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ABSTRACT: - ’
. Starting of. Syncflu'onous Motors. \
T L v .- Disital 'Sjm]ati_on -
~ s ; ’ o \ ‘ ‘ N ' . ' .
. Boutros AlBer'c NADER et
Tnere 1s an increasing tendancy for industrial
'plants located 1n remote areas to expand- and lncrease their

pr'oductivity As an irrmediate consequenoe, largs electrical

< .
systems will be .’mst:alled and an important pam:,ef these new

' systems will consist of large hox\sepower electrical motors.

Among large motors, the syncl?ronous type has almost. no compe— '

titor; this 1s the reason why ’chese expandihg plants will see.

big syncpronous motor:s installed on their electrical power

Y

: \\ system which is not alwys capable of handling such loads.

.a . u. .

The objective of this work is to produce a

‘ nathematica’l equivalent for the synchronous motor that will
enable. an easy, accurate and precise analysis of any system

. . eonta_'lning such machines:. Very few a_sswntions have been made
in order to h_awé as ‘close representation as possible; how-

: . . 4 ! .
on the starting and synchronizing sequence of these motors,

4

ever 1t will be foud that most of ‘the emphasis has.been placed .

. -
. N

e e e
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“ption is given in section F. Afber. the implementation -on

- ’ .
, .
. : ’ -
' .
P '

* since mpst of the probiems encounteredrare related to this

. specific sequence of the operation.

¢

| Therefore the first thrae sections give the
vérioué r-ep'reséritations of a synchronous motor; the fourth .
section is éan -explanation and a qualitative analysis of

the synchronization mechanism The fif’ch section introduces
the equaticns that will 1ead to a digital computer repre-

sentation. The electrical power system mathematical descri-

the digital computer (section G ) of the motor which para-

~ peters are given in séction H; appropriate computer runs

are presented followed by .a discussion in section K, which

shows the adequacy of the descripti £ and implementation.

1

., Due to the largeness of the subject treated,

A deep 1mtestigat;lon of the interaction that exi‘sts between .

two Org more synchronous motors and the electr:tca.l system " '
assbciated with was not possible, however a brief int;oductmn

to this interesting subject was mentioned.

pt

[
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. A) MATHEMATICAL DESCRIPTION OF A

smcrmonwsmcmm P :

1) GENERAL |

Synchronous mchln;:ge:erally consists of rotbr and =
stator ‘In relative motf\ and rather dif'ferent 1n structure.. The . |
followi.ng mtharatical theory is developped from the f.‘imdamental

starting poin‘c that fhe machine consists of several inductively

coupled circuits, the self and mutual inductances of which vary -
periodically with the angular position of the rotor. .
\A three phase sa.lient pole machine without amortisseur ,

winding will be first considered;.after: developing the theory
addition of the amrtisseur windings will come to complete sthe |
+

description of the machine The magnetic surfaces ar-e assurned to

be smooth so that slot ef‘feéts could be neglected, and iron loss

.and. saturation could be ’heglected as well Such-a machine has then / '

four windings, 'che field winding ane f;hr'ee armature phase windings.

-

The instantanecus terminal- volfage of .any cne o;‘ these
windings may be written in the form: : : o
B » — -
' VzR. 1+ & ‘ ( - °

Where: ” R 1s the resista.nce of the winding
R | istheqm'entinthewinding

W i3 ' 4 - !

] { ’ - s
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4 .

+

L3

followlng expressions:

i
.

-

7

3 4 Y &‘

»

.-

" @ 1is the flux linkage of the winding, which depends

upon 'che self-inductance of the w:l.nding the

'mitual inductances between it'and other windings

S a‘ﬁd_&hé currents in all the coupled windings;
’

-

.V is ’cﬁe vol’cag“e'acrpss the winding.

fe: @=FL.I. .

W
4

© If we give to the three armature wlndings the subscripts
a, b, c; and to the field winding the subscript p ¥ equation (1)

5

yields to the following set of equations . ST

T VR, + %%‘:l o Y *
Vp=RI, 4 %%1’5- i | h L (@)
ch—_-.R."Ic + —g—%—g ‘ o « ° (20)

Rf the field resistance SNt

The four fluxes mentioned In equations (2) have the .

’

D)

Loy -Tp+Lae-Te + Dyp-Tp o 1(38)

® @{-Laa.:ra +
O Ty Iy Tyt T F I Ty ()
Qc Lca.Ia“‘ ch Ib‘I‘Lcc.Ic-_}- ch"If - (3¢)

. W‘ner-e R. represents bhe resistance of each of the armature
J phase and ’

@F Loy To + Loy Tt LpeTo ot Log Tpe e

.
f

B
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; It 1s however possible to solve the 4d1fféren’cial equa-
tions (2) to find the éqn‘ents for any glven terminal voltages by
expressing the j.ndti'ctz;ncé's in terms of tf:e* angular pos‘ition of. the
rotor defined as @, which\éhanges with time, thus '

) 9=W.t+ 8

- "

Where W is the angular speed, which for- present purposes

~

< may be considered co\t and 90 is the initial value of 8
) o Al(‘ N L W

A

_\9\/%‘;7:* o

Qxis

, phnu b’
Re\ (N
phase’e’ . N
. (, - -~ Suadrature
s N / P ax|s .
| . Convention for phase and rotor rotations

Fig~-1- ‘
From Plg-1-fwe can then define O as being the angle by
which the direct a.xiso o;‘ the field has turned beyond the axis' of
armature phase a, .
The self mdﬁctancev of each armature phase 1s always
‘positive but varies with the position of the rotor. It is greatest
when tl’L d-axis of the ~field coincides with the ax:ls of the armature

phase, and least when. q-axls of the f1e1d coincides with it.



~7

$

\ - (in absolutk value) when d-axis of the field lies mlidway between

v 6
/

—~

We can write the expression of the inductance for:phase

a for example: . » :
Pt
Laa = Lo+ I.kn.co.SZO

L4 >
~

e mutual inductance between two armature phases varies

with the position of the field, is always negative and is greatest

the axis of one phase and the reversed axis of the other phadse. .
The equation could then be written for exémple for the mutual
. ¢
.+~ betWREM phases. a and b:.

Y

v

-

. o
Lab.-. -Ms-I_m‘cgs 2(8 +30‘ )

Fli%ures 2 & 2a show the variation of the armature self

L

. K < °
and mutual Inductances as a function of the rotor position. 5
- v °
. 3.5 .
f 3-0 ) ’ v ‘ o7
- i, 5 E
‘ Vo~ 2.0 oY - y
S ¢ C E 1-5u l‘b \ g
- u ' . ' ' ‘ ' - ) .
10 L
v .o . .
o v) 0‘5 4 hd
0.0 — — . .-
» ' ) v - . .
. .30 60 90 120 150 180
‘ /- ' . ‘ Angle of direct axls from phase a axis | *
v ) - s . ’
. s \Variation of armature self-inductance
. : Sl Y
) . - a ‘ /

o S i S
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» N
o - -
Fotmme g

I e N T T

.
" —7- R -
Ty
3
N 2.0 '
-2
'g/« -1.5
I
£ -1.0
— s
g "005 s
-‘5 .
>3 -0.0 =
cR 6 50 1 15 160 ~
. Angle of direct axls from phase a axis *°
Y 3’. -« (j‘;
' Variation of armature mutual-inductance
. Pig-za~-
The sel(-—inductance of the field winding is constant
T J ‘
and& is fdenoted‘by Lﬁ.. ‘ .
S— The mutual inductance between the field windjing and the -
three armature windings is greatest when the d of the fleld .

colncides with the axis of the armature winding phage.

Laf-:; Lfa - Mf.cose .

-

We are now able to write th& expressions of the seli?

and mutual inductances of the four windings under consideration.

. Laa = Ls + I.m.cos29

Lp = Lg + L .cos(20+120°)

0
Lie = Lg + I.m.cos(20-120 )
Lep = Lep

< g

!

S




¢ Yoo
\ i -
/ . -B8-
'e U" . ’ . < . ‘ S
L aeM - (26 =120°) ’
Lab = Ly = =M Ly cos(26 -
- & Le = Lop. = =My - Ly cos(28)c
L { . oy .
) Lg = Lo = =My - Ly cos(b29+120 ) .
» “ kY
% Laf - Lfa - Mfc:fase -
. e = Ly =
) ‘ SRR OV
b -4’6‘ .
v > We can now substitute the values of‘ the inductances *
intg equations (3) to obtain the follow:lng expressions for the flux
linkages: . g ' ‘
el , , . o)
' o \ (Da: (Ls+ meos?.’G) .Ia+ [-M5+Lhcos(?9 ~120 )]‘Ib
’ ‘ *“— - : ' O .
- - ¢ M 4L cos(26 +120%)] .1+ (Mocose].Ie, (4a)
) [+ Leos(26 -120)] 1L+ 1y cos(204120)] .1,
. ' " —M + I.mcos.?G_\ I +[M cos(8 120)_] e , (Ub)

9 = (—MS-(— meos(-ZQ +120)

I-\{M +L 0.0529_] Ib

+ [Ls+ meos(EO -1

0, = [mecose].1, Mpcos(o -120)]. I,
k *[Mfcos(g +Z!.20)3.Ic+-Lfr.I

=
it

f

. If we now assume that the VOltag;es impressed cn the four
w.’mdings are knowh as function of ti.me and that expressions are
wanted for currents as functiond of time; four differential equatiéns
are then needed which Havamo unkncwns except the f’our currents and

~ their time derivatives To obtain such %uations, we can assume that

’

¢ \
\

I Mpcos (8 ¢120)] T, (Be)

4(&@)'

L A . . T T &»A:memm

ey




the ‘lspeed W can be consiéiered, constant. The resulting equations

are then very complicated as can be noticed from the expression

\ A
of the voltage Va.

= \: R - 2WL sin2(Wt+ )] I, \2w1, sin(2Wt +20 - 120)] I
’ -Y2WL sin(2Wt1-29 +120)] I, {WMfsin(Wti-e )] Ty

[L f L cosE(Wt-\-G S5 - [M +L,_cos(2Wt +26_ ~120)] .52
YM +L cos(2Wt+ 20_+120)]. +[M co'=(Wt+ 8 )]
/
» ’ ’ 1 4
\
’ "
. 2
L. J
s ! )
&
2 ”l



<) PARK'S TRANSFORMATION

-

To simplify the equations of tﬁe synchronous machines;
a set of fictitious currents, voltages and flux linkages could be

considered. The new variables will be a function

actual currents, i -

;voltages and fluxes; and may then be sol‘}‘e‘d as ctions of time.

but the particular substitution in this dase 1s based on physical

reasoning and the substituted variables could be cons

ed as having =
a physical interpretation. - .
‘ Let us replace the actual currents Ia, Ib and Ic by the ' N,

. . 1
following set 'of currents Id, 19 and IO; such that: .
- 1, = 1%o0s6-1%ine +1° - T s ‘o

I = 1%0s(0 ~120) — I%1in(6 -120) 4 I° (50). ,
d a ° !
I, = Ips(8.+120) — I%sin(e +120)+1° (5¢) - o
4, t E
I, stays%changéd but can be noted as I (d) . p
L . b
1

The transformation matrix could then be written:

.

§ ‘ »
I N < L_‘ .
« - oA -~
v cose " sing _ 1/2
C= " ..g.. 00s(8 +120) sin(@ -120) 172 X
cos(8 +120) sin(6+120) 172 - ] oo
r ’ . ) .
- ? ¥ rd <
‘. LY




It is found that the matrix C is orthogonal det(C)- - .

and C is identical to the transpose of C .

Physical interpretation of Park's transformation
\

The mmf of each armature phase, being sinusoidally distri-.

- buted in 'spaceQ may be r'epr;esented by a vector having the phase a.xis .
forvdj_r'ec\tiOn and a} magn.itudé proportional t?) mstantanequs phase. ’

cur;c-ent. '

- The combined mmf of the thrée phases may be represented

by a vectorf sum of the phase rrmf vectors, the projection of which

on the f:f;,ydnrect and quadrature axis are equal to the sum of —_
‘“the pro,jections of the phase mmf vectors on the respective ast ’ a

At this stage we would accepf the fact that 2/3 is-nothing

-

- but an arbitrary constant. | q ‘ o

L

°©

- We may ther'efc;re“ bonplude by sa,ying that: -
# I.G3 may be fmterpretéd as the insténteneous current in a fictitious
aI'mabure w.‘m&.ng which rotates at the same speed as the *"ield winding
~and rema.ins in such a position ‘that this wjndihe; axis always coincides

with the direct axis of the I‘ield The value of Id being such that

S ‘;it gives the same mmf on this axis as do the thr'ee actual instanta- - -

4

neous phase currents flowing in the actual a:rmature windings.

o Iq may be defined as 9

but refer’r'ing to the field quadr'ature axis
» 10 1s identical to the zero , sequence cx.n'*en‘t, except that it 1s
. an instantaneous value, arnd is defihed as a_function of the instant-

aneous phase currents. It is wpr"chwil t0 note that 1° gives no . ’ "

. T4

e a b m e -



L .

armature windings in which I

[ O S T o7

space-—ﬁmdamen‘cal air gap flux .\
We will see that the flux linkages of the ﬁctitious

’ It 1s jmpor*tan’t to note at this stage that the mmf's

created by the two currents Id and 19 are stationary with respect

to theé rotor position and therefore act on paths of, constant permeance

3
1

inglependent of the rotor position.

3
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d and 79 fMow are 04 and 2, reSpectively'

T wWe may then deduce that the correspondn.ng :mductances Ld and L are
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a0 . }
V R.I+ —= dt .
‘The voltages in the hew reference frame will be given -
”
by the followjng relation -—
1 v Vd’q,g (’Va’b,c).(c )
We then obtain:
f\ Vd - 2/3 [ v cose + Vbcos(Q 120) + A cos(@ +l20)]
- V, == 2/3 [ V518 + V,s1n(6-120) 4 V,stn ,9+120)]
Vo= 173 [va+vb+ VC] |
o & R 4 '
Substituting in equations (2), we obtain; i
N . ‘ 1.
. a ﬁl, d @ _ .
- V4 = RI & W.0, _ (6a) :
. q deq - N
: Vg = RIN &+ G v, . (6b) ,
" . 0 ddo ; S :
Y-VO = R.I° + at - (60) 3 . ;

Dlséussmn : . _ ..

e e it s s e e e e .

. » .
ﬁw ~
' .

-13~

s -

3) CIRCUIT EQUATIONS IN TERMS OF PARK'S VARTABLES -

~ Although the reference systems are nbt the same, the

form of the equitions will remain unchanged; and we will still

have the following form for the voltage relationship

The expressions of the curTefﬁts are given in equations (5).

-~ A}
. - ¢
?

N

The presence of the two terms W. Q and-W. Q in the expres—

sions of Vq and v a respectively demands a.physical interpretation. ‘

.
oo
.
.
.




o

) \ N ' . ‘ Al -
As was seen before.the currents 19 and 12 were the currents in the

Tictitious stator windings that are -rotating at the same speed as. _

* the rotor,. that give the same mf's as the armature currénts in the

3

annat\me windings. . ‘
The same effect (in be obtained by npdifying phvsically
the machine; let the armature wjrxd_mg be stationary and a closed

circult with 4 commutator on which rest brushes that rotate wi‘ch'

the field, ie: the rotor. The magnetic axis of the stator will .coincide

¢
1)

with the 5rush axis. .Id may then be interpreted as” thef':culfrent
_entering and leaving the armature through a pair of brushes which are
aligned with the direct axis of the field; smlg;riy 19 witl rhow _
through another pair of brushes aligned Wigh the quadrature axis of

the fleld. This physical interpretation ill still be true as far

OP‘

as the voltages are concerned. The two terms w ® and*)k(b may be
regarded as conponem:s of applied voltages r’equjred to balance the
speed voltages the speed voltages across each pair of br'ushes is’

proportional to the flux on the axis 90° 'a.head ori the bm;h axis.
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B) DIFFERENT MODELS OF THE ACTUAL

" SYNCHRONOUS MACHINE

. 4 ' :
1) THE MATHEMATICAL MODEL - .

We will assume that the ddmper windings can be lumped !

o - ’
into two windings, one in the direct axis of the field and the .

second&n the quadrature axis. Therefore we are able to write the
b

flux. linkages re/1~ations for é synchronous machine having damper -
.windings.
V,we R.I° + d - .0, (72) A
Vg = Rp® 4 D yve, (7p)
Vi = Bl &S S e
‘qu = ch}qu + g%gg | | ¢7d)
~ v, = R.1' + & - (Te) - ,

Vig am,jviq are the voltages across the direct axis )
damper windings and the quadrature axis damper winding respectively. =~
It is agreed that these two voltages are” equal to zero since the

damper windings are normally short-circuited.

n As we will consider the supply to the synchronous machine
to havesbalanced phase voltages, it 1s convinient to assume that the

L 3
s Zero-sequence voltage 7ﬁowrxpmnem: VO will be also equal to 0. . .

2 s

I




-16-

At this stage,if 15 considered that the saturatiom of ..

~ the field iron could be neglected and that there is

flux in the armature iron. -
- »>
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2) TENSOR REPRESENTATION OF SYNCHRONOUS MACHINES S o ,' . &
Without going throlgh all the algebrhic and trigonametric
work required to proové the come}:teness of the following equalities,
we will just note the results o T

We will. first define the quantities below

3 Lgi : D:Lrect—axis synchronous inductance.
Lq“r 'Quadratuf'%axis synehronous inductance. o “‘,.

-~ - Lkd Djrect*axgé:gmmer windjnz‘synchronous inductance.

L q Quadrature-axis damper winding synchronous inductance.
L

p : Field winding synchronous inductance .- NN

, Note: The f‘ield’rcbil is assumed to be in the direct-
N . ‘
o (~axis, Aand énereforje it does not have any

. linkage flux with either the quadrature axis
! ! v ’

, stator winding or damper winding. "

: Synchronpus mutual inductance. between diréct—axis
witbers
windings, the mutual inductance between direct—axis

Mad
stator wind:mg and f‘ield or direct—axis damper .
) o windmgs Both the m’cual inductances are assumed
to be equall; the E{ssumtion will not introduce at
& ’ . -
this stage any loss of accuracy.

M L q Synchronous mutual inductance between quadrature-

)

axis windings, the rm.rtgal .inductance between quadraturt-

-



.""

. _ Y §
axis stater winding and the quadrature-axis damper

S

After definition of the synchr‘oﬁogs "inductances:in the

‘Park's system of variables, we may now proceed to the writing of « -

the flux ex;ir;'ssions. . .t . ) ¥
. 1; \\ \/ ' ‘
£F kd a
% = Mad' + Mg I+ LT 4
‘ ) kg q ; U
0, = Maq.lf +1, .Id . ‘
. ‘ I it !
#O%as Magr T e Ve T4 D T Y -
. Kq
M .18 I
) P = aqd‘”qu.kd .
O o Mg 10 ¢ M T, Lot |
. . L -
‘ By replacing the above expressions into -equations (7‘)‘,$
" we ‘obtain: : s T
- kd . .d
L ‘A\.rd= RI+ dt[ d_I-‘.MdI t'Ld.IJ“. |
W(M fLIql T T (8a)
R a TP L T
Vq = R.I7°# dt[ I ’+,9Lq.l 1; )
“;}._w.[Mad._ + ad.Ikdf Ld.Id] (8b)
. kd 4 {,,' «f v 4 ka¥ .
: q 1%a
qu = Rk 7 +Tat {Maq 1% qu ] ‘
' - kd_,;«‘ f‘J
Ve = R.IT # dt[ PO (8e)

o

Since the direct and quadrature axis are fixed, with respect
-to-the rotol:,_,Lhe different Values of the synchronous inductances do -

not. change with the position of the’ rotor, and therefore do not change

.

ot s e ke e ary v x meemin S AP s e meem s s e o
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H
as a I‘“nction of time.

) \
.In this sase, equations (B) could be rewritten in the
following form:

AN
-

£ kd \

—

‘ d
. Vd: Ra.I + M pI - ade + Ld pI )
- kq q
-W.Y_Ma}.I Ty ] .\ ‘, (98)
V= q kg 9 '
, Vo= Ral +Maqp1 +Lﬁdp \
! s My I+MadI+LI-“ (9b)
' kd r
M4 pI ,pI pI (9¢)
™ kd Rm + L"d ]
= Hkq,:[kq M .pIq Ly’ pqu ! (od)
Yy e of 4 Wb . f \
Ve = RpI' 4 Mad.p‘I + Mg pI4 LBl (9e)

4
f A} °

The letter p irﬁicates the derivative operatof a%—- .

- . N '
It is possible now to put equation® (9) in matricial -
. e 7y
form, but 1t would be more correct to talk about tensors rathe than

matrices, since matrices do not have inherent law of* transformations,

while tensors do have such a law. (SEE APPENDIX I

L3
~

fBefore oing s0 let us’ f‘irst Introduce the eXpressions

o
.
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2

=20~ t i
I~

>

/ /ﬁb iagp;acing @ 3 aﬁ/ (Dq by their respective values, vthe torque

i expression becomes:
» n ‘\ » f q . o] kd . d qQ "
ﬂ% _ . T: Mad.I CI *- MadoI aI + LduI oI ’
’ : kg d q .d
. - I - L .I%I 11
e § m Mg T =2y o

LY »

We can at this stage ‘represent in tensor form a synchronous
¢ < ' -t

ma‘agtne, it is only required to mtroduge same of the terms needed.

. If the voltage tensor is defined as being (v )and the .
current tensor as being (I )v'vhere:; o
, . ‘ ‘ . , “ ":_,
— fd
y T A [ 1 ¥
\/ g 18
/’ Q N . .
(V)= | Vg ana (1)@ ,
Rq
{ . . . Vieq |- I
f
V I
‘L‘- f J ) ' L J
e W I ¢
. Then by properly applying ﬁ's law we can write:

T N (v)«(z) (1)

Where( pA )could be defined as being tl\'ie_impedancg tensor

and the equation could then be expanded in the following way.
= .
. L L4 A
‘fs. N R v ®
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’
- : - d
: (Vq) [Ra+L-p W.L MygP WM Miyep UI )
19
Vq W.Ld ja-s—Lq.p W‘Mad Maq‘p\_,w‘Mad I |
. kd”
de{zMad.p 0 RdlgP 0 Mgap KI
‘ . \ kq
qu 0 Maq P 0 Rka-l.kq.p 0 If
) \VfJ Prag 0 M. q.P 0 Rer Lepf{ J |
'
T .
By the same talking we can introduce the tensor G ,
, such that the.torque expression could be given in the form:
’T:(I)tt(c)*(l‘) -
- Therefore: ’
g (® 1@ e yfo o 0 ame o) @)
P ‘ q . ag .
. Ly 0 Mad‘ 0 Mad I
| o 6 o -0 o™
(1)= g o0 06 o of|r
o 0o o o ol)i{if)
}
* /
» 3
. Q ;
r
\ )
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C) EQUIVALENT CIRCUIT OF THE SALIENT POLE

Y

SYNCHRONOUS MACHINE

In setting yp equivalent circuits for the varicas types
of x{lachines, it has been found that the physical reconstruction of
the equations was only possible ii“ each” éymbol in this eguation is
a tensor. 4 Geametric objects and other non tensor invariar=s c’oﬁld
rnot be phyéica%tly represer}ted. Kron stat‘d as an er@.nee:-ﬁng prin-
ciple: A set of equations,expre%i%ng the performance of = physlecal
system (be it electrical, mechanical.,‘ther'mal or any other, system)
may be represented by a model (equivalent circuit) only i the ’
equations are tensor equations.

In ithe previous section, we have been able' to write

1

" transient impedance tensor (Z) as well as the torque tens:r'si'hat we

defined as (G).

@ $
1w ’ ' . oL J
- ©
'

I

“

By just observing the tensor equations and app.ying
3 ,
Khirchoff'*s laws, it will be possible to draw the equivadent circuit
<

of a salient pole synchrcnous maghine with damper wind_‘mgs

”

,‘\"t‘j. We can restate here that the voltages across ti¢ damper
1 ‘ ) .

e s 2 s e S e E] T b n P
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windings are egual to zero, since these windings are normally Jhcrt-
circuited. '

"o - . ]
- 4
«‘ s
One should note at this stage the followlng camputation:
. Wb belng the supply frequency, 1t will be possible to calculate the
o

impedances ‘of each of the windings in the machines for steady state. NN

' - Therefore we define: .

" ' Xf as being Wb.Lf_

/\ X, 4 as being Wo.L, .
qu‘ as beir:xg bequ

Xd as being Wb.Ld

X .
q as tieinng Lq

. \ Xaq as being Wb.Maq \ o aalt|

_ , X,q @5 being Wo.M_, -

Hence we can defir’aeé

) Xp = X0 + Xfy
Xea'= Xag+ Xeay x's:  leakage reactance
~ . * ‘ S
L '\qu‘—.x.a'q.\_x:kql '- ‘. . ~
' X, =X L 4x x_,: leakage reactance of d
a 'ad al al and q axis stator win
X N

q = Xaq + ﬁfal

P [ oy e SR g g kW TS vt e
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Also it should be remembered that the expression of the
impedance 1is: , )
" Z=R+3.X "

The drawing of the equivalent c.‘L'rcuit is then easy, andt )

‘E_he two separate circuits, one for the direct-axis and one for the

-
quadrature-axis will look 1114\‘ . °
< ; 20 \.xoﬁ y -
. — e Y Y N ‘!’JQ 4
4 \-,/ % ':C - )~""
. . v Ko+ -
- ‘-\ .\“ ]
~ S A
. % = *
. N T" - <‘ <_: / /«\‘
* » f \/r‘
v Ay T ,
. B S
- DIRECT-AXIS EQUIVALENT CIRCUIT '
e

T

e

QUADRATURE-AXTS BQUIVALENT CIRCUIT

-
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-

~

*

"© .. It 1s obvious that the two equivalent circuits along t}')e(
- c}irect and. quadrature axis are ihtefdependent;, howéver it 1s possi-
ble to optain a transient equiva:l\ent cif'c_uit oi‘" a lsalient pole syn- |
cl'n*onc'ms mtachine by .consit'ier-ing‘a change in ;'_e’f‘ereﬁce frameé. This
’ subj ecé fhas been treated by G Kr:on in _his Book "Equivalenf circuits
T for electrie. machinery".
In His book, nKron cons;iders 'a revolvj:'lg field theory o . |
opposition to a crosg field theory (ig: d an q axis). In the re- | .
yolving field theery, he considers forward and backward axis after
introducing the concept of frequency tensor. -Since the result, )
of this tréatment was not of any help for ourfburpose we‘find it ade-

quite just to mention it.

{ ‘ - ',>
< e LN A
' As 2 matter of fact, we considered seriously using the . s
equivalent c_:ir-cuit forfdigital computer+simulation, but the programs
"available would have mAde it a rather hard task, plus the fact that ., - ,

the mechanical aspect of the problem had to be given an electrical:

_ equivalent. . : ' -
' B )
¢

. ,
. / ~
.
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D) STARTING AND SYNCHRYNIZING OF SYNCHRONOUS
, . N,

- C . \ . .

1) GENERAL < f
\ L 4

< vV , |

Synchronous motors start’ as induction motors because -

. the danperr& windings that are built-in. the machine do have thé same

‘effect as the squirrel cage bars in an. induction motor ; 1t should
be goted ‘that although the primary pﬁrbose of these windings is 1;0
develop torque at start and during acceleration, it also serves to
dampen power ‘oscillation:s while ruming at sfmchronous speed. It
should be 'rememb\ered that "this torque developped-is p;:-oportional
to slip; therefore the .danper windings do not cortribute to the
torque produced\'at synchronous speed. u;é a)g; 'synchronous - speed
is largely derived from the magnetic fi’:qumduced'by the field

. coils on“thelrotor 1linking the rotating hﬁmetis‘/f{éld produced ‘
by the currents in_the armature windings on the stator, ‘

’ . -

¢
-~

Synchronous motors possess two general categories of

*

" torque charactefis\t;cs. The first beingdetermined by the damper

. . winding design, the second being determined by the flux i the
< ' <
. ‘ -

h

P -
.. »
e " N s
. .
\ > -
‘ . . L
.
\ .
- ‘e
.

&

ALL awaie wh P
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salient field poles oh the rotor. The First is the starting torque,
the. second 1s the synchronous torque.
o . ‘
In the starting mode, the synchronous metor salient poles

are not excited by their extermal dc source. If they x‘vere, there

A

would be no useful tordue developed by them. The reasen for saying
this is that the average torque due to field excitation during-slip

Would. be a negative or breaking torqjge and hence would act to reduce
_the total amount of accelerating torque. In addition there 1s a
‘vedry large amount of oscillating component at slip frequency produced
by field excitation which could result in damaée to the motor if

full I‘ield current was applied during the whole starting sequence.

L]

At synchronous speed, the unsymmetrical nature of the

rotor (ie: saliency) ;Sroduces a small torque (reluctance torque)
which enables the mo(:or to run at very light loads in synchronlsm
without external excitation. Reluctance torque can also pull the mo-
' tor‘into step if it is ver::/ lightly loaded and couplgd tP ‘low iner-

" tia, ‘ .

It is convenlent to make an analoéy of a synchronous
motq!'\to a current transformer for the purpose of demonstrating
angular relat%rfships of field current and fluxes with rotor posi-
tion. ’ S

4
B 3 R

e ——— AT A A o S

it Ll
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. If I, 1s an imaginary current in the stator causing the

t"am{fomer action (due to stator flux cutting the rotor winding)
tren I1 will be about 180° fram If (.’mduced current in field coils)

ad the flux @ will be 90 behind I

~ (=

£

. , . 138 45 [-45 225 . -13s
O 3;5 )

Maximum induced flux occurs when If passes thriough zero
geing from negative \@lue to positive (maximum rate of change of ire .

- " duced cuwrrent). The rotor angle at which I, and If*go through zero

1
depends on the ratio (:Inducténce:resistance) of the field circuit. .

Irductance ie high at iow speed, since the §1ip frequency is then

' high, the reactance decreases with increasing speed, and the argle -
‘ arc tan {i will shift towards zero if the circult contains high resis-

r N nte_:'ace (1ike discharge resistors) but if I‘i;eld is short circuited

S . “(&s if brushless excitation is used) very little shift will 'occur. 1

- : .

R -
-
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As the stator goes beyonfi ~450 » torque increases (essen-

tially due to increased stator flux). .If then g;lgs a very conve-

nient indicator of maximum.flux and increasing torque from which we _

may apply excitation for maximum effectiveness. )

*

]

’ - i

If the I:ield discharge l\oop 1s opened at' the point of
o ‘ J .
maximm flux, then this flux is "tr’apped”.“ Applying external ampe-
res to the curreht path in correct polarity to mcrease\tﬁifs tkpped

flux at this® instant then makes maximum use of its existence. Fur-
2. ©

thermore, the rotor has just moved by and i1s in the position to pull .
N - »

B
the rotor forward into synchronous alignment.

Béf"cfé«going into a move detailed investigation of the.-
pulling into step operat‘ion, we_ car;'make the follow'j_ng note. In
additlion to permitting closer matching of motor: load,optimum appli-
cation of excitation adso reduces power’ﬁqs;em c}isturbance which
occurs when the motor goes through-2a complete slip cycle with field
energized. If the motor is 1arge~ relatively to the power system,
sﬁrges transmitted to the system will be at a mini:mm if field is
applied to prevent &lip at pull-in. "

' ~/




"2) ASYNCHRONOUS STARTING AND SYNCHRONIZATION OF SYNCHRONOUS MOTORS

tor at the instant the field colls are excited; ‘they are:

W

-30-

”’

S

We can start by evaluating the toérques acting on‘the ro-

- To shaft‘ torque considered constant. .

- Toe ,Asynchr-onbu'.s electrical torque, this torque being proportional
td slip as long as the latef has a small#value. |

- © Being the angle between the rotor direct-axis and the axis of

' _.mmf produced by armature &urrents c¢f rated f‘r-equencyr.

" The angular velocity is g% and © decreases continuously if run-

ning below synchronoué speed. ‘}A\ )
~ 8 The slip; which 1s equal toc syne. spéed - effect. speed g
) sync. speed '
Jb B ' ,

. . . y
* LN .

The expression for the asynchronous électrical torque

) 2 - K,
carl be given as: oo Tae= ByesWgpna, - ,
¢ or N P
Tae = K528
. at . :
AR 4

y ’ - . { v‘

Once the asynchronous start ha been accomplished, and
tefore exciting the field, the asynchronous torque will be balanced
by Ts and a constant slip operation is established sugh that:

/' . o *
e
4

.

.



. Ts :\Ka S,O’wsync. - .

were s, is the va®ue of the constant slip.

Synchronous electrical torque: When fleld 1s excited,
| ‘ : ~

a synchronous tor'que_TS ' broportional to sing, is applied on

me
.the rotor. The average value of Ts

a

ync is zero as long ~as 8 is /

\ o
not constant. Tsync. will be added to the Tae when it is a;swn:lng

[ '
a motoring value accelerating {he machine to bring it in synchro-

nism When ’I‘s is assuning a non motoring value it will be subs+

" “sync.
tracted from T, _;, deceleratifig the machine.

Tsync.> o) ‘moforing i
u ! 4
Tsync.< 0 non motoring
P Tsync.:' —Ksync.'sj'ne
syne.= i_n__ ‘ d o
L2

Where ﬂ is the instantaneous speed,. which could be assumed the syn--

"~ chronlzing speed. K N

The mechanical torq,! T (mainly due to inertia) which

oppoées any variation of speed of rotor is expressed as:. . ' - N
T =-Kd (@8 . .
, me Mg & ‘ *
. . i

<
e N R
\ +
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acceleration is: d (d@, ‘ S ’ h
dt dat ‘ . ) *

T, is positive if the acceleration 1s negative.

e
// . .
The general equation of*motion could then be written:
- TptTaet T'sync. = T )
2 ) .
K88 -Ka._d_G_ —Ksync'. .sin8 = Ka'so‘wsync.
. 2 dt
dt '
. ‘The particular ‘solutions of tris equation show that @ i
- _)/ ' ., o ' . -t
approaches a constant value (correspcnding to pull-in-angle) if: y
. . .
59 syne. = a Ksmc.
. m

’ g S
Where "a" is a constant very close to 1 if the angles are assumed

8

in radian.

<

e -

A qualitative analysis of pull-in mechanism is done re- '

-

ferring to the following diagram.. o

[N

P \)— Absclssa axis: Anguler disg}aeement

. - Ordonate axis: Torques

~ Origin of abscissa a:cis is a displacement such

that Téyng ::_‘ 0, and going from negative to posi‘qivé:

4

T
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. | @
prbussTon:: \
V]
* The following paragraph will exp the graphical
representation of the pull-in mechanism.
- ‘ o . : '
As long as the machine is not excited, Tae balances Ty
e ‘as can be seen for exar}xple at point A. T0=‘AA". -
- ,
. b~ ,
When the machirie runs in synchronism after being
1’ exclited Tsync. balances TO and Tae‘: 0. This 1is observed at point
’M. intersection Pf curves of Tsync. and TO.
€
5 ‘f -
4 ) ¢ 1
]
@ . o ~
/ ' )
) . ! - . .
» \ ' V - ’
v \ v
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Before excitatlon; the operating point of asynchronous

operation moves él,ong ZOA. Let us assume that field is applied

\ - 1 — : ) - ] P
at GO,OA‘ We have Tsync.(go) = AA which adds *o0 Tae(oo)f‘ ARM.

Torque equilibrium is then.broken; the resultant torque is:

. T(A)x AA'4 AAY T = A" Positive.
.

S

TQ e machine will accelerate with an acceleration o‘f d20
' ' 2
) .. at”.

Theref‘%)re the dif‘ference in velocity dae decreases and

C - . dat
S0 does T . At this stage the operating point leaves the axis OLJ

abscissa go:mg in anfupward direction . - |
| B

At point B'; the dif'ferleqt ‘acting torques are proportional ...

- - . -~ * P -
to: o - . : o
b . TN, - F 'r ' a )
' Tae(B) = BD - / .
Tsync.(B? = EB' , . U
~,Q(B)' = ED. ’ .
- o g .

'I'he resultant torque will be T(B) = BB' . Positive,

theref‘ore the operating point keeps moving upwards following ABC

-
I
L LY
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If: - s 1is small enough . )

FE ) - the inertia is not too high ) .

t

? excitation current strong enoughﬂ

‘and application point A not far from O,

Then the eurve ABC... will reach Ty before point N;
ie: synchronism-is attained while rotor is submitted to an accelera-
ting torque ' > 0. 1In this case retor speedxwill exceed the
' synchronous speed and T starts to become negative as well as d8. - |

dt
8 will then startﬂto increase in value ard the operating p%int“

will follow CFH, ' _ y

o,
~ s The resultant torque T(F) will be zero; d8 is maximum;
2 dt
the speed 1s getting close to synchronous and the resultant torque
becomes then resistive' ar deceleraéing torque untill point H is ‘,
reached; then the speed equals the synchronous speed. This type
of hunting operatibn, if it can be called this way, will go’ on *?
untill point M is reached. ’
. B . ' - -
~
At point M: Speed = Syne.  Speed = Constant
9 = Constant
( .8
. ®- 0 .
3 "@ is thensthe machine phase angle, and we can see fram the )

-

gr'aph that for a stable operation to take place, nas to be always

less than 90°. - . .
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‘ \, ( E} DIGITAL COMPUTER REPRESENTATION OF
\ . '

/ﬁa : THE SYNCHRONOUS MACHINE
7B ' ‘. A

4

1) STATEMENT OF THE EQUATIONS

' Rewriting equations (7) we obtain:

-«

. an v

= R 1%+ 38 _ g
= R I%94 g%q + W.od
ha= P THES : 4
kq = g 'Ikg"g'%'lg | .o ‘

r = Ry 'If"‘g%g ' -

< <.0<: .p,<:

<

' v And redifining the reactive componént of the Impedances

of -‘the machine, ie: the reactances;

LN

L '- A _
: C XpEWoly o= Xgt Xy )
' Kt Ly = X Xy . -
T WPlg = Xag ¥ Rk |
™y Xd:w‘b‘l‘d = xad"' )&al ')
4 . Hkq-;Wb'Lq = Xaq-c- X1 LA ‘ -
X 3= Wo.M \ , . ) ' Py
RogT WM @ o
. ) e,
- VWnere W is the speed of the rotor, and Wb thé base frequency , ‘
‘(th? suppl& ﬁ-e;quency). . o - o - .
! . L B ) ) ’ . ““‘
y . Vi
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We can also rewrite the flux expressions:

2

d:(Z)

adt %a1

1 [ £ kd d:l
'Wixa&’l + Xgq T+ (Xad"’xal)'I

}
%a % t Pan

1 ‘ f d kd |
Wo Xad'I +Xad.I + (Xad-txkdl).l ]

. @q: (Daq-l— qu

1l v kq . a
5 E(aq.l + (Xaq-txal).:[]

N 0p=. @ gt %0
A ’
—:—LWE-[Xad'Ifd"' xad.1d+ (xadq-xf.l).lf]
| B4 = Llf+ 19, ™ -l .x;d .

e 3

-

<.
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We éhould now express the two fluxes Q)ad

and @ in

function of the fluxes @. , Q)q s By o Q)kq N wf . For thatﬁ%

following calculations should be undertaken. ( The reasor—£or doing

this, is because the expressions of (Z)a g and Qaq shold not be

implicit, ie: it should not require the calculations of the currents
to determine their values, which will make the calculation of these

fluxes need a multiple closed

’

definition of these fluxes 1s required).

Calculations:
<1 3
Q)dl = %A1l = @9 Oy
oL T _ g -
S kd
1= W %karT = Gam Py
) e
-l kg -
(akql T Wb xkql'I‘ = qu Qaq
.
1 T 'l o3 Or Py

p compﬁtation ; therefore an explicit
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And the currents can then be expressed as :

d wb. (0d — @ad)
Xa1 “

P £

Wb. (0q - Pag)
' xal ’

—
0
H

© k. Wo.(0kd - gad)
S s B

e, qu - Wb.(okq - @aql \/\\ - .
*kql <

Ld ~

-

-

f _ Wb.(Bf — @ad) \
X1 |
| , . . ¢ ~
| i v

We can rewrite: : : Ce

. :
007 2 [rfer o)

ad = Wb

o ' X -
- _ 2 ke qQ
*

( " And replacing in the expressions of ﬁa a and maq the

~

currents by the form obtalned above, we get: =

o

0 - _ed [%.{@f—@aﬁ) + V0. (0ka - Gent) +Wb‘.(@d-«mad)]
ad = Wo 1 L Fa *a1
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Qadf-xad\: gf‘“?::d*gd e )]
1l dl al Xeq ,xal Xea1 g

1,1 | or , okd . od
o '—[].-\-X + + = X + +
ad yi‘l-(/‘m a1 s )] ad{ *1 ka1 *al
' b

N | ©o
A X . 1
- ad @f Pkd od ]
Q)ad = x 4 + x
‘ 1 1 1 1 % *a1 = |
. : 14 Xa at + t - ' Y
1 *kaa  *a ’ .
\r_Je‘ could express the above @a a expr’eésion as:. »
Cog® xmng + gkd &gd ]
i kdl al "
%
Where: R
X e |
1 1 1
: 14X ( “+ + )
ad\Xpy Xy Xy . i
. . 1
X . = 1 !
m B 1
X1 X - 1 + 1 - o
ad

"Repeating for. waq s we would obtain:

oo Pk 0 .
@-qu[xkql-&_xu ‘

al
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Where;
.
1
X =
mg . ] i
+ +
Xaq Xql Xa1
- ”

Rearranging and completing the equations; we obtain:

-

L d azd
V., = Ra.I + w.mq

a Tar
Yy = Ra“'?qw + 2y g,
'de=de'£i(d+ G%kd | - .
- & - o ’
VkQ"H;\Q'qu*,%%m o R ! .
1
v, -.-.\.Rf'.If + _g%_f_

- . 1 . |
o Xt 1( Xpqt 1/% 41t 17%

()

. 1 |
= s . _
)grq, l/)(an + l/xkql + lixal
R U I AR, - WP ,
- X 1 Pafi . 7Y % !
al 1l a1 al ,
.. ) ‘ o




= ~ /P o Q.+ @
‘ i ' T % 9\ K kd
* 4
l.kq - _ W ch Xma
kg1 | *a1 9 1 4
iy
r_o_wm |\ e, o ] B
I'=-x% od % %t 1) O
1 Xd1 al f1

Also the air gap torque de(zel’opped by the motor is given

-

‘by:
-2 d
Tag" @d.I. e @q.I
/‘\
/ We shpuld recall here the definition of the direct and

quadrature axis voltages in function of the three phase voltages.

1
13

- . *
© being the angle between the phase 'a' axis and the:

.

direct-axls, and W being the actual speed of the rotor, we can

simply state: ’ . —
s .
W= T assuming that at time 0 , the value
;o
. . of @ 1s 0. . '
N\

—

et e e e




Therefore S

a

a =

..)43.. o 4

.
N

b

V, = 2/3 [ Va.cosQ + V_.cos(@ -120) 4 Vc.cos(G +120)

V ==2/3 [ Va.s:].nQ + Vb.si.n(G-lZO) Vc.sin(9+120).

q

®

And:
V. = 'E.sin(Wb.t)
a p g
> -

V, = E.sin(Wb.t -120)
V, = E.sin(W5.t+120) o S

~

2

" The value of the voltage V. that will be applied to

the, field winding is considered t;o‘jbe supplied by a direct=current

power supply, and having the appropriate value to circulate the

‘required fiel current.

A\l

~)

3 .
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-
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2) THE MECHANICAL SYSTEM EQUATIONS

nk\/-‘ o r -

e ' :
.~ Looking at the mechanical system formed by the rotor of

‘the machine, its shaft and the load comected to 1t; one can make:

thé following observations.

The efectrical torque d;velopped by the motcr, or what

' has\ been defined so far as the air gap torque, is the drivinf force ’
of theé mechanical system. The inertia of the rotating bodies around
the machine shaft multipliea by thelr accé‘leration forms one portion
of the load torque, while t'he other portion is maigly a function pf )
the producﬁ of the speed and the friction faétor which ¥ due fo .
th;f:cj‘ictiorf in the bea}'ms and dlso a function of the work required

to produce a mechaniecal force to drive the load. |

1

Sumarizing:

gy CTT

Tz T friction

ag inertia +

Where we define;

'hq’; o \ . <

Tinertia =:9(total inertsa) - Acceleration SRS
Teriction = Fr?.ction factor . Speed -
. »
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. F) MATHEMATICAL REPRESENTATION OF -~
| ELECTRICAL POWER SYSTEMS | .
't‘v e
) ’
1) GEREFAL
~ \
7 In most of*the theoretical studies, power systems are

considerad to be ideal it means tHat the system is assumed 'to be
B equivalent to a constant Vol‘cage supply that is not affected at
'all by the nature of the load. However “we Lmow that this approach

is eff‘ectively far from the reality, especially in cases where

relatively large loads are involved.

\

’

°

Therefore to be able to define a realistic electrical
power: system, one can assume the system to be 1deal and then add . ' N

the varicus parameters that would then transform this system into

a more practical one. : .-

A power'system is fairly well defined by its capacity .-
to surply the required current to the load; and to be able to have
a loadlrg situation common to evéry power system, one can consider

a short-sircuit condition. Hence, by knowing the performance of #

the power supply having a short-circuit across it, we may then : \J -
compare it witfi other systems. It has been a cammon practice to
, e ]
' I A & V
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gilve-this figure in MVA since 1t col®Y ‘be compared with actual f)ower.
A ~
Without going irito the details of the calculations inVOlVed
an electrical power- system eould then be represented by an ideal
power system, which tielivers infinite MVA under shor't—cjrcuit having

in {series with it an impedance that would have no other effect than

" to limit the value of the MVA supblied into a short-circuit to the

actual value the real system supplies. The impedénce under consi-
deration will be a function of the intermal impedances of the
generators, the trar;smiséion lines and the apparétus used like
transformers. The distributed capacitance that exists between the
current carr'yf.ng conductors and th'e ground will be’ neglected in
our discussion ; and the resistive component of the irmpedance will
also be negle ’g’ed s;nc;e it does represent a negligible part of it

L
at rated frequency.

Therfaore we can represent an electrical power system

by mearnis of a diagram in the following way.

r . E'

-
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Wner"e : {

A

E is the voltage under no load; or th; voltage of |

© ' ' thé ideal power system. —

Z 1is the impedance representin'g,the distributed , ) “

differnt impedances of the"'ccnpox:fents of the system.-
- V is the voltage at the point of consideration. We

can note that this volfage will be equal to E if

LY - <

= there is no load cw-r?gnt flowir;gathrféugh the impedance Z./

“
e - A e
The same system can be represented by using vectors. ’

1

éh‘at are assumed to be rotating at the rated frequency.

4

N

e}

»
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A -~/
 In the pr'evioué vectdr glagram, E, Vand I have the
same deﬁnitions whereas JIX 1is nothing else than the voltage

drop ccmponent We have assumed thit the impedance Z of the

-
’

power sy@,tem is purely ﬂmuctive, the fore:

\ f  » .

+

m

> 7 Z=zR 4+ J.X
* ?

becomes
. 2=23.X ' ,
)
And the v#iltage drop being -expressed as Z,I will be:

31X )
w

“ \‘) ‘ .
- ° - » v

a

_ 2) CASE OF A MOI‘OR cchNEémD TO A POWER SYSTEM,

< . ~——
N %

" We wifll discuss the case when one é‘lectrical motor

. 1s connected on a power system. The motor under consider'atdon

. 'led be either an induction motor" which draws a lagging line

>
'

. ‘ _

~

h

Y

current, or a synchronous motor that draws either a leading

current or a current in phase with the voltage.’ .
a) Case of a motor with lagging curf‘ent. ‘ L
@ As mntioned*efore > this could r!epresent an mduction

*

c:le'ctrical quamtities involved . ‘ .

e o A e = 4= Thmtap e o g ©

. O U

¥

| ~

i
!
|
\

motoi' we will :anestigate the relationships between the different% ‘
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- magnitude of this drop is a function of the system impe

o

b
r - (/
/
{
|
v t
|
L ke
a r )
The -one > Qlagram of the syétém_will look as : \
Vel : E | o .
" v , : ' .
b
~\
N
/
//
/
» N -

From thq above fiéures, we can deduce that a load

drawing a lagging cwrent from the system will introduce a

drop in the yoltage at the point where it 4s connected. The .
/Qmmanc'e,. , '

‘the motor size and its power factor.

Yo .
eyl ’
o el ) . !
}
v 0
”
o
-
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. AV v

' B) Case of a motor with a leading current.
i kes , \
In this case we shall assume a synchronous motor already

synchronized with the system and drawing a leading current.

The vector diagram will then be:

i .
a - ) ‘ r | E ) . ¢
-~ . ‘

- 3Ix

L VS,

AV P
L

r AN
P

We can, by looking at the vector diasgram,deduce that

“

ar motor drawing a leading current will have an effect of rising

- -

the voltage at the point whére it. is conmnected. The voltage’ -

rise is é@tion of the power system impedance, the machine

size and its power factor.

'
ILy

3) MATHEMATICAL REPRESENTATION h S

A

From the previous vectc}y representations we are wow ' -
cépable of wrifing the equations that define the system, The general

form of these equations will be:

- . -
E=V+Jj.I1.X

< (all guantities are vectors) . R .\
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Or analytically the equation could be written:

(for phase "'a' for example)

AN

£
s

dla
Ea‘"= Vo ¥ X g , ‘
:where: .
5 e s b +
E, —eES s W.t) “

aQ

E being the magnitude of the system's éoltage((\\
and W a2 functioh of the frequency of the system.
‘ I, is the instantaneous value of the line current.
~ We can then write the éxpression of the voltage at

the motor temﬂm}s?*( for phase 'a' )
\ n

dla
Va = Es sin(W.t) L X T

If the motor KVA 1s considered as being the base KVA,
then the system KVA would be equal-to : ~ .

- | KVAsys = K. KVAmct

X 18 called the stiffness factor.

L ¥]
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Since we are dealing with the per unit system, we will
find that the ratio of the motor impedance to the system impedance
is a fanction. of the stiffness factor K.

Z(I‘_‘Q‘_C.nx

Sys <
Therefore: the expression of the/ voltage at the motor
terminal cbuld be rewritten as: ‘
* v dla

a = Es sin(W.t)-— KX 3t

-

ol =y

At
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G) IMPLEMENTATION ON THE DIGITAL

. COMPUTER

5 ‘

A

From the mathematical model of a synchronous machine’

one can see that the exact behaviocur of the machine can be deter-

mined by solving the flux linkages differential equations. In

\ .
solving the flux equations, it would then be possible to know the
currents into every winding as well as the electro-magnetic torque
thét the machine develops. With a known torque, the mechanical

equation ecould t}len be solved, there‘for'e a solution for the speed -

of the rotor. f /’

i « To solve these differential equations using a digital
camputer, numerical methods have to be used. The most common, and

very efficient technigue is the Tnge— utta method of the fourth

order. However since, the resolution of the machine eguations requires

" several differentiations, the MIMIC language was then considered.
i A

" The programing and debugging time foxs MIMIC is estimated
to be the tenth of the equivalent work done in FORTRAN. The writing
of ‘chg instructions is done in a very natural way, since it ddes

have an automatic recording oi" the instructlons. The integration

\ -
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» ,-‘ ) '
scheme uses a fourth-order Runge-Kutta method. The program and the
results will be the best justifications for the use of this computer
languge. |

M

<

1) THE EQUATIONS, IDENTIFICATION OF THE VARIABLES.

Je®
i/
»

From equations 10, we can express the flux linkages as:
g.=wo |(v.-R f) dt
b S T fl

r
d
kd:Wb ) (de'Ik ) at

Og =0 r(“kq‘lkq) at

/

RS J(vd - R.1 AW ) a
?

) e ‘(bq:‘;b I(Vq - Ra:Iq - W.0, ) at

The only differnce that there 1s between the above
expressions ard the equations 10.1s the introduction of the

integral operator. . )
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We can recall the expressions of the currents in the

machine windings: " -
oo | m g, ®d+( i 5 @J :
1 U %xa1 Xa1 £1 .
X X
, % 2 Kimd 2 ¥ xm®d+( e 'l)wkd
- a1l *m al a1
X X
kq. -1 i mg ( ma ) ]
I = o+ - _ 1) o ’
’ *Kql *a1 9 . jxkql kq
' .k
a_ -1 X Xma Xnd
= X X ®f+ x Q}fa' X Qd
al 1 *pd1 ¢ al
A X
Iq/‘ 1 K 18] @kq*, ( _ﬁg—,_ - l\ @q}
*a1- xl(ql *a1
/

A1l quantities used ix{fthe programs are in per unit
values. The base value f‘ar;,me per unit calculations, being the
motdr KVA and@ the motor rated \;oltage and frequency. The speed of
‘the motor will be given in per unit and to celculate the angle @
we assume that the speed is in electrical radians per, seshnds. _

Therefore the number of pair of poles will not have any effect on

the calculations done. ) .

\

For the inertia calculations, the per unit value of

i
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the inertid of the rotating bodies will be considered. The calculations
involved to find the per unit value are explained in Appendix II;

and in this case too the motor KVA will be thé) base value,

Also one can notice that since eswe are aealing with more
than one machine, the first one will always have a 1 following each

variable, while the second will-have a 2 . .
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© L)
Identification of the variables:
v
| RA The armature winding resistance
RF The field winding resistance
RKD ~ The direct-axis amortisseur winding resistance
RXQ The guadrature-axis amortisseur winding resistance
' XAL © The armature winding leakage <nductance
) XFL YThe field winding leakage inductance ‘
XKDL The direct-axis amortisseur winding leakage inductance
XKQL The quadrature-axis amortisseur winding leakage inductance
XAD * 'The mutual inductance along the direct-axis '
XAQ The mtfzal inductance aleng the quadrature-axis
— VD The direct-axis armature winding voltage
; ' ) vQ The quatrature-axis a:mature winding voltage N
; . VF The field wirding voltage )
D Current intowthe direct—a:d;’ :gr'mature winding
, CIQ * Current into thé quadrature-axis armature winding ’
4, » IF Gurrer?c into the field winding
IXD Current into the direct-axis amortisseur wind.mg
- IKQ Current into the quadrature-axis amortisseur w:i_ndjng
; VAVB & VC The three phase voltages \ |
' EA The system voltage, considered an infinite bus
; X " The ratio of the sys’cem MVA to the machine MVA




DFID

FIQ

DFIQ
\ FIF

5

FIKD
DFIKD
FIXQ
DFIXQ

»
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v

L

The direct-axis flux linl/cage
Time derivative of FID

The quadrature-axis flux linkage
Time derivative of FIQ

The field winding flux linkage

Time derivative cf FIF
The direct-axis amortisseur winding flux linkage
Time derivative of FIKD ‘

The quadraturs-axis amcrtisseur flux linkage

~

4

Time derivative of FIKQ »

The air gap torque

The mechanical 1nert;a of the rotatjiﬁg system
The f‘riction factor

The supply frequency ‘

The rotor speed in electrical radian per:second
The‘angle the roter has'turned A
The phase.a armature cur'rent’

The phase b a:rma%ure current

Tr;e phase ¢ armature current J

The active power (eléetricél) into the machine
The reactive power (electrical) into the machine
The power factor

‘ihe power factor angle .

The root mean square value of the cxn'ren‘c flowing
in phase a. .
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H) THE EXPERIMENTAL MOTOR CONSIDERED
The machine that has been considered in the discussion 1
a practical machine used in Industry. The motor is driving gr
stones of & wook grinder. The'technical characteristics of the shagem
are glven below: I
MOTOR HP , 7000
, *MOTOR KVA ‘ 5750
~  RATED VOLTAGE (Volts) 6600 .
RATED LINE CURRENT (Amps)  ~  476.8
RATED FIELD CURRENT (Amps) 188.7
RATED FREQUENCY (nz) - 60.0
The per unit resistances. and inductances are: ‘)
1}
RA = O0¥Yoor1 RF = 0.0015
RKD = 0.129 FXQ = 0.062
’ &
D = 1,42 XQ = 0,835
XAL = 0.183 _ XFL = 0.221
YXDL = 0.177 XKQL = 0. 083
N ‘.
‘ -
;
. A
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5

The machine has 22 poles; therefore its simchronous

b 2 : speed when cornected to a rated frequency supply, is:

; INERTIA OF MOTOR ALONE 160 0001b.ft°
R WITH DRIVEN LOAD 200 001b.fte

~
-
Q
-
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"K) RESULTS AND DISCUSSION

-

B

8
-

This section intends to present the results of the
mblementation on the digital cafputer and-to highlight some of

the major points that are of concern. Thére are seven computer
\ studies, andweach one of them 1s a proof ¢f the adequacy of ]the

representation done. Each study is different from the other, amd  ..-
* .

its respective camputer ' program s glven in Appendix III.

5 (Q) )
1).FIRST STUDY . * : -
’ s _
) In ’phi;/%dy the motor considered 1s started as an
induction motor, the voltage applied to its terminals is the rated

voltage, and the power system 1s assumed to be ideal, therefore i
we will not consider any drop in the voltage magnitude, The purpose
of this study is to show the different instantaneous values of the
armature current 1n‘p}?se ‘fa', the speed, the tarque and the fleld .
‘current: (actuslly M3ed in the fleld winding) referenced to the
phase 'a' voltage. "
The time interval selected is 2 msec. Lookdng at the | .

printed graph,.the letter A gives the trac§ of phase 'a' voltage

\

_ e




B the trade pf the current m pHase 'a' “or IAL
$3 iy
.+ E the trace of the speed of the rotor oi' Wl

= ' The value of Iﬂ lcontinues 0 jn:cré\zase during the first
. -»

~  LooKing at the trace of IFl, we can see that this quantity

-
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C the trace of the cumrent induced 1n the field winding or IF1
D the tr'ace of the airf-gap torque or TAl

4 »

. R
‘ Y !
|

We can make the fx‘ollow:lné remarks: .

>
L4

half cycle, to\start to dgtrease aq‘d assume the syséem

' f*re‘guency after the firdt 3/l of the first cycle has elapsed. |
r Also we note that IAY is lagging . the voltage by almost

90 , since during this Jime the motor draws mostly

nagnetizing current An off‘set of IAl ‘trace can be seen

> . &

for the first few cycles.
» Also 1f we look &t tpe,enveloppe of this waveform and .
ccnpa'rné it to the trace avatlable frem fleld mea'swianents
we can deduce_trat‘they v;ry-clo%ely match. (See graph 1

S

for the experimental trace)

s

varies with a 'decreasing frequency at the same rate than

tﬁe motor aéc:neleration Arownd ‘-the yime 2sec. the frequency

starts to be quite small, - the speed being artund 95% of

full speed. It is appropriate’to .note that the f‘requency Of the .

N ' .
L]
4 - »

. "
. .
S ¥ . - .
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»  current;, ipduced in the field winding af well as the!
s ‘ - amortisseur windings is inversely proportional to the
speed of the motor and directly pr'oporticnal to the slip

v L

’ ' value. .

- The air-gap torque waveform also is pr« ional to the

v slip value, and while the motor is accelerating, the .
4

i
*

, but the instan-
-gnd pegative
. valges depending on the position of the rotor.

. é_.ver‘age value of this torque 1is positi

taneous values can assume both positi

; " o

After this first study we are now in a position s
Y, . . o o ,' . . " '
. to decide what 1s the best“time to apply the field supply, . .
- ‘ %‘ Y - , - v
‘ ‘ and this is what the second study shows. L
[ - ) :

2) SECOND STUDY
8

/¢

In this study, the field s}upply will ‘be_equal to

-~

0 Volts until tjme 2.28 sec. when 1t will have to supply a

: field Qm'rem; of 1. 3 Amps .The rea.son we will have a 1. %NAnps .
> & ' ﬁ
C 'y rather than 1.0 puAmps is because in arder to create a 1lpu ‘

v » L

‘ field flux, we neéed to have more than lpu f‘ield I@s to take ’

-

n
*

- cave of the saturatien in ts)ﬁeld This subject has not -

y ’ . »




-6l
o o
beer} treated but the saturation effect was only taken into
account based on ’%ﬁe results of works done on this matter.
- g ’
The output graph doe; use the same lettérs to represent

S

the same value as in study 1 .

ge can then make the following.remrks:

! ' \ - 'I'he secord study does not differ from the first one for
. thé first 2.28 sec. : S
k g - At time 2,28 sec., the field supply is' connecé’ced to
| " the field wingjge, and we can notice the higher magnd tude
of IF1, as well as TAl. After time 2.6 sec., the air-gap-
torque wavefor'm starts to be in phase with the field
current wavefor'm, whereas in the previous study these
v two quantities were a]mos‘c out of phase. ) >
f " - The important fact to underline is the wa\mform of Al
between times 3.5 sec and 4.7 sec.. During this interval
v » - the value of IAl is small, and its waveform shape 1s’ |

- , not exactly sinusoidal. After this period has elapseci,

VORI CT G BTt B e e BRES tee

‘the current IAl does not lag the voltage as it was

before/ the s zation of the motor. On the contrary

S d AT PR e o

H ~ this current ‘now leads the voltage by almost 900, and the

a
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. t/,/A
reason being the very light load the motor is cﬁ'iving.
We car note also that the period we were observing this

_ strange waveform of the lline current correspords to

the slipping of poles that the motor' will have to T\
perform in ordék to syhchronlze wi’ch the sys'cem
- The air gap torque final value 1s approximately
equal to 0.2pu since the f\'r"iction factor is only 0.2pu. .
- We can also note the variation of the speed while

the motor ‘was try:mg%o pull-in, the acceleration ard

deceleration ere very easily noticed g

-

- After the .motor has synchronized and come to a fairly
stable Operation we see that the field current as%mes
a constant value of 1.3 pu Amps

hd

3) THIRD STUDY - -

not upset the accuracy of the calculations, because the MIMIC

language does l1terate the calculations untill the error gets \
below a determined value. Hence lncreasing the time interval 1
will only glve us a shorter camputer output. ) - ' | \




" e T TP UV WU U

' § S R

. N
\‘_/ . . P 3

~66- .
N

Ort the other hand, we have to be able to

represént the sin\efidal quantities by a value that does
- not vary with the f‘r\equenqy of the system; therefore we (

— nust compute the afplitude™of these sinusoidal quantites.

N

P

. ‘ , If IAl 1s the instantgneous value of the line '

current ‘in phase 'a', the Instantaneous value of this

: 5 )
quantity that we name TARMS] will be:
. TARMS] = —AL , |
sin(Wb.t < PFA) ‘ /
wher: PFA = cos"l(PF) Power factor angle.
| . o FF is the jnstantaneous power factor.
. ‘\ ¢ -
% i
4 :
g‘ N * The 1llustration below will prove the above
>
T reasoning.
% - roo.
£
i/
§
}
.
g
3
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;
N
.
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s Also 1t would be. advantageous to represent

. g the power angle which is the angle that exists between the
' direct-axis and the a.;cis of phase 'a'. This angle is no
different than 6, If S1 is the slip of the motor,

Wl its speed in per wnity and
, Wb the. supply frequency in R«\-:-r un\it >"’
Then S1=1.0~-W1 ’
" And the powdr angle PANGL will be equal to S1.Wb  Modulo T
\ The third study glves therefore the é'aphi\%}
representation of: o '
S The magnitude of the current in phase 'a' noted by A
‘ x‘ The power'angle variations and values, notTed by B
The reactive power component noted by C
The :air-gap torque noted by D
“and the speed of the mcMne noted by E
S *
. ‘ The field supply is still applied at 2.28 sec.
}a.f‘ter the motor has been stapted. If we look at the output
of this third study we can make the following remgrks :
w7 + =  The line ¢urrent for the ‘beginning of the starting
' period .does vary widely, buty\this is due to the oscillations

C rd

. that this quantity has while the motor slip is high. /

3
3
!
- e N Y
- ‘
]
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What is really interesting to see is the variation

of the power angle. Especially at the time the motor

is trying to pull-in; ie: between times 2.5 sec. and

3.5 sec.. The angle starts to increase, then decreases
again and continue to oscillate with‘ deéreasing magnitude
untill the motor stabiliges 2rd then the power angle
assunes an angle which will be proportional to the .
torqgue developped by the ‘motor.

Untill the motor synchronizes, the reactive power
component 1s very negative, which means that the motor”
is drawing lagging current. But after the time the

motor pullsi-in, the reactive power starts to increase

in value and gets to a final positive value at 'time
about 4.7 sec, The finmal value of this reactive ;;ower

component 1z & function of the lcad the mctor is driving

as well as a function of the field current or the excitation.

r ) -

Rt e e  tn i il et e et
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4) POURTH STUDY
- | .

In this fourth study we will modify the previous
study by applying an additional load to the motor after its
.synchronization sequence has terminated. Therefore, thf

\1oad is applied to the motor at time 6.0 sec.
\

\

-

The symbols on the output graph rep:r;esent the

Qame quantitieé as in the third study. Looking at the gr_'aph

the following remarks, can be made:

- We: can see that the motor is well stabilized before
the application of the load. At time'6.0sec. we change
the value of t iction factor frtm 0.2 to 37‘0 This
would be equivalent to loading the motor to almost its
rated load. ‘

- Af'té\r application of this load we see that the speed

trace\\went through a small perturbation, but the motor

was paﬁa.ble of keeping this synchrono after
, \
about &xsec... ' N

Le .
. = .The current jumped to a higher value and then

v

oscillating - for almost 1.0 sec. stabilized at about 1.0pu.

e

-  The power angle also had to’'go through an oscillation

o d e
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~

d\xx:ixlg almost 1.0 sec. before stabilizing at a higher
value. Obviously the torque also oscillated for
" about the same duration, to assume a higher final
value. - ‘ g
- . The reactive power component was also affected, but its
oscillations did not have an as important n'agni‘mide as
. the current, the torque or the power angle. However
we see- that this quantity decr'easeci in magnitude. In
.other words the reactive power that the motor was
‘ generating is now less. The cwrrent th'e motor draws
is less leading .

»

The above are the interesting results that
we could deduce from this fourth study. .

‘ | A

¥
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5) FIFTH STUDY

In this study we are going to have a system
with two motors. But the electrical power systém is still
assumed ideal, the first motor will be started, its field
applied, load it and then start the second motor.

The graph output that we have shows the
two currents, IARMS]1 and IARMS2 derioted respe¢tively by
A and B; and the two speeds W1 and W2 dendted by C and D.

There is not really any coamment. that we can
do on this output except that it ‘gives us an idea of

how the program looks like when we deal with more than one motor.



~Te-

N “
' If we assume” now that the electrical power system
is a real one, and that it does not have-an infinite stiffness,
we would have to change the description of the power system.
~ The equations of the three phase.voltages VA, VB and VC will
be: )
VA= VRA - VAD
VB = VRB - VBD ] '
VC = VRC - VCD
wher; VRA, VRB and VRC are the phase voltages of an ideal
' system and VAD, VBD, and VCD are the voltage drops that
are a function of the load current and the stiffaness of the

.~

power system. . ' o

Due to the fact that we have iIntroduced a derivation
in ofder to compute each voltage drop, the -time to run the
program was increased by a great deal, and to be able to
show the represéntation of the system, runs that campute
thg&ptor quantities for short times will be perfqnned.

In the present run we will just calculate

the motor quantities for the first two secornds of the



2,

starting sequence,

-

-~ "Looking at this phical output, we can lmmedia —

tely conclude that the effect of {having a drop in the system's
voltage due to the motor current influences the time required
 for the motor to reach its synchronocus speed. In other terms
the acceleration is much slower, and the average value of

the line current 1s less than the average value it has 1f
there 1s no system disturbance. At the end of this 2.0 sec.

period the motor 1s just at half speed.

It 18 really unfortunate that we cowld not
see the whole starting sequence, but it would have been
a camplicated programming exercise to get to this stage.

-~

/
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7) SEVENTH STUDY

Since I was curiou to see yhat effect a start
of a second motor has on a first motor already ruming and
loaded, I performed this study. Due to the fact that we are

limited by the amount of camputer time, the fdllowing method
has been followed.

The first motor is gtar:ted, '_syncm'oniied
and loaded cohsidering and 1deal system. A'fter the motor
had stabiIized, I no longe;r assume an ldeal system and then
the voltage drop camponent is introduced. When-the transient
period following the introduction of the voltage drop is

over, the secord motor is started. - ' ¢

Referring to the graphical output available, *
we shégld meke the following coamments:
~  The shape of the different waveforms shown are not
" unknown to us Imti11 we get to the time 8.0sec. when
the electrical power system is no more assumed ideal;
- . The instant we introduce the drop in the voltages so
that the system is close to a real system, we c;i )@;e

. _a perturbation in the line curreht, the power angle,
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~_

© ol
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"

. the torgue and the’ reactive power. The speed wais not -
affected a bit. - -~
- VWhen the second motor is sﬁarted at time 8.46 sec., we
note a serious perturbatio:‘af the line current, the power
angle and the torque. The speed was not afﬁf;éted, but .
the reactive power component had a tendancy of increasing.
- The increment in the reacf:ive ppwer has been noticed
in Isractice, the power factor of the nptof rumning
. goes leading while another motor connected to the
sz;me bus is being started. This Jks mainly due to the

L.

fact that the excitation of the field is ;onstant.

1

The stiffness f‘actér in this run*has.been
given a value of 20.0 . I thj.nk that on such systems we
should not expect problems of this kind, because™she erfect
of another motor being sta:*ﬁe{fioes not) upset very muct the
electrical power system. Runs with smaller stiffness factqr:,
were performed, but there was no pcfss;ibility to reach any..

conlusion .- v
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'- ) _‘,) ' ’?“:? —‘ o . . ™ \ . \ I
RN ) | -
{ R In this work, the objective of modelling .

o a _synehrondus motor and to implement it on theJd.igitai
. , § P | | o \
ST " camputer was reached. ’I‘he eor'recteness‘ of the modelling‘

b

v conld be considered Satisf‘actor'y emol.bgh 50 that jn depth

analysis of . 5uch elect*'ical apparatus could be possible. .

¢ .
[ - ~ - g \ e ‘
s ,\‘-” r , | I ) ' ( . . & . . '
' > § After bed.n{g involyed in so details’that
the modelljng invokeé‘ Iy ,attenticn was tw'ned-atowards am~

w

/ . s%bject tha‘c may be of 1mportan/ce, but due to the scope

AW

oy

Lo . of this work could not be inve*stigazted 'I'he statement of

[ N : . :

‘ f thi€ matter will come o cozrplete present work. < -
B { ) - - N v
v A - > -8 3 ‘ s
- - 1 ‘ ) . -

r. s ., We have seen ’ﬁa when a synchronous motar

" :‘ ' PR , o . o . - - . R i
o R T s rmqing;stapilized, tp;zn—qerlt it draws is either in L ,
a1

phasé or leading the VOl f we 'ass‘&pe that we'are " ‘ v

’

v T -“dealing with a 0.8 PF motor,the veotor representajon of - e

L o thewstemwiuxfe« o o \\ .
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. urt — At , /M N2 ’ -
" < The instant the second motor is being started,. - %
the current thai: the system delivers will be the sum of T
V' .
: the two currents tfxough each of the motors. One current

’ will be leading and the other will be higher in magni-
tude and lagging. Then the vector representation will be:

— R I = ﬁﬁ '\/

. " Np when

. I mo*:br'
&’.' f'ur\t'nﬂs .

g AT e e s e v

-

*ﬂ

4

*

We can Tdte that the voltage at the bus

i

. vhere the two motors are commected decreases in magnitude

-—

but alsc shifts by an angle o4 with rdspect to the vol- -

-~

tage behind the pover system. At this stage the motor
already synchronized wi ve its Internal voltage lea-

"v  ding 1ts ferminal voltge, and in order to satigfy the

! power transfer equation, this motor will have to slow .
down. - The shift'that was introduced in this paragraph

’ “« N P

.could be 1'1‘o‘cj,ced“cn;_1> graph —2-‘-", which is a fiel récording' ) ‘
on a motor where the voltage drop was as high as 30%.
: . » " s 4

L -

hJ B}

. cob
Cor Therefore while the second motor is Hocelera-we

‘ting, the/first. ork will stabilize after resynchronizing -

#
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with the pe;x'ttz'bated system. But the main coxicern is
when the second. motor starts to be near synchronous speed,
the shift in the terminal voltage will be in the ofhér di-

" rection, and the first motor w:%ll' have to accelerate to
keep the synchrénism. And the moment the second motor
é;nchronizes with the system ae'.md‘s’carts drawing leading

_current, the shift’. will then be more important.

j — | » ’
Henée, \i.f we happen to have the above situation,
- we will end up w:Lth a\?roblem where both motors -will, try
to synchronize at the same instant. Since motor 1 could
o |

be loaded at that t:i.me, chances are that it will loc>se
i’cs synchronism. LY \ | o

.~
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i  APPENDIX I

INTRODUCTION TO TENSORS

1) DEFINITION ’

~y

Given a network with n-meshes; Instead of saying that the

“network has n-currents; 12, D s eeay 10

n-voltages; vV, Vi, ...y V 4" o
n.n Impedances; Zaa’ Zop? "t P
‘one can say that the hetwor}( has : —
. one current 1 ‘ .

one voltage v

’ one impedance z

while the individual currents, voltages and impedances are simply

-elements of the matrices’ i,v and z. +»

Also for each n-mesh network containing the same coils
N . b4

. ' \
; but Interconnected in the same marner one assoclates at least one

i, v, and z matrix. -

I

.l\ - '\
By the same thinking instead of saying that there are

currént matrices as theré are networks; 1t is saié that one current

vector i, é,Prwsical Entity whose proiections’ along the various .
| . ‘

-reference frames exlsts. i o




b

R g PR

. e < - \
Given V= ri +Ipis 1 1 . \ P :
1f the symbols are tensors, it automatically follows that .
4

-

The key to this definition is the fact that it is possible

té find the components of 1 1n any reference frame from the com—

, ~
ponents on another frame with the aid of a group of transformation
matrices C by a definite formula. - '
If C 1s not avallable, the different n-matrices do not X

form the projections of a single physical entity.
v
Hence a collection n-way matrices formsg a physical
entity, or "a tensor of valence n" if with the ald of a gr'oup. of

transformation matrices C they can be changed into one another. hat

L
. N
A tensor of valence one 1s called a vector; a tensor of

r~ . A
valencg zero is called a scalar; tensors of other valences vk no '\7~’

special names. A tensor 1s tr%sformed with the aid of as many

transformation matrices as its valence.
w

-y * b

P ) b .;'. > E
The advantage of donsidering i, v and z as tensors rather - - Q

than simply matrises could be explained by an example:
. - (

the equation is the same ingny other analogous system. However:if

—

-
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the symbols are matrices every analogous system may have an entirely

different equation.

s Therefore: )
- By selecting one system whose analysis is simple, establish all
the Tensors in this system (t¥é so-called "primitive system") ard the
desired equation of perfonriance in temms of tensors.
- To find the tensors of any particular éystem it is then only re-
quh;‘ed to find the particulqr transi}omatién matrix C.
- By routine. laws of transformation the tensors _of the glven system
cogl'd be established. \ )
- 'Then the sought equation of performance is a c&by_ of that of the'
' primitive system. "

+

It would be wrong to talk just about matrices because the

[}

method of reasoning is that of tensor anaiysis, A matrix has no
inherent law of transformation; a tensor has such a law. .

: ~2) LAW OF TRANSFORMATION

.

<

~ From one -reference frame to another the instantaneous’ power
" » ) N - N s

b

input is invariant. ) -
P=Pp P .
\ . ~ ’ 1= Ci" .

4
-
L
W

b}
-
£
4
5
v
l“
o,

vi =vii?
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APPENDIX IT

INERTIA CONSTANT

|
'

|
The following is a derivation of the inertia constant |

-

term psed in the acceleration equation in per un,it of a synchronous )

machines.

~

5

Y

4

The equatidn of motion of a rotating body is:

2

' WR
p ﬂ'a-B-Z-z-a

’

‘m‘

[

_ = a 1s the angular acceleration in radians per second per second

- T ' the acceleration torque in pound-feet

2

- WR the inertia of the rotating body in pound-feet

{

4

2

- o
The mechanical angular acceleration is equal to the,

electrical a.ngular acceleration dvided by the number of pair of

poles ’ therefore 3

™~

~

o
)

© AJIL.Y

kr S
s
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£ Vs TR gigose .
LA

$ ’ ‘ . Ve
Where: ~ " ‘

- 9_2_0_ is the electrical angular acceleration ixj electrical radians
2 : T ' ¥ o

dt - '
{ per second per second .
. = P rumber of poles 2 X 60.f .. - S~
< ~‘ - A - ]—' n'—] - ‘\

¥

e

- £ . normal frequency

-

; - rpm normal revolutions per minute (rated speed).

e

In electrical terms. Eq. A.II.2 then becomes; |

C g | .
= .48 |
a = 2= yoe I A.II.3

wte b

P

F It is desirable to put equation A.II.1 in per unit terms
by dividing the acceleration tbrque in pound-feet bu unit torque of

o S

P
the machine urder consideration. Unit torque can be defined as the
] ' torque required to produce unit KW at rated speed or:

Tunte)=—S0E) 0 A.II.Y
1.42 X rpm X 10 -
. Unit KW 1s assumed to be equal to unit KVA in the per unit
system, ahd Eq. A.II. 4 therefore becames; )
‘ : Tgunit)- KVA(base) " AJILS
Lo =0
. ) 1.42 X rpm X 10\ '
v
X . e




-
~ “
-
-

We can then give the e)éprression of the per wilt equation

of torque in terms of the per’ it acceleratIon amd the per unit L
2 ! ‘ (
inertia; co ‘ | Lo ~y
= J-8 - : ' A.II.6
a. . . ~ : '
r-
Where: T~ : - | \ .

»

~» = T, is the per unit value of the accelerating torque

= a 1is the acceleration In per unit

- .
1 %

-~ J the per unit value of the .fmertia
And the calculations show that J equals 2H where;

o

H_ 0.231 X WR® X rpm™2 X 10~0 " |
KVA (base). ‘
oo, Ny
~ ’ L4
RN
- ‘ '
. - ) ~ -1
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APPENDIX III

This Appen% contains the computer program for each

of the seven studies performed throughout the dissertation.

317 2 T ... PP 94-95
1STUDY 2 R EEREEREE] b- --------- R E R pp‘ 96-97
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STUOY 4 ....... eeeneenas eveaes . pp 100-101
STUDY 5  .ovvrvvvnnnn et eeeeeenas pp 102-103
STUDY 6 ....... e pp 104-105
TSTUDY 7 e ee.. PP 106-108
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| o ' 2AN2 TeTAZ4(240%P1/340)
1310 FSwWiT-€.0sTRIESTRUE,FALSE)
! TB1D NOT(TIS1D) -
% TSI10 - VDS2 . 0.0.
! TSID vire Ge0 =
. TRlg . Ves2 ADD(VA*SIN(TE TLZ).VB*S!N(llﬂt);VC*SIN(ZANZ))
'\\, T8I0  'VI52 ADD(VA®CDSITZTA2)pV3*S osclANZ).v *#LI3(24N2))
TN 1} (2.073.07%VD52 N
§ Va2 (~2.0/3401%V0S2 |
s [a2 (1D2*COS(TETAZ))=(T22¢SIN(TETA2))
r 182 (I CUS(IANZ I~ (T 3Z*SINT(IANZ))
; & 1c2 (1D2*COS(ZAN2))=(TQ2*SIN(2AN2)) e~
; . e? (VD2*ID2)+(V32%102) L s T
: 02 TVD2Z+IQ2V1-(VIZ*102) ~
| PF2 CP2/SCKT((P2%P2)+(02%32))
‘ PFA2 NJASS(PF2))¢(22/(435(22)))
; SHN? SINT(B*TI¥FPFL2)
L v IaRMS2  IA2/SNN2~~
, o~ Vasi ADD(VA®COS(TETA1), V342 OS(IAN1),VC*COS(2AN1))
l ] Vb1 (Ze073401%VDS1
. Vos1 LOD(VA®SIN(TETRL)o V3*SIN(IANL) » VCESIN(24NL))
) .. val (=2.0/3.0)%V2S1
. reg [a1 LI01*COS(TeTalN]- (IOI*SIN:?LJAl)) x
! 181 {I01%COS(1ANL))=TIOL#*SIN(LIANI}) -
[ . 1cl (101+COS(2ANIII-(I01«TiN(ZANI))
Pl (VOI*IDQ I (VI1*TQD)
, 21 (VD1%]121)={V3I1¢ID1) . .
PF1 PL/SART((P1%P1)+(31%21)) .
PFAL (ACS(PFLIVT*(Q17A88(3T)) i
SAN1 SINU(WBET)+PFAL) - \ N
T4R¥S1 ~ TA1/75aN1 . \ o
SI 100“1 -
pNGY INT((S1=d3IMD,9) X
PANG] MOC{ANGLls PT) 3
D FLO(T ) IARMS1, TAQMS2,41,W2) ' -
SCA(U4190405906051043250002) j
TER( ¢021349510,9012%.392042) !
OPT(M0s0elsCalrdelrdalsdei) i
FIN(T»12.0) i
END : * i
* §
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#x2MIMIC SOURCE-LANGUAGE PRGGRAM#=» .

m"—.wﬁ‘—-‘-" —~‘ o ——— -——mwm.“-’m-\t ..

=y -

s
! . VERSION 1 10/01/88 KOD LEVEL 0330 .,
CON(RASXALIXXIL» XXQLs» XFL,RF)
) CUN(RKDpRKD, X4D, XkN, v3, EAS])
[ W - » 37 0.02
. PI 377.L/120.0 .
XMD 1e02(11 ¢ + '
XMQ 1e0/((1e0/¥40)¢(1.0/XAL)+(1.0/XKAL))
X AF . XMO/XFL
o= ’ 4K) XHD/IXKDL -
r £KQ XHA/XKAL N AN
' AD XMD/XAL ‘ ]
AQ YMQ/XAL
Vel 0.0
ONEL {AD*FIJD1)*((AF=100)¥FIFL1) 4 (AKD®FIKD1)
1F1 NEG(INEL/XFL)
. ’ DFIF1 ADDI(VF1sNES(F*TF1))
| - TWIl (AD'FIDl)+(LF¢FIF1)+((LKD 1.U)*FIKDL)
1xD2 NEGCTWIL /XKOL)
| . DFIKD1 NEG(xKD#IKD)) ;
' T4REEL (AQ*FIQ1)+({AKI=1,C)*FIKQL)
' ' k01 NEG(IHREEL1/XKOQL)
DFIKQ1  NZG(RKI*IKAL)
5 FOURY ((AD=1eJ)*FIDIY+(AFREIFL) 4+ (AKD*FIKD]) —
s io1 NEGIFOURL/XAL) . § ‘
OFID] tDD(VD1, NEG(AA*IDL)»WI%F]IO1) |
FIVEL ((22=162)%FJ0L1) + (AKQ¥FIKIL) :
. 101 NCG(FPIVEL/KALY - §
C ¥ DFiQl ADD(VOI;N=3(2A#IDI)pN=G(HI*FIDI)) E
A TAl (F1D1%1Ql)-(FI214ID1) !
Cae . J1 0e? - '
. | \ FRICL De2
| 3 Nl ((1&1)-(FRIC1¢41))I(2.0*J1) ‘
(23 INT(OW1lsDe2)
( FIo1 INTC(DFL21%W8)yDaD) i
x $ID1 INTC(OEIDLI*d3)edeD) :
‘ FIR) INT((DFIF1%u3)» D0} : ;
! FIKDL . INT((DFIKD1%4B)y»2.D) ' y ;
: FIKOL  INT((OFLKQL*WR),040) . < :
' . wEl “1*WB ,
; ; TETAL INT(WELsD4d) {
} | ; .« 1AMl T3Thi=(2.0%P1/3,0)
; ! ' 2AN] 1:1alel(2.9%°7173.9)
Pl ’ A T EAS !
: . , VRa EA*SIN(WB*T) ~d
-~ . VRd FASSINI( BT )= b 3
Py VRC TA*RSIN((WB*T) =(440%P1/3,0))
- DICLW CER(1,IC1,Cal) \
, DIBIN _ DER(T»78ie2.9) °
: DIALM DER(T»IALly0.0)
i DIAL DIklw/WB - ¢
! D1el ISEIRYAIL]
r DIC1 DICIw/NB . v
: X 204 - . . K
VAD N1AL/K
LY DIBL/K .
- VCD DICL/K S
; L va VEA=V&D _
o ve VK R=VBD
Ve VRC=VCD 3
. VDS1 ADUCVA#COSITETAL) »V3#20SE1ANL)» VC*LASE24NI) )
1 3 Vol (2.07/3,0)%V)51 _ \ v



ABD(VA‘SIN(T?Tll)p%i*SIN(lANl)gVC'SIN(ZlNI’Q Lt

r Vasi
vol ¥ (=2.0/3.0)*va%1 X
141 (ID14COS(TETAL})=(I01¢SINI{TETAL)) 05
131 (IDI14COSCLANL) ) ~(IAL*SIN(LANL))
11 (1D01¢COS(2ANL))=(T01#SIN(24N1)) /
L Pl (VD1%ID1)+(VI1*101) :
" a1 (VD1#101)=(VO1¢ID1)
0 PF1 PL/SORT((P1#P1) #(21%21))
Prel (ACS(PF1))#(01/4RS(21))
: SNN1 SIN((W3*T)+PFAL)
- 1ARFPS1T - 1a1/SNNI1
51 140-¥1
T ANEYL INT((S1%#3)70e0)
' PANS1 MOD(2NG1»PI)
T PLOONT» JARMS1, PANGL 215 TAL,W1) V
( SCA(Ge170005+00220¢1500190002)
l ZEF(CoOlGoU!EOoDDBO.)D30.3'#00)
y OPT(540sDa19301500ds0a1s0417
i TEUR(Trze0) - ,

END
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¢ JRN S,

S VERSION 1 1°7GL1s86 MOD L-VEL nare
(\ : N

SON(Z4 4 Yhu « KKDL « XKAL 4 XFLWBF)

- Piie T

~106-

}?7 L PON (SN, RN, X0 XL WETARY 4
/ 3= B
PI 3'7../125-0 :
) 4 e FLYVA S LA IRIESERVIS4BY YLDV I AR FSAPDENAL AR NI
x".G -0-/(“-.\ XLQ’"(‘O:IAAL)"‘l-:/XKGL”
LF X¥D/XFL ,
: . X o YMSZXKD
1Ky AMQ/XKQL
a7z AMI/ REL
LN Fe. s TA ST
Y22 FAA(T =2, 25 e RUEsTRJE«FLLSDY
a2 NGT (T22) ‘
T2 VE s
782 VF . 1. 143F N
ON-_1 ()2 IDar+ ((AF=21a ) *FIFL) +(AK[*FIKDT)
2 1= STnIANTAZXEL)
LFIF --D(VF‘.NEG(QF*;Fli)
Tw(l (LD’FIu‘!+(LF‘F; S E((LKD=1,)*FIKDL)
H L4 Y P ThROe 3K Y
P * LF.KEL T3 LSKP*1KI) :
| " THMRZE: (~Q*FIQ2)+((a@=1 ¢V FEIKQL)
; K. 4T G METE4 /a0 |
| TF.KQ1 TG IIKRN*IKQLY :
| €oUxY (LA =L el )5FILL)+AF=FIF1)+ (LKLAFIKDL) &
: T N LR DY ¢1 8 ]+
; SFIDa 250(VELNTS(RA*2D4),K21*FIO1) §
: - FIVI® 4, ((AQ=2.0)%FINLL+ (AKD*FIKQL), .
: N s ‘ n-cr TYNTALXES) L
CFoa: ZI(VOL  NF G(n-*ililthG(H‘*FTt‘)) - !
TAY (FII-'IQl)—(F o**:s:» '
- Jo _.17 ’
. T3 Foat” --.o.|«u=,t.uz.?:;ss)
< 3~ NCT AT L6
‘CD F:-l:‘l -‘A,
720 FroC3 143
WL ((Tii=(FF IC“n*))I(..[ Jl)
AL TAIiTWA D) - i
£l TRTE(ZFIQ2%W3) (. ) i . !
CFIL INT(CCFIDI*w3Y, (.0
[ A el Tiral B Bl RSl e ‘J..QI [ A | _
F"<31 .-?\T(‘LFIK-l."E)) tJ) P
FIK2z INTHILFIKQL*W2),Je0)
I ANk
TS AL JATIWSL 48000
! 12:-1 ::T::‘(Z."‘p;/:’og)
20 ESELE N NALI-NTATRE
-K s 2-.0:
8 TES >
g SlecT) (QRETY M
JA3 | IIASIRUNERT) (2. 0% F s N
, VL , TARIIN((HEET) ~tba L *F1/2.21)
o uE2 "'. .
! oNT2 (Mu*FiT2 e ((AT s, )=FIFZ) & KI*FIKD2)
) IF? wWESIINEZ/ZXFLY .

"'(;M_ o T SINE2 N G(TERTEDY )

————— 4 oroo— S——

—e s

zK‘Z TG RTSZ/XKEL)
SFLXDE L E3(~KI*INC2)
LTHEF2 (R 2%FiN2)+((¥KQ=1 . 31251 KQ?)

e p e e

w12 .%; (RU*FLo2) e (aF=FIFC+ ((aKT=10 1 2FIKIZY




r

-t

M U

IxKa2 NLG(THREE2/XKQL)

uFIKQ2 | NEG(IKQ*IKQ2) ‘ -107-
FOux?2 ((AD=-1,C)*FID2)+(LF=FIF2) +(AKC*FIKD2 M
132" NEG(FOUP2/XAL)
L s OF_52 ACD(VD2 ,NZGIRE*ID2) , W2*FIQ2) . l
— ENE2 L {Ade. ) EIQ L (LUOLEIKQY S
Iz NES(FiVE2/XAL)
2FIR2 ADD(VQ24NEGI(RA®IQ2) ¢ NEGIW2*FIL2))
T2 (EI1 221021 elEFI Q210321
J o T.7
FRIC2 2.2 ?
Ja2 I!TA)J-LFETCJ'NQJJJﬁL) o J23
W2 INT(OH2,0.C)
EIZ2 INTALLEID24WRI ()
FIF2 INT((CFIF2%WB) 4040)
i FIKD2 INT((CFIKL2*WE) ,9.0) ‘
‘FYVJP DT (LCEIKQISWE) oo
WE?2 WZ®W3
TE-A2 INT(AT2,0.0)
1.2 TEv a2, " %pT r3,3))
. 2882 TETAZ4(2,0%FI/3.3
i TS‘.O FS"‘T"B.O'TRU::.QI UEQF:LSE,
‘ TR 1CTLTSA0) : . -
! T€1l  vas2 2.0 N Py |
: Te1g vas2 o3 A ' v >
; -2 yQs2 AR (YLACIN(IETAZY VA*SIHLIAN2Y VCESIN (24N —i ]
TELC viz2 AJD(VA*COSITETAZ) »wWEACOS(LANZ) o VC*COS-(2AN2)) -
i Vo2 {(262723.7)%V52 -
' 1a)sd (ol /7, 0Y%yQ52 . ;
ia2 (ID2*COS(TETAZPI=(IQL*SINIICTER)) .
- 132 (Z32*COS(LAN2) Y- (I22>SI (18N2)) ¥
Ic> (i02*C0S (2AN2 I = (T2 I L20023) ‘
‘ P2 (v)2*102)+(vQ2+IQ2) ‘ ‘
Q2 (vD2+I02)-(vQ@2*.0c) ;
PE2 DRLSOFET ((E2%P 2 (02> 02))
OFn2 - (BSS(PF2))*(Q2/(AB3(2E)))
SNN2 SLHIWN3*T) +PF 2 2) .
TLoMs2 L2 LSNND
Ia ik1+IR2
id BL+lE2
il bl o WAL o
T3z FEA(T=8,0,TPU_ 4 TRUS,FALSE)
T35
.Y e bl A~
- 38 TUILW ; ;
T8 CICLNW
: el bk VL IV
< db SI4LNW
- D+CIW - JER(T4ICCC)
i e a
CIsl  Di31W/W3 !
|4> eI SICLU/W3 ‘
Mo e L 2.2 ‘
v3D0 - Cisi/K
ver GiCL/K: 2
M KV i3 W R ¢ :
V3 _ Vr3-VBLC g ' ?
Je VRS -YCD- . ,%
U (2oL /7340 )*V0SY
¥ VNl ACDIVERSIN(TETRAL) o VR*SINCLIANLIY , VOSSN (24N2))
’ va. (=2,:/2.3149Q%1

T A T NI 4P AS (T T A AL m ATA- SCT 1 E T " s a o n



1

v -
[ SORE SUN

1 731 (ID31*COS(1AN1) ) ~(IQL*SINCIANS)Y
iCs (ID1+COS(ZAN1))=(1Q1-SIN(2ANL)) -108-
£y (VO1*.01) +(vA1*1Q1) \
Q1 (V31*1Q1)=-(VvQ1+I01)
- PF1 Pi/SCRTC(FLI*Pi) +(UL*Q1))
N : PFr4 (LCS(PF))» (Ai/ 48 (N~ 1))
[ SNN1 SINTIHB4T) +FF ALY
IacMS1 ik1/3NNT
<1 ial=l]
ANGY LNT ((S814WS) 40 .0) )
PaNGY MOD (ANGL,FI) i ;
FLO(I.TARVS].PANQ!.Qﬂ.Tll;dll
F LA 14 CaCE, CMlyCalyualy oF2)
ZER €. oZ a0 el yB0al o300l 4204y nul)
: 115 & E DU SFLIN P T, BRI IR, 2
FIN(T,9,%)
Ny -
‘ @
L .
! 1
4
[ .
& J -
.Q{gs v
i .
I
| A
i




