the following

informations

Figure 9,6 (u.p.f.): veltayge becomes steady gradually

to the new value in 0,01 seconda and current atbainn‘its



Flga2.4(tan)

VYoltag” (I) and cucsent (IT) war forms when
full load at u.p.f. is suddonly switched on.
(Voltage sign.l from load terminala).

Flea2.8(duttom)

Volta= (I) i cusrent (IX) wave forma when
full loau st 28r0 n.f. (1:g) is suddenly
switehod on,.(Vol.age signal from load terminalas)
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Elg.2.8(tep)

Volti e (I) and cusrent (IXI) wave forms when
full load at u.p.f. 13 suddenly awitched on,
(Vultage signal from generator terminalas).

Elc.9.2(bottom)

Voltage (I) and current (II) wave forms when
full load at gzero p.f. (lag) 1s asuddenly
switched on, (Voltage signal from generator
terminals),




Eig.2.8(ton)

Voltage (I) and current (II) wave forms when
full load at u.p.f. is suddenly thrown off.
(Voltage signal from generator terminala).

Eig.0.9(bottom

Voltage (I) and current (II) wave forms when
full loed at zero p.f. (lag) 1s suddenly
thrown off, (Voltage signal from generator
terminalsa).
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steady state value (r,m.s,) in 0,0423 aseconds with maximam

value equal to 2,47 timis the steady state c,.m,3. value,

Fipure 2,7 (z2ro p.fe. lagping): Voltage bocomes steady
gradually to the new walue in 0,02 seconds and current attains
its steady atate r.m,3. value in 0.021 seconds with max. value
during transient equal to 2,67 times the astsady atate r,m, s,
value, It can be seen from the afurosald cesults that tim
taken by the current to reach ateady state value for eith:-r
u.p.f, load or zere n,.f, load for the two cases (Voltaze
signal obtained frum lyad turminals and genorastor terminala)
1g differsnt, Thias 13 due tu the fact that load waa prubably

not awitchod on ths asume inatant,

Figures 0,8 urd 9.9 are the oscillogrums for the leuda
having bsen suddenly thiouwn off at u,p.f, and zero p.f.(lagsing)
respactively, In both the csses the current dies instuntly.

The voltazgd i3 asteady to the opsn circuit wvalue in 0.0l aecunis,

n,3.4, JADDLN_SHyil CL.CUIt...

Application of sudden short circuit to the machin® mke s
the current short initlally to 2.4 times the r, m,3, steady
atate short circult current (4,9 Amps,)., The short circuit

current becomes atealdy in 0,03 asconda (Fig.2.10).
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. CHAPTER. ..

eV NCLUSION 3.

Permanant magnet gensrators are assuming an important rcle
for the portable and air craft applications, as they offer a
substantial reduction in weight and space and are more efficlent
and reliable than conventional synchronous genereters, Originally
the use of p,m, generators was limited only to small sigzed units
but with the develonment of dispersion-hardening alloys typified
by the Alnico group, higher KVA units of the grder of 75-100 KVA

have bsen made,

permanent magnet generators ygperate on minor hysteresis
logp that can approximately be replaced by a straight line,
called the recoil line, so that the generatof characteristics
remains fixed, the permansnt magnet must gperate on &:particular
line of return, To obtain thils objective, the magnet should
be astabilized for certain demagnetizing m.m.f. Application of
a demagnetizing m.m.f;, smaller than the stabilizing m.m.f., will

not demagnatize the magnet further,

The permanent magnets can ba stabllized either by taking
the rotor 'out of assambly! (alr stabiligation) or by kseping
the roter 'in assembly' and subjscting it te the expacted
vaximm demagnetizing force. Air stabilizatlion 13 used in
applications where rotor may have to be taken out of aszembly
very frequently, Modern machines are short circuit stabilized
because alr stabilization offers a weight pemalty, as explained

1n Chapter 2.

The rotor can ba magnetized by coils arcund the poles,



direct curront in the armature, leading power factor lgada or
magnetizing Jig. To assure complete saturation, the magnetizing

m.m.f. should be approximately five timos the pruduct of Hy and

magnet length,

Design of the field system of the generator depends upon
the type of stabilization to b2 used, The general output equaticn
of a conventional synchroncus generator 1s applicable also to the
p.Mm. generator., The air gap in the machine i, kept as small as
pcssible, Short circuit ratio of the p.m, generator -ta high
and ranges between 1,5 to 2.8. .
..

To shield the permanent magnet againat tranafent demagnetiz-
ing forces, the poles should either be cast in aluminium or

copper plated. This reduces also the negative sequence reactance,

Perfect voltiage control of p.m. generators can not be
obtained as tho excitation of the system can not be varied,
The generators can be designed to have good inherent voltage
regulaticn but improvemsnts can be made by the use of a toroidal

back winding in the stator,

An analysis of a p.m. ganeratof can be made in the sams
way as that in a conventional weound field generator, the
permanent magnet rield being replaced by an equivalent electrce
magnetic field with a constant flctitious fiel1d current, The
operation of the p.,m, gonerator can also bs raepresanted by
equivalent magnetic circult having eithsr a constant m,m,.f,
gource Fo or constant flux scurce ¢,. The equivalent magnetic

circuit 13 holpful in deriving the expreasicns for machine
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reactances X3, X3' and X349 Appendix II gives values of machine
paramters for p,m, generator for different capacities and that

for synchrcnous generators,

Methodg for determining xq, normally anplicable to
conventional wound field genserators are not applicable to p.m.
generators, Both X4 and X, can be determined from the direct
load test in which the load angle 5. 18 measured. The calculate
iuns are done with the help of Blondel'as diagranm, X4 can also
be determined from steady state short circult test, The test
results on the experimental p.m, generateor show that the values
of Xg obtained from both the methods agree with each other, The
diserepancy in the two results is due to the fact that the
angle 5 , in the former method, could not be moasured accurately
when the generator was loaded for zero p.f, loads. X, is found
to be lower than Xqe This 1a due to the fact that the recoil

permsability of the permanent magnet materials is quite low.

Transient records on the experimental p.m. generator show
that the steady astate conditions are obtained quickly and this in
fact 13 a desirable feature for machines 1ike 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 experimsntal gemerator, the
current becamé ateady in 0,029 seconds with the peak value during
the transient equal to 2,26 timeas the r,m,3, value of the sateady
state current, Similarly for the gero p.,f. loads, the time taken
was 0,052 seconds and the max, value of current reachsd was 2,69
times the r,m,s, value of the asteady state current, Voltage

across the load becams steady almost instantly. Switching in
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transients wers recorded again with the voltage aignal taken
from generator terminals, Voltage became steady to the new
valus 1in 0,0lseconds in case of p.f, load and in 0,02 seconds
ir case of zero p.f. load, A discrepancy in time taken by the
current to bacome steady and the max, value of the current in
the two cazes (signal voltage taken from load and generator
terminals) was cobserved, This may ba due to the fact that the
switching was, probably, not done at the same instant, When
the load 1s thrown off, the current dies almost instantly and
the voltage gradually rises to the new value in 0,01 secends,
When the machine was suddenly short circuited, the steady state
short eircuit current was attained in 0,03 seccnds and the
maximum value of the current during the transient period was
2.4 times the r,m,s8, value of the steady state short eircuit

current.,

A thorough analysis of the p.nm, generator in transient
state has yet to be done, It is felt that investigatiocn of
better permanent magnet materlals and better voltage control
methods can maks the machine comparable with large power

units of the wound field type,



,..APPENDIX.I... 133

Using figure3.s” the abscissa values Fp and F3'of the
inter-section points 2, between tho straight lines Ry and mp,
and 3. petween the straight line Ry and the main demagnetization
curve Mg,, can be calculated as functions of the shape factor S
and parameter K, After simplifications and introduction of

the terms

Z2 = (8/5%)/K
b ':: Alﬂ_Hc/Br ceon es e I«l

/Mg 18 always a negative value, therefore b 1s always

negative, The final relation for ¢ li'g/rt‘3 reads

2 - b/k

= m:s-)—— (1 + 2+ /(14-2;5 - 482 )

Using figure3.6, the absclssa values Fp and Fa of the
intersection points 2, between the straight lines Ry, and mg,
and 3, batween the shifting auxiliary line Ra, connecting
points 2 and O, and the main demagnetization curve Mg,, can
be calculated as functions of the shape factor 8 and C. After
simplifications and introduction of the term b, according to
equation I.l the final relation for )( = I5.2-- reads

1

) , 2
" 503 Tn) [ C(1+b)+(1-b %)(1“"3; )+/ C(1+0)+(1-nR) (A+:) =

4ab [ C+(a-b —é‘)] | c-(1- 330)]] .12
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