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SUMMARY

This report I r e ~ ents  an :uialysis of ~ DC power -;upl iy consisting

of a superconduct  ~f l ’  a l tt r ’uator , a x e ~~t i fi  et hr i d f e ’, and in LC ~- u t 1 - i i t

f i l t e r .  The mai n purpose of th is  research was to determine i f  changes

in the size of th~ Al t e rna to r  inductances woul d dllow th e use of a smaller

f i l t e r .  To i en ’form th is  s tudy  it wa~ r i€ c ’ ssary to examine the be-

havior of the f i l t ’ n -  and to de te rmine  how i t s  oper at i -~;i w i ,  a f f ct ~ d by

the a l ternator  ~ i r -  in

B-i ~~ical1y , ‘ f  f i l t e r  1 ’ i - f c i r n~
; two funct ions :

1. It a t tenuates  the output  r i pple voltage.

2. It l imi t s  the  i n i t i a l  faul t current  when a short c i r c u i t  occurs

at the load .

Both of these func t ions  also depend upon the values of the a l terna tor

inductances .

Since the f i r s t  f u n c t io n  re f ers to t he ’  :~t ’~- i ’  st at e  behavior , it

was necessary to dn v Cl op  a model fu i -  this  o~ er a t i r i t ~ mode. This was done

f i rs t  for a system wi th  an uncon t ro l l ed  r e c t ’f ie i ’ b r idge and t h n  these

results  were e xt e n d e d  to a control led r - t c t i f i e r  bric1~~ sys tem.  The

second func t ion  i:; -A t r J n I ~~ i e r I t  phenomenon , so it  wm also necessary to

develop i second model to de~:~L r i he t h e  t rans ient  behavior .

Once the system models were complete , a stud y w i ~; ~- r’formed where

the un f i l te r - - f  r i p~ le volt ap ’  c~~l c u 1 i t e - 1  foi -  various values of

the al ternator j n d u c t i n j ’ - - . I t  was f und t h a t  under  cer ta in  e’. n i l i t  tOI1 ~)

the r ipple v oltwe  can be I er - r ’ e - i s ’ : d  by i l l ex e a s ing the armature self

iv



inductance ( L )  . A proyl inl I w A ;  then w r i t t en  which  cal e~~L.it ed  t I n  weigh t

of the  LC f i l t e r  t hat  w 1. ; requ r d  for A given - ; e t  of spec i f ica t i~~n ;; a n d

a l te rna tor  p i i irnr t i ; : .  Th 1:; r e ~~r - - t r n  i nd i~ a t  ed t h i  t an lncrease i n  La

could decrease th e  r e q u i n e l  f i l t e r  wei ght l y  - n ; ~ much as 22%.

Other  ir i v e s t J ~~a t ion s  inc luded  a ;~en s i t  i v i ty  an a ly ; i;; of the  a lt . - ; r i t e r

inductances  and t h e  des i~~r n and te : ;t  ing of phase e L n l t  r o t l e d  vol t -A t ’e

regulator w i t h  c e r i n t  o v e r - I  - id pro t o  t iOu

.V



1. ALTERNATOR WITH UNCONTROLLED RECTIFIER BRIDGE

1.1 Introduction

Recen t advancements in superconducting alternators have created a

strong interest in using these machines for airborne electric power sup-

plies. The predominant advantage of this power source is its relatively

low weight for applications requiring multi-megawatt outputs at several

kV . This low weight characteristic occurs because of two factors :

1. Even with the required cryogenic equipment , the super-

conducting alternator system weighs much less than

a conventional alternator.

2 . The higher armature voltages of the superconducting

machine may eliminate the need for heavy output

inverters and transformers .

These attributes are discussed in fu rther detail in such references as

[1] - [12] , and a very recent example of such a macl ine is described by

McCabria, et al. in [13 ,14]. This particular machine develops 1OMVA at

5 kV and weighs approximately 1,000 pounds (alternator weight only).

This same reference also includes projected estimates for a 25MV A machine

weighing between 1882 and 2160 pounds , depending on rated output voltage

(again , these figures only include the weight of the alternator).

The potential advantages of superconducting alternators have prompted

extensive research in this area, mo; of which has concentrated on ac

loads (again see [1] - [14]). Applications for these machines also exist

in high power de systems however, where the alternator is connected to a

rectifier bridge followed by a large filter choke. This mode of operation

1.  
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has been s tudied in detail  for conventio -~d alternators, (see [15] through

[21)) ,  but un t il now no such ana lys i s  has been presented for the super-

con du ct ing  machine.

One of the  more ri gorous analyses of conventional rec t i f ied  alter-

nators is that presented by Franklin [17 ,18] for salient pole machines .

By assuming constant flux linkages for the rotor windings , this study

derives a set of nonlinear equations in terms of the electrical variables

of int erest. Certain approximations then lead to a linearization

involving a constant K factor , and an explicit solution is obtained. The

advantages of this approach are readily apparent since it provides a

closed form expression for each of the variables , once the proper K factor

has been found . The determ i nation of K is somewhat distracting however ,

since it is load dependent and requires the use of numerical methods. In

the following section it will be shown that this K factor can actually he

eliminated from the final solution if a Newton-Raphson algorithm is used .

This new approach appears to have certain advantages since it is somewhat

less complicated and does not depend on any linearization factors .

The essence of the work presented here is:

1. Franklin ’s basic analysis methods are extended to the

superconducting machine.

2. The dependence on the previously mentioned K factor is

eliminated . As statel above , this is accomplished

by using a Newton -Raphson algorithm where a K~l

iS used only to find a start ing point .

3. A numerical example predicting the rectified charac-

teristics of t h~ machine described by McCabria, et al.

in [13,14] is included.

2.



The overall intent is to provide an analytical model of the steady state

behavior of the superconducting alternator with a rectified output .

This analysis is regarded as a preliminary step to the eventual design

and testing of these machines for D .C .  loads .

1.2 Steady State Alternator-Rectifier Model

The armature of the superconducting machine is assumed to be Y

connected as indicated for the basic two pole machine in Figure 1. The

d and q windings shown in this figure are equivalent windings that

account for the effect of the cylindrical damper shield located between

the rotor and the stator (see [5], [13] or [14] for example). Output

voltage and current waveforms are shown in Figure 2, where the indicated

9 corresponds to Figure 1. Formulation of this problem proceeds in much

the same manner as in [17,18], but there are some important differences

in the machine parameters. It also should be noted that the method of

solution is quite different from these earlier references , and certain

equations are employed in a different manner.

The following approximations are utilized :

1. All winding and diode resistances are quite small and can be

ignored.

2. All diode voltage drops are negligible.

3. The load inductance , L , is sufficiently large to maintain a

constant 1L’ i .e . ,  the effect of load current variations is

ignored.

4. Each armature winding is assumed to have a perfect sinu-

soidal distribution about the stator.

3.
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5. The effect of the damper shield is modelled by equivalent

direct axis and quadrature axis windings on the rotor

(d and q) .

6. The rotor speed is assumed constant .

Since the superconducting alternator is an air core machine there are no

saturation or saliency effects.

Although the line to line voltages in Figure 2 are shown as per-

fact sinusoids, it should be noted that they are actually distorted

somewhat . Thus commutation actually starts at some ~ > 90~ and not at

8 = 90~ as indicated in the figure. Another interesting characteristic

is the fact that the stator MMF is constant in magnitude and direction

during the conduction interval and abruptly shifts to a new direction

during the commutation interval. This phenomenon is termed “MMF jump”

as is described further in such references as Stepina [16] and Franklin

[17].

The wa ve forms shown in Figure 2 indicate that ~i < in/3. Franklin

points out that it is also possible to reach a mode where ~i 
~

-. Although

a large number of simulations were conducted in this present study , the

= iu/3 mode was never reached for the machine used in the numerical exam-

ple. The conclusion drawn was that this appeared to be an unlikely operat-

ing mode for this application , so it was not included in the analysis.

1.3 Steady State Equations

The primary goal of this section is to derive five equations that

are expressed in terms of the following variables:

6.



4
angle at which commutation starts

commutation angle

I f 
= average field current

W = variable defined by equation ( 2 0 . )

V = variable defined by equation (21.)

These equations turn out to be nonlinear with respect to ~ and u ,

but they can be solved by some numerical method such as the Newton-

Raphson algorithm. Once these variables have been found it is possible

to determine the time dependent expressions for the output voltage and

the current in each winding .

It is assumed that the field current consists of the constant com-

ponent, 
~~ 

and a time varying component,

if(tot) 
- If ÷ lf 

(1.)

The winding currents during conduction arid commutation are indi-

cated as follows,

Conduction (Interval 1-2 in Figure 2), ~ + i —  iT/3 < 0 <

i Ia L

1 =  1 = 0 (2.)
— c

if(t t )  
(i~ + if

)

i iq 

q7



Commutation ( Interval 2-3 in Figure 2 ) ,  B < 0 < B + ~

(_I
L 

+ 1
k

)

(3.)

(I
f 

+ i
f
)

1
d

1q

The flux linkages are given by the following expression ,

I-
A
a

= A = [Li i (z~.)

A f

Ad

A
q

8. 
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V va a

vb vb

V Vc c
d dAV = V

f 
= 

~~~~~~~ 
= -w~~~- (6.)

0

V 0
q

Figure 2 indicates that ,

o ab 
— 

dO ~~a 
— X

b
], B+ii — TT/ 3  < c~ t < B+p ( 7 . )v v =

The average voltage, VL, at the output of the rectifier bridge is,

V
L 

[f B 
V

012 
dO 

~B
’ v023 dO] (8.)

where v
012 and v023 represent the output voltage functions over 1-2 and

2-3 respectively.

3w dA dA dA dA
— - 

B a b dO + 1B41i 
[ a 

- 
b ] dO ( 9

~ [B+~~~ /3~~~ 

- 
~~~ ]1 j2 B dO dO 23

Figure 2 indicates

v012 = V
02,3 

@ 0 B ( 1 0 . )

- - - A
b
)
2~~ 

- ( A  - A
b
)12~ 

(ii.)- 

~ L a (8+~i)

10.



(2.) and (3.) become the same when 
~~ 

= 0, therefore using (3.) and ( 5 . ) ,

A = - I M sin (O-*-u/6) + I/5 I M cosO + i L (12.)q L d  k d  q d

where = 0 over the conduction interval.

A is assumed to be constant over 1-3. At 0 8+p- 1T/3  we have I iq q qo

= 0.

A
q 

( 8 + u— 1 T/ 3 )  = — /~ ILMdsi~) (8+i.i—w/6) + 1qo Ld (13.)

I = - /~ I K [sin( $+ji-i~/6 ) - sin(0+i~/ 6) J - /~ I K cos0+i (l~4 . )q L q k q  qo

where K = M
d

/L
d 

( 15.)

Using a similar procedure, expressions for Af and A
d 
may be determined .

The two simultaneous equations for A f ~nd A d may then be solved for

and 1d’

~~ ‘L~
’
~d 

[cos (B+ji—n16) - cos ( 8+ir/ 6)]  — 
~~ ‘k~

’
~d 

smn0 + 
~do ( 16.)

= /5 I1, K~ [cos (B+u -i r /6 )  - cos (O+1T/6)] — ~‘5 
~.k
K
f 

sinO ÷ 1fo (17.)

where K 
M
f
L
d 

- MdMfd MdLf 
- Mf Mfd ( 18.)

L~ L~ - (M
fd

) 
d L fL

d 
- ( M fd)

As pointe l out by Shilling [15], the rotor currents are periodic with

respect to the 6th harmonic ; therefore ,

1B+~i 
l
f
dO 1

B+ii 
i
d
de ~8+ii IqdO = 0 (19.)

Since 0 for 8+ii - 
~~
- < 8 < B , we may define the following constants

~~~ sinO dO (2 0 . )
B

11.



V - 

~
1 i

k
cosOdO (21.)

Integrating (14. ) ,  (16.) and (17.) over 8+p- 0 B+u arid solving

for i , i and i produces ,qo do fo

i I K [sin (B+u-ii/6) - -
~~ sin ( 8+u ) ]  + ~~~~~~~ K V ( 2 2 . )qo L q iT ii q

1do = 
~~ 

I LKd [cos (B+ ~i-iT/6) - cos (B+ ~ )]  + K
d 

W (23.)

K
f

= ‘d ~~~~~~~~~ 
(2 4.)

Therefore, substituting into (14.), (16.) and (17.),

= /3 K
q t~- [V — I

L
S
~

fl (8+u)] + [I
L
sin (0+ir/6 ) — 1

k 
cos (o ) ] }  (25.)

1
d 

= 
~~ 

K
d 

[W + I
L

COS (B+p)] - [I
L
cos (0+ir/6 ) + 

~k 
S~~fl (o ) ] }  (26.)

= ‘d 
(-1) ( 2 7 . )

Drom (4.) , we have,

A
a ‘L 

(L
a ÷ M

a
) + [(I

f 
+ i

f
) M

f 
+ idMd

] cosO - I
q
M
d 
sIn0 (28.)

- ‘L 
(L + M )  ÷ 1k (L a + M )  + [(I

f 
+ i

f
) M

f 
+ idMd

]

cos (0 - ~i!~) — I
q
M
d 

sin (0 — ~!~) (29.)

A
0 

- 

~‘k (L a + M )  + [ ( I
f 

+ l
f
) M

f 
+ L

d
M
dI COS 

(0 -

— I
q
M
d 

sin (0 - ~~ (30.)

Using the results of (25.) — (27.),

(I
f 

÷ i
f
) M

f 
+ i

d
M
d 

= I
f
M
f 

+ N W - ,/5~ ‘L M [cos (O+iT/6)

- 
~~

- cos ( 8+p ) ]  - “i 1k M sinO (31.)

12.



3~~i M - — M V + /~ I M [sin(O+iT/6) - 
~~

- sin (8-s-li)]
1~ oo Loo

- /~ I N cos 0 ( 3 2 . )k oo

M 
2
Ld 

+ M
d
2
L
f - 

2M
d
M
f
M
fdwhere , M ( K M  + K M )  ( 3 3 . )o f f  d d  2

L
d
L
f 

- ( M
fd

)

00 q d  = 

~~2 

( 34 . )M = K M

(11.) can be used to find VLI by noting tha t

ik 
= I L

@ 0 = B + p

i
k

= 0 @  O = B - s - p—iT /3,

_ 3w
{

3 3V - — — I A + — I A cos (28+2p+iT/3) + /~ I~~M~ sin( 8-s-p )
L it 4 L o  2 L d

9 9
2iT 

I
L A d 

sin (28+2p) + — [M Wsin(B+p ) + M Vcos ( B + i i ) ] }  ( 3 5 . )
ii 0 00

where , A f = (N + M  ), A ( M  - M  )
0 00 d 0 00

_ 14
A - — (L + N ) — A ( 3 6 . )a a fo 3

The curren t ‘k exists only during the commutation period where the

“b” and “c” phases are shorted together , i.e.,

< <
v = 0, B — 0 — B-P pbc

<
•~ (A - A ) constant , B - 0 - 8+1-ib c

For 0 
~~ 

0 , therefore setting ( A
b 

- A 0
)
8 

= ( A
b 

- A )
8 
one ob-

tains ,

1 [2MfI f
[
~ + A ,cos(28)] [ r (sinB -sin0 ) ÷ ~~

- M W ( s in B —s in O )
iT 0

13.



31 A
+ ~~

- M V ( cos B—co sE ) ) + 
L d [sin(28+p) - sin ( 8 + l i + O ) ]iT 00 iT

31 A
f

- 
L [sinii + sin ( O - B — p ) ]  - I

L
A

d 
[cos (28-i i/3 )  — cos

( 2 8 - i T/ 3 ) ] ]

Again utilizing,

< <
v = 0, 8 — 0 — 8 + ubc

w€ h ive for  
~k 

= 0 @ 0 = B ,

(v
b 

— v )
8 = 

~1i ~~~ 
- A

c
)
8 

= 0 (38.)

which  leads to ,

I
-A sin (2 8  - i T/ 3 )  = ~~ 

_
~L M cos B + —

~~
—- ( M  W cos B - M VsinB)d /5~~~L ~ 7T

~ L 0 00

+ 
~~

— - [A~ cos (28÷p ) + A f cos ~i] ( 3 9 . )

U t i l i z i n g  1k = 1L ~ 8+p in ( 3 7 . )  leads to ,
I

A + 21’t cos (2v+ ) cos ( p + i T / 3 )  — ~~~~ .. ~~ M [cos(B+ ~
.) sin (k-)]o d /~~~

1L ~ 2 2

+ —a— [M W(sin8—sin(B+p)) + M V (cosB— cos(8+ii))]1TI
L 0 00

— -~- [2A~ cos (2V+ i~)~~j~ (~
.) + A

fSIfl(P)] (40.)

One could subst i tu te  ( 3 7 . )  into ( 2 0 . )  and (21 .)  and integrate to f ind

two more equations , which along with ( 3 5 . ) ,  ( 3 9 . )  and ( 4 0 . )  would

y ield five nonlinear equations for the five unknown s , I f ’  8, p ,  V and W.

This process is simplified considerably by use of the following approxi-

mation ,

A
d 

0, ( i . e . ,  M M )  (4 1 .)

1~4



Equations (35.), (37.), (39.) and (40.) indicate that A
d always appears

in conjunction with A f or A .  Therefore , (41.) is acceptable if A
d 

is

small in comparison to A and A -f 0

The superconducting alternator considered in this study (the ~ame

machine described by McCabria , et a l . ,  in [13 ,14] has the fol lowing

1parameters

Lf 
= 1.2 H. M

f 
= 7 .9  x lO 3H.

= 8.2 x lO 8
H. M

fd 
= 1.9 x 10 4

H. (42.)

L = 3.0 x lO
4
H. M = 3.8 x 10 6

H.a d

M = l S  x 10
4
H.

A 0.01 x lO~~ H . ,  A = 3,5 x l0~~ H., A = 2.5 x l0~~ H. (43 .)
d f o

Therefore the approximation given by (41.) appears to be acceptable,

at least for this particular example .

Using (41.), equations (20.), (21.), (35.), (39.) and (40.) reduce

to ,

0 = A W + A (cos ( 8-s-n ) - cos 8) + ~- (2p - s ir i (28+ 2p ) +s in 2 B )
o 4

+ 5j (sin 2 ( B -s-p )—s in 2 8) (44 .)

B . 2 . 20 A V + A(sinB—sin(B+~ )) + — (sin (8+p)—sin B)o 2

+ (2p + sin (2 8+2~ ) — s in (2 8) )  (45 . )

0 _ V
L + ~~ [

~ 
I LA O + ~/~:j~ I f M fsifl ( 8+~~)

+ 
00 

(W sin (B+u) V cos (li-s-li))] (46.)

1 These pal-ameters were supplied by H. Southall of the U .S .  Air Force
Aero Propulsion Laboratory .

15.



I 3M
0 = M cos B + __.22~ (W cos B - V sin 8) + M cos 11 (47 .)

f iT~ iT 00

L

4 1  6M  6M
f 11 . 11 00 • 00

- — M cos (B +—) sin (—-) — s i n p +
° f 2 2 iT 7TI

L

[W (~~ir1 B — sin (8+11)) + V (cos B — cos (~~i-u ) ) J

where

A = ~~ I
f
M
f 

sin 8 + 

6 
00 

(W sin B + V cos B - sin 1 1)  (49.)

B = I M + ~~
- M (W + I cos (8 + ~) )  (~~D .)

f f  ~ 00 L

B M
C 

iT 
(V — sin (B + p )) (51.)

(44.) - (48.) provide five nonlinear equations which are functions of

the variables 
~~~ ~, p ,  V and W. Ac tually, these equa tions are lin ear

wi th respect to 
~~~ 

V and W so it would be possible to eliminate the:e

variables and have a set of two equations which are functions et ~3 ~~~

~~. iht equations involved in this reduction are quite cumbersome how-

ever , so erie might ~is well work direc tly wi th (44 14 .)  - (448.).

J • 14 Soluti ri for I f ’  13, p, V and W

Rewriting the variables and equations in ma trix f orm ,

B

Ii

( 5 2 . )

V

w

16.



(44 . )  1
( 4 5 . )

f ( x )  ~‘ . H .S .  of (446.) ( _ ~ _ - )

(47. )

(48.)

Jacobian matr ix  E F (~~) (~~ui .)

( ‘ 2 . )  - (54.) can be used to form the standard Newton-Ra sori~~~ uition ,

F (x  ) (x  — x ) = f (x )  — f (x ) ( 5 5 . )
—0 - - -

w~ er e  x is some in i t ia l  start ing point which must be reasonably close

to the desired x. In this case f (x )  = 0, so we have ,

F (x ) (x - x ) = - f (x  ) (5 6. )
- -0 - -~~

It remains to find a satisfactory value for x - This is accomplished

by making use of the linearization suggested by Fr-

I
1. (e — B) —b (57.)
k p

Substituting (57.) into (20.) and (21.) gives the result ,

2 sin (p/2) cos (B -s -p / 2 )
= 

~L 
cos (B+~~

) + ( 5 8 . )

Act ually, Franklin uses a “K factor” as mentioned in the Introduction ,

where 0.5 K 0.9.  This produces the approximation , Ik K ( 0 - B )

Since ( 5 7 . )  is only used to find a starting point for the Newton-R iphson
algorithm , K is not critical , and K = 1.0 is used .

17



I
2 I sin (P12) cos (8+11/2)

V = ‘L 
sin (

~~+~~) - 
L 

(tq )

t-.fter ~utstituting (57.) - (59.) into (35.), (39.) and ( 4 0 . )  and per—

t er m i n g  ; ome rather laborious calculations , one obtains ,

4iiV - 9uI A
coS

1 
47T V

L 
+ 9WI

L
A (60.)

1- 2
1TEI p +  12 M ( s in  ~) (1 — cos-l 0 00 2

B = tan (61 .)
12 M sin (p 12 )  cos ( p-) (1 — cos Ii)

00 2
L

If = :~ç - 

~ 
‘L 

A - 
18 M 

(sin (62.)

(58.) - ( 6 2 . )  provide a value of x which produces convergence w i t h i n

three or fo ur itera tions , depending on the convergence tolerance.

1.5 Num eri cal ~-e~ ults

Thi~ example in based on the same 4 pole , 14L0 Hz , 10 MVA/SkV super-

ori~ ucting alternator described by McCabria , et al. in [13 ,14]. When

opereting in to a br id ge rectifier at full load with a large filter

i nduc tance , th i s  system will  have the output values (see [243),

= 6760 V. dc
(614.)

= 1420 A. dc

The f o l l o w i n g  r e su lt s  assume that  the system is operat ing wi th  a closed

loop er tre11~-r , i . e . ,  1~ is varied to maintain a constant V
L
.

18.



The induc tan :e  j r  in t er  I er tI is m i r T h  i r i -  are i r i d j  r~ ite ’J j r  (.2.

All data is ire ~;eri te d in t i- i rne of the actual magnit i~~. s , but  a ~r i: it

:~y n t ’? m  wool . :  :01-v just  is wel l .

~~~~

Fi gure 3. rhows I
~ 

vs . 1L’ wher e I
f 

is varied t maintain a con-

stant VL. As seen from the curve , the vari at ion in I~ is approximately

L i t i lr Up to 200% of the fu l l  load value of

11 and p vs. I
L
:

Figures 4. and 5. indicate the variation in B and u respectively

wi th  respect to 1
L~ 

Fi gure 5. indicates that p remains less than (0°

as mentioned ear l ier .

Harmonic Content of v vs. Io L

One of the more important  problems in t h i s  t~~: - ot wer :ry ot e e  is

the weight of the output filter (L and C as show- ~ Fi~ ure 1.). In

order to minimize the combined weight of these cor.ipon rits it is necess V

to know the harmoni c con tent of v under all load condi tions . The
0

output voltage is obtained from (7.) by substitution :

Conduction t - x iod (i
k 

= 0), 13 + p — i i/3  < 0 <

v
012 

= w (/ ~ I~ M
f 

+ M W) sin (0i-~ /6) H V cos (0+ii/6)

~~ I i-I
+ 

iT 

00 
sin (0+ir/6-B-p ) ( 1 1 5 . )

Commutation period (1
k 

� 0), 13 < 8 < B + 11,

19.
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/
/

/

3M 2 M I  6M W
= + ~~~~- ( 22~ - L - N )  [( ~ f + 

oo 
~ cos 

0

6M V 61M
- 

00 5j 1 fl + 
L 00 

~~~ (8-13-p)] (66.)

The Fourier series for v is given by,

v V
L 

+ a cos(rlut) + ~ b s in(nu t ) n 6,12 ,18,... (67.)
n 6  n 6

where V
L 

= 
IT
6 

f
13 

v
012 

dO + ~~13+~ i 
v
023 d 

8 (68.)

6a = — v
012 

cos(nO ) dO + 
~

- f V
0 2 3  

cos(n ’1) dO (69.)
B

6b — I v
012 

sin (nO) dO + 
~

- f v023 
sin(nO ) dO (70.)

13

The peak value of the nth harmonic is given by,

2 2 1/2
c = (a + b ) ( 71.)n n n

Al though tedious , the evaluation of these coefficients is straigh t forward

and will not be included here.

The peak value of the first three ac harmonics of v vs. I are
o L

indicated in Figure 6. As would be expected , the ac n t i ~1it is dominited

by the 6th harmonic.

Variation in lfI  1d’ and 
q

As pointed out in various references ([8] through [11], for examp le) ,

one of the more critical problems in a superconducting machine is heating

due to induced currents in the field winding since this may cause the

field to depart from the superconducting mode . The thermal analysis

23.
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of this windinq is beyond the scone of this report, but it is certainly

related to the variations in i
~

• The instantaneous value of i~ is

ciiven by (27.) and olotted as a function of 0 in Fiquro 7. The rms

value of was obtained by numerical inteoration and is shown as a

function of 1L in 
Ficmre 8.

Since laboratory data on an actual rectified superconducting alter-

nator was not available at the time of this report, it is difficult to

say how these calculated variables will eventually compare with experi-

mental results. However , an analytical review of the i
~~ 

calculations

does indicate that the I
f

’ S shown in Figures 7 and 8 may be higher than

the actual values. It is believed that the reason for this is that the

inductance matrix in (5.) does not fully account for the high frequency

attenuation provided by the damper shield. This ef f e c t  is s t i l l  under

investigation.

25.
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Armature Current vs 0:

The variation in i during conduction and coTlvnutation is shown in

Figure 9. Note that the commutation value is simply - rIS given

by (37.).

28.
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2. ALTERNATOR WITH CONTROLLED RECTIFIER BRIDGE

2.1 Introduction

It is probable that most rectified alternator applications will

i - ~~ u ir e  some t y~~e of closed loop voltage regulation . A good indication

of t h i s  is provided by McCabria , et. al. [13), which describes a 3

ph ise 10 MVA/ 5k V machine that has an open loop voltage regulat ion of

2 6 . 5 % .  The previous analysis is applicable for the most obvious means

of con trol , which is to vary the current in the superconducting f ie ld

winding. This section considers another possibility , whi ch is to

control the turn-on angle of the output rectifier bridge (in this case

composed of thy-ristors).

Although phase-control is widely used when an A.C. bus is the

source , this method is usually not employed with a dedicated rectified

alternator. In the case of a conventional alternator it is much better

to regulate the voltage by means of f ield con trol since this technique

is relatively simple and produces the min imum ripple at the output .

However , in the case of a superconducting alternator ther e are some

ootential problems associated with the use of field control for voltage

regulation (see [10]). One area of concern is the fact that abrupt

variations in field current may cause this winding to leave the super-

conduc t ing  mode. Another  problem is the long t ime constant of the f ie ld

circui t w:~ich produces a very slow step response.

ThE u ;e of  a phase controlled rectifier bridge on the output should

r e V  L i i  r e l a tiv e l y  lower field current variations and a faster step re—

30.



sponse. It also should be noted that  gated devices may be required

for the rec t i f ie r  bridge in order to provide short c i rcu i t  protect ion .

Thus these sam e devices can be used to provide voltage regulation .

2 . 2  Steady State Model

The schematic diagram for the alternator wi th  a controlled recti-

fier bridge is shown in Figure 10, and the output voltage and current

waveforms are shown in Figure 11. The approximations used in this

section are identical to those used for the analysis of the uncontrolled

rectifier bridge .

2.3 Steady State Equations

Equations (44.) - (48.) of the previous section provide five expres-

sions which can be solved numerically to find the variables If ’  ~
, 

~
,

V and W . However , with the thyristor bridge, comrr~~tation does not start

when v = v but at some later time when v > v , i.e., B isscontrolled
c b c — b

externally to produce the desired VL
. This means that (47.) no longer

applies since It is based on v,~ = Vb at 0 = B .

Therefore, there are only four equations to work with) (44.), (45.),

(46.) and (48.), and I
~ 

is held constant slightly above the minimum

value requil ~d for maximum

p

Let , x ’ E V (72.)

W
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Figure 10. Equivalent Circuit for the Superconducting Alternator
with Controlled Rectifier Bridge .
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Figure 11. Output voltage and armature currents for the alternator
with controlled rectifier bridge .
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(~~~~. )

(4 ’ . )
t ’ (x ’) R.H.S. of (73.)

(46.)

(48.)

A solution for x ’ can be obtained from the standard Newton-Raphson

equation ,

F (x ’)  ( x ’ — x ’)  = f ’  (x’) — f ’  (x ’) (74.)
—0 — 0 — — — —o

where x ’ is some in i t ia l  s tar t ing point su f f i c i en t ly  close to x ’ and ,

3 f ’ ( x ’)
F (x ’) = the Jacobian matrix = — 

(75.)
~-0

— x = x
- -o

A satisfactory value for x ’ is obtained by using the previous diode

brid ge solution, x , where If is a variable, or by using the approximate

method reported by Franklin in [17,18].

2.4 Numerical Resrilts

This numerical example is based on the same 4 pole , 400 Hz., 10

MVA/5kV supercond~~:ti ng machine used in the previous example. The same

full load conditions are assumed ,

V 6760 V.D.C.
L (76.)

= 1420 A.D .C.

The minimum va l ue of I
f 

that wil l  produce l420A corresponds to the

solution for the uncontrolled rectifier bridge (i . i~~. ,  minimum 8) .  This

current is found from th i  first section ,

I . 250A . (77.)
f ( r n i i ~ . )

3 3 .



In an actual system it will be desirable to set I
f 

at some value

above that given by (77.). This will insure against low voltage if

If decreases for any reason . For this example , the hi gh value , Tf(max.)’

was arbitrari ly taken to be ,

I = 1.1 I . ( 7 g . )
f(max.) f(rnin.)

A plot of I~ vs. for both the controlled and uncontrollr-d rectifier

bridge is shown in Figure 12.

8, p ,  the first three harn~onics of v , and the m s  value of i
~~ 

are

plotted vs. ‘L 
in Fi gures 13 through 18 respectively . Note that the

corresponding values for the diode bridge case are included for reference

purposes.

As would be expected , Figure 13 indicates that the thyristor bridge

B must exceed the diode bridge 8 to compensate for the higher I~~. The

thyristor brid ge B also drops as increases in order to compensate

for the hi gher voltage drop across the armature windings.

Figure 14 reveals an interesting characteristic in that the ~ for

the thyristor bridge is considerably less than the p for the diode

bridge . This is not too surprising when Figures 10 and 11 are considered.

Referring to these figures , it is observed that because of the delayed

B commutation from h to c does not start until v ~‘ 0. Therefore , more1 bc

voltage is present to force the commutation process than in the diod e

case where commutation begins at V
bc 0. Because of this higher 

~b ’

will be driven to zero in less time , thus producing a smaller p for

the thyristor case.
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The voltage harmonics shown in Fi gure 15 to 17 are obtained by

calculating the Fourier coefficients of the output voltage , v , which

can be obtained from (65.) - (71.). Again as expected , those f i gures

generally indicate higher v harmonics for the thyristor case than

for the diode case. It is also noted that the harmonics for the thyri-

stor brid ge tend to be higher for the lower values of This

characteristic is caused by the higher B values under light loading

conditions .

The miss value of i
~~ 

can be found by numerical integration of (27.).

Figure 18 indicates that the higher thyristor B will lead to higher

values of i~~ (miss) over the load range. As was noted in the discus-

sion for the uncontrolled rectifier bridge , these ~f (rms) calculations

may be higher than the actual values due to a failure to account for the

high frequency attenuation of the damper shield.
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Figure 16. 12th harmonic of v vs. I for both theo L
thyristor bridge and the diode bridge.
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Fj ~’, i l - 17. 18th harmonic of v V s .  I f ) i  b~~t h  th~o L
thyr i s tor  brid ge and the ~i h -  b r idge .
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Figure t8. i vs. I for both thef ( rms ) L
thyr i stor bridge and the diode brid ge.
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3. FAULT CURRENT CAL ( U L A T I (~N 2

3.1 Introduction

This discussion is based only on the controlled rectifier bridge

conf igurat ion shown in Fi gure 10. The reason for  t h i o  choice is t ha t

t h i s  i rcu i t  has the capabil i ty of f ist turn of f  in the  event of a

f iu lt .  Fast tur n of f  can be achieved by the  system in h i g u r o  1 only ~f

some type of ser ies  swi tch  is added to the  cirsuit.

In addi t ion to f i l t e r i n g  the output volt ige , the indietor , b ,  in

Fi gure 10 must be ~upab1 e  o f  l i m i t i n g  ‘L ~~ ~~ ov, nt  of a short acro-;s

the load. The length of t ime tha t  L0 su st  perform this function is

l imi ted however , s ince the brid ge can be turned off  on the next  cycle

after the fault is detented. It is olso common t :  s e l e: t  L to limit the
0

C charging current when the s-i t i - r i :  is i i  i t ia lly  turned on. This can

ais be accomplished by a f u r t h e r  delay in 8 howi ver, so cf irg i : -  current

wijl not be used iS a con stro int in this analysis.

To determine if L is of o i e ~~u i t c  si ze , it will be necessir ’~’ t L  c d —

cula te  the t rans ient  load u~’ r :  that occurs ,t t - s  ~~~ wit.

Since the d i f f e r e n t i a l  e l u o t i o r w  involved h i v e  t ime vary ing c o e f fi c i e n t s ,

a numerical solut ion wi l l  be r equ i red .  In this p irticular S tu d y  i t  is

assumed that  the f a u l t  ocrur  i~ the beginning of a conduc t ion per iod

and that  the brid ge w i l l  not be turned o f f  u n t i l  this conduct i r , period ,

the next commutation period , and a final conduction 1~-- r i ~~J i r ~~ somi  tete .

This corresponds to the interval , AE , shown in Figure I L  The r a t i o n i 1~

behind this choice is that some t i : i ,e  is required for 1LF to exceed

I , at which time r current overload sensing cir cuit is enabled to
L(max.)
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V ab

1
L(max)

‘LF~~ _ii.

~~

A B C D  E

A :  Fault occurs at the s tart  of a conduc t ion  period
B : On-coming thyristors f i re and commutat ion begins
C: Commutat ion interval  ends
D: 1L ( )  is exceeded , next trigger sign al is bl anked
E :  1LF decays to 0

i i ~’ur e 19. Transient Behavior for the Controlled
Rectifier Bridge .
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blank all ft t ti ’;rist~~ g i t  ~i . ’u i l : ; .  0 ’ s  cl~~ic’ s or  - rt~~ir:I~r ios—

s L i t , such is i ;51o O ‘hat ~ 5e t iii 1 oc s i c  t ‘ n -  s~~,rt o f  commu-

tation period and t h  i t  t h -  ‘5’ : ~ ,‘ - r l 1 u : ~kcd b o t s i  tho r:x t

f i ring

3 .2  Cu u i t  Ms 1 1  and L~ u-itions

Fib ’ sr 20 r - ji sent :. t h -  e 4 i , i  v i I e r i t  c i r c u i t  w i t h  ph.ise ‘‘~~~ ‘ c or Idu ~’ ti r lC

0 ~~~i t  I . ro:5 t ie b id. Note thot the :irri. tu i • r e s I s t a n c e  R orcI
a

i r i it io Y 1 S t  of t l i - f i l t e r  choke , R , h ive been inc lu J

i l l  ii limitiri~i’ t t ~e f a u l t  cu r ren t .  The pe r iods  AB , BC , is

I : .  Fi ur  i i  w i~ i r  r’es~ r~ 1 the fol lowi t 0’ thvr  I . ; i  or being on :

Thyr i s t u r n  On du t i

AB , .~~ . r o :  t L n Qj  ,
, risnu t t i n  ~l , Q’ , C

F , ~‘ fldii ’ i on Ql , Q2

rt~- S’ - - i 1 ~ s’ z ’ - inaiy is i i s s ,d t i , 0 t  te~ wind ing l iSt  ii

jr’ n- . ,~1 i~~i I  . - . : ,  r i I - w i l l  t . .- continued i s ’  f o r  all  w i r i 1 i : g :

X e ;  t ~h e e  ui t h t -  1rr~~i t . : l r ; i I t - f i - , i t  iii; 11€:  that kI , 13 m d  \ q

i r e  ij ~~ r o x i t i t - l y  eon ’ l i ’ .‘-:i • r~~ l i t i v e l y  l u i  t : ie~~t per i s i ,

AL , and ‘ S i ’ I I -  i l iCe-s .~~ r~~s. th . c~ .~~~d , 1 1 5 1  ~ windings a! ~ t o —

ximat- ly z e r , .

T I - - ’ p i l t i  or f r  * mit t i t  ion p- r iod , BC , ~ I found to be ,

Ii
[Aj - [ 8 1  1 (7~~.)

wfi e r e

LI
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1

j 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _f t  

-

_  

‘LF (t)

— ‘kF

~ 

L 

R b

F i gur e 20.  Equiva lent  c i r cu i t  for  conduct ion and commu-
t a t ion  periods w h i l e  faul t  is present .

LF

1f ( t o t )  r
(1 ( 8 0 . )

L 1kF
1

L 

1k1’

. t nd ‘ s IA ] i t i l H I  r: i t ~~I * - .ix - 1 . - f  i n - ’ 1 i t A ; ; e rllix 11.
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The e l m i b  i on -  r t h - : i l u - t  I . . g i  
‘ I , ~D , ( ‘~i2 f l )  c it  b -

s..- .1 in o s H i  r t i n t -  r

di ’
[A

11
] -~

-
~ IB

M
] i’ (01.)

W t t , r - e  [A
11
], [B

11
] and i ’ i t  s i d m i l t  ic-rs it t A ] ,  [B ]  m l  . Th

ubm rtr ices t r  also l e f i r e - i  in Ap~ * r i )  ix  I I .

S i nc e  t tt ’ t i L t  i i  , i sume ) t I  occur i~ A in  Fl ,~ !! 1. 4 , ( 8 .1 . )  will

be so lvs .t -t , t b - n (79.). It . is ~i nr1 ’ ,::ssary to f rrnu l j t ~~ C 1 ’ lt.i OflS

:; e ci f i c al l y  F t  Hi ’.: o- . : 1  5 5  l u - t i  Ii f O  1) 1 . . L . 5 _ I t I i i r O r i s i  :05

t i -  iso lvze .l I , u i  r i ,  I 4 .1.

As r l i H  e ar l i e r , I A ]  m d  [ B ]  h ov e  t i r t i - - d~~p e i i i e nt  ~ be m t i t - .

: -  ~ i -  ~ ‘ I i t t  be f o u n d by ours . r it :nr : : ~~i - H g r~~t ion tesh —

i .  The r~~~i i t  i d  u l - - r  t i C  woo chosen or t h i s  ; i n t 1 u l i  st 5 V ,

1 ’ o t - .-t t -  H i  ~J c o i l . )  i t : ,  be t n~ t oy ed .

~~. : ‘ ‘ i s ~’ w i u  tH : 1 j . r i - r i  l o r i s ) , AU , ( U U ’  c i :  Ue so1v .~- 1 t i

~ i
it (. ,ct I: - - i n c r - - r i . : t , t ’  , mu ’.) - i c - x t  vo l , .: of i ciri the- n t t ~

i , : : ! ti ’~ i .~~~~i
’ n -

, ‘ I n  I ni -IL i - i  io ~er • ‘ d i i t : ’ r  ‘ - ~~ [ 2 7 . ] ) .  th iS

t o  . -. cii is si  in ; I L i ’ -  t : w ~~~~r , : s ’l ~~ - r x iii : ‘ I ‘ . ‘ n i .  m r :  t , d

s i  k j  o i~~— i ifl Ut i I i ~~’ I n i ’  i i i ’ ‘ h . . t _ t l X  l ili L i ’ C i i ~ 1 . 5 ’  for “ Ii - ’

1 .e- ( t ‘o rt l r n , o t  a ’ iou  ~ez i , id , BC~ , i i~ < b t )  i r i s

rkf 1 ‘
~~~ _u:; ( - ‘ *~ / e ) t  r- ~~ s i n  ( -  t )

- 1  ‘-

~~~ 

_C,~ - 
. - i/ h )  

~~~~ 

- : t
d 

Si l l ( o~~ 
)

- - ( • i / P ) ~ J M ccc ; ( t
L~~ 

1 L J
( i t  .)

4 ’ .



L
f 

M
fd 

0 1
f(tot)

1- M fd L
d 

0 ‘d 
(82.)

0 0 L id q

or in .‘ - t i  notation , 
~fdq ~-‘LF + 

‘~~~ 
‘kF + [C] 

~-fdq
’ (83.)

~-fdq 
son be found initially by substituting the steady St ’ it ’ value- s for

~‘fd q ’ ‘LF and ‘kF at ot ~ -f-~i - 7 T/ 3  ( i . e . ,  
~~dq 

is found from (25.), (26.),

(27.) and 1LF h i ) t
k F  

0). At each time increment 
~LF and i~~, can be

lowe) from the modif ied Euler equations while i can br found from ( 8 3 . )
—fdq

(L u n g  the constant value of X fdq ) .

ligur e ig indicates that the firing angle is delayed before the fault ,

but not afterwards (poin t B). The reason for this is that once the out-

:ut is shorted the voltage regulator will call for the m i n i m u m  firing

angl e, t : t  the oncoming thyristors will conduct as soon as possible.

Since tIme load current is no long er cons tant , the steady state equations

that  yield b (min.) (i.e., the firing angle for an uncontrolled rectifier

brid ge ) do t i Ot  apply , and the f i r i ng  angle (poin t B) mus t be fo und by

determ ining the f i r s t poin t i t  which v
b~ ~ 

0. As ‘1b 
becomes posi t ive

Q2 will t art to conduct and the comutation of Q6 will commence. V
b

4 for t b -  AB conduction ;t it e  can be readily found from the bc loop,

V
bc 

R
1 
1LF + 

(L
a
+M

a
) _~~ F - ~~ sin (u t ) Ui 

di f(t ot ) 
+ 

dt

di- cos ( U t )  
~j~~’ - ~~ w cos (ut) (M

f ‘f(tot) 
+ M

d 
i
d
)

+ /3 w M sin (wt) i (84.)(1 q

- 
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V iS  t c 5 t * / .I it  ‘‘osh time i n c n ’ m ’ n u t  nd t i, - AB m t  -~~] ; i i ‘ h e -  f L : tbc

:“‘ ii .nt w I t - n - i - v
t 

‘ 0 t h e  conn~ u i t - . - r  : r ’ gr  ~s hr O n - : , - -: to t h e  e g i1 i t iono  f-c ’

t h e  BC commutation i n t e r - v  i i .  I t  w i l l  - i l s o  be u t ’  -‘ -s ; - ’ir -y to -on - f u r - rn . ‘c~m- ,’

U - - : r r i n  wlo:ni t h e  .- .. m r n u u t - i t i u n i  e t 1 ” - ’) i t i : i  i t  p O i ; ’ i t .  T l i s

iS t o n i c  1 -v -sot: : in ing  1LF 
and 

~kF at each t in: - i n c r e r s - - n i t  of t li BC Liter —

-.ol ; the . oru :-ut otioni - e L I  ‘ n-I s it  the  f i r s t  L i n t  w iu- ’ - r - -  1 k F  ~
- ‘LF

t should be noted  t h a t  it may tale ‘;ev - .-n o l  co’- : h i i e ’ ’  “yobes to ours-

ej io t 1t 1  the  th or ’ i t n ’  - it H -s  t h e  firing s i - n - u s ~~ . n e-::, blanked. Thi ’

c-i s be illu:t . r:i t -: i 0sune ~ .t uo t  .1 y by the  s i t - u I i  f i t  model ::usw:, in  F 1 1, u r -

21 ( t h is  model P .  t little quantitative us-: ,S ’~ - ’v - ’ t - , s i n u s - - it dui n - t

account f ur  tb: winding resistances If/i ind uct-anuo -~ of the machine). If

e v and the  thyr i s tor s  si ir t  ‘ . cur io luc t at  wt ir/3 ( - ~~ -roxi rs~~s( t )  ab

1( t )  w i l l  h ov e  t h e  l ’-,nni

‘Ct )  1
L 

(1/2 - cos ( c t ) )  ( 8 5 . )

wine-re 1
L 

li m l  - : u r - r / r n t  at .-  11/3 .

A -~ t = ( np ;  r - x L iti- ), sor .duC t i u n  swi tches  i r o n  l , a ; e  b to ~- hi ~~-e

c so Hie  sour :. .- vol t ~~~~~ o n ’ - . . e -.‘ . rh’.- t ..n~d c u u r -n:t now l .~sac
¶ he f~~rrnu ,

.- •-V 3
I I + — -  (— — cos ( o t  - ; lr / 3  I )  4€ .

L w L  2

Even if t ie- br -i d 4y - is hlaflke’l di,’ g t h e  v V i e  ( ‘  u. ’vei~ i t - - n e x t

ornin i u t i t  i - c ) ( ‘i1 . ) n o -vet ’  ~‘-o’ - :  negativ .’, rnu ’ : - mn ~ i n u c ’  t h a t  t ) : - -~ ‘ r , - I i  L ip

t h v r ’ i -  t o - , w i ll r i o t  t urn of f .

+ 4 .



‘C t )

e = u n ’- t c . l i r u ~-
C t )  ~~~~ V sin (ut ) s t )  

v o l t  ire

(R e fer t .- F ir -or e  l’i
for v and y

ab bc
wave for’s : )

( a . )  Sir t t  l i f i e d  equivalent circuit dur ing  fau l t .

tt - sk -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(1~.) Fi ,, t’ c u r r e n t .

N ut ’ : Ac tua l  waveform w i l l  be damped hu e  to presence
i f 2P + R

-1 p

Fig ure 21 .  Ef I +-ct of L ira limiting fault c u r ren t .
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A s i m i l - i r  ; - l u ~- t i - . ’n v-nu ° n i  - - i i i  oc - ‘it - it - t i - - ac ’ u - a l  b -v ‘ l cd , c i r cu i ’

‘x e- ; t t h a t  ‘( t )  ~~~~ ‘ - v - - n , t i i T I ’ ,’ I . -  - i y  ‘ .. s - n  -‘b ’ ‘ n ’~- : ’: i s tj v -  . ‘ in - i:

isp. This mm v n - i -  ;- : L’ - : : . - v , - i , i l  i ’ ,’-:L-:- 1, w. v t . it, - ) n , t -  ‘:‘icles wil l 1’ ’:-

r e~~u u i t ’ e i 5 l o n g  r v m l u ’ . -s L . ‘t h i i - i f  L i~ .~ t e ’ - ~~ ’ - - - ’ .” - n - - i  ~ i
0 0 -

may n -  r e qu i r c - to . - m l - 1 4 - t . -  flir t. oft ; :~ w- - - ’ -r , ~ is ~ :;r r ,o ll n : - ’-

; .- - i k  Laul * cur r - -n 51j] I t ie c x ’ s  ~; j v c_-

i . 3 ~inn~-r c m l  Resu l  t : ~

‘r io t r a n s i e n t  in ~o 1y s i s  ‘ i I g . i - j t b ~n ; con be used n ’ - p ’, . ’ po :.. t f~i uj  t

c u r n  • :,t  w . , v - ) o r m : :  for  v a r i - ,i :: ; va lues  of  L in ’vi F’ . Two : . , r n .’:ur r : - ’ t . r ’ i - ’ :
0

studies of i t s r  v a r i a t i on - - in L and F’ a r ’  : 1, -wi in Fi gures 22 andLF o

23 r e spec t ive ly .  l i g u n - e  24 shows a plo t of .1 . th  it  req u ires th r e e

cycles for  to r € - .j - hi . r c . } r ’e -c:am .il:ly .- : - t : i n - i t a t i  - r i  w~u u L - l  - .-- ‘,c: ur on t I c

f r,ur t)  cycle wh - - r - .- would .uttempt to go negative .

This algorithm could also h e -  iced t -  p l o t  i
~ ~~~~ r and 1

q 
( l i n r i r u c

a fault condition. However , as :‘:t ited ear l i e r  1’r  t he  .“ t e ’i dy  Ito ”-

c a l cu l ut i o n s , the  1f ( t t )  values  may be too h ig h since the tnio -J ’.~i does

not include the hi gh f r - e q u ’ re - - 1’ a t t e n u a t  io- r~ o f t i ’  Wi n o  or  : 1, id  I .

—
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Figure 22. Fault current vs. B for different values

of L . R = 0.05~o p
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i . V A F I A I I ’ -N OF THE A L I i - I l t uF ~ P A F , t fl U’-, j ’O
D EC RE A tE  -IUTPUT R i P P l E , u ) L ’ h ’ A . W

4 . 1 In t t - - ’ - I:u-: t i s r i

A:; n i t - - I  r ’ - - v i . ou s.iy . t h i n í- sri- t w  - 1- : 1  methods f - - r - - - p n u l ; t i n p  t he

dc o u t p u t  volt ic’ , V1 
, of thu. ’ r - - - s -t i f i e d  -d ’  - t e a ’ or- :

1. Use an u r n c o n t r - -:I ho-I r -ect .i H i -n ’ I . r i ’ l g - , a nc r ’ . -j - u i h ute V
L 

I- v

cot : t t’ ) 11, isp, the u v i -r ’ u f’ i f i e ld  - o r- n - -  -n i t  , I~~.

2. Hold I
~ 

-of ~~f .a s t  -‘a r i d  n - ~~’uI i t -  th e  volt c- b -v mr-ounun sf a

controlled r ’ - - t i t i - r -  h o - i d g i - .

The f is t :si ’t ’ h ’ ’ b r e v i d ” - : :  th- - n : L n i  i rs u n:u r i pp l r ’ ‘r- - t  I i g - , , - u t  i t  ‘ends “ . ‘ have

- ‘a s l o w  response t m i ’ due te t h e  long t ime  constant  of i f  11:11 w i r u - h i n c .

Therefore the ana lys i s  of th i s  uoec t io ni  is based on the  cont i ciled n-i ,-- n: F f 1 - n ’

I n - i d g e .

I f  the a.It . rr, - ,t o r is n~~d e i ’ ’ 1 by  an ideal ac v~ I t  i -  I i s  w i t I ~:

-‘ i t ,  i r - l u c t - o t , it is well l : u c w :  th a t  - i n ;  i n n ’ s - - u s e  in  - - is is l~~-o i: e w i l l

I u . s- it: , th e ’  cunruin t ‘at ion m r igl e , p , :1 u ’- wn in , F i g o n  11. F- - n  cOUSt i~

an d ‘L th is  ef f + - ’t  can ilso lead to a r ’. di . u r : t  ion in ui~ t r u t  ~- : I t vo l  f lip - : ,

or: illustr- -nted in Figure 25. (. . inj in’F rm g ; - n  - ( a .  ) n u b  lb. of the  f i gure

it is seen th , ’i~ the  s ine -av er -ag , ’- ‘- u t  I u f v i  t mg ” , 
~ L’ ~s m (ihieved ho d ii —

f -n-c ’r~t e~~r n b j r u o t  LOri s of i f ’ - - angle , i~ and ~~. 1 - w v - - n  , t h u 1 --v I , r t ion

v i:: l’- .-ss i n : i n - n  Cb .). This  m d i  - i t - - . t h i - i ~ u I r u u i : r - o~a .
0 -

r”~’~u ire:; the bridge firing ‘in 4 - f ’  t b e  o. , n- i’s:) i rig in a r u n  ‘-

v .  Therefore , the 2 ’ ~ 2 
coIiui, I i t  i t n i  in (b. ) produces i i- w’ ’r ri i- ~-le

volt  Cage than th e  
~l 

In
1 

comi i n m m t  ion in1 (a. ) . This imp l  I .. - t h u it at least

over -i l i i n h t e j  range .1’ 
~i v , i l u ~- - :  i’ lu -u s , , i t l e  to I i - - i - - m n ’ -  Hue  ~ 1 ’ , Ic

voltage by inu’:re.i:;ing i. Tk iu : ;  for - i f i x ’ - - )  l u i l  , it in; 1 - - - .nib i C t . bei -r t- as m” 

-. - -- ‘ . . . . . :. 

- ‘ T ~~~~~~ - ’T ~ 
— —-- - -

~~
— -



a. 

~~~~~~~~ I, 1\ \ 

L

~~~~~~~

— n
1

it  volt i 4”

V 

( ion e inuIu ~~t-,:,c+- ‘ n t  ( ) is

/ hi gh er t h o r  rt ,..t r ’ (a. I )

.- - - -- 
‘
.‘

~~~~~~~ 

1
~~~~2

Ii - u n - ’  .5. i , t : - -  t of ~i upon out ;-ut i ~1- i ’ ~~’ vol t , . ’i g - ’ f r

I i x - . - - )  V
L 

m n )  I



t h u r t j - p i . - by Ft i - ’n - - i s  i n : ,,~ t t n ’ , : - , : o u n - c- c in r lu - - ’ . u n u : ~ 5150+ : : .10 0

i i -  - i - -  i n .  i.n

T Iu - m eih ’- - l in ’ ‘ - .1 in t l i ~ s tu: i’ /  w c -  cor n - 1 1 -  1 1 y - ‘ - -  - -u n n: l ‘ - I

t i  in  t o - . - u n u i -  j u st  describ e-n , I - u t  It was f-o ur,.) t h a t  I - . - : n ‘ n -n , ’: -i n . t  ood

t i l e-  n - i ; ;  - ‘ could be .h ’ - i . ;’e i t o - I  if t h e  - ,i r - n u , ,u t u n  - - I - l i - . to o  - - , L was

in c r - e - a s od boy . n ud its :;1,’c clfi .: ) vol’;’ ott 0. ,i rruH . T h i ’  Ifli li .c:  t h u i t  ~

h i u ’ i t c r  w e i g h ?  n f l t ’- i  could l i e  u~~~d i t  L wt -re i n . n ’ ’ - i  ‘ - I .  A ‘~ -~~‘ i of
a

u u t  ion I - - i s - r h - n  i~ -w ’  - ‘ ‘ - V , - I ru s e  t h e - i c -
- t i S  r n - i ’; I ‘ ‘ : - ‘ - I y in I n —

- - l Ie  I: :  m l  ‘. - ‘ s . - — - t  ‘ u-i - ‘ ph t I ~~ t_ ’ ,_ - - I i ’  • r - - ‘ t - 
~ 

3 : ‘ 
~_ ~~~~~~ 

•_ ,., .
,-

- I h- ~ I’::: I t  i i i  - ‘ Ic ‘‘ - - i  c j  . i n 1w- - - - ‘  u - w : - : : ~- 0’: fl ’ - om -

: . n,~~d w ’,- p : t at t n , -  .~ lt . - : : , . ’, I i :, ; ~~l ’~, - n . T h i s  ~-i : r’ g i L ,. i 1- - ’ i 1 - - - l

;- . , , n t ‘ u n i i I ’ ; s u . - I ‘ s- su ,  - t - n i ) ’ n c t j n i ’  a l t - - n : - . ’ ‘in : , u, - : V e t  , u n : i ‘n. h no

-: t~ Wu ’a u-I h ’ I n - ’,o u t u ’ l  t i e  SCOpe ‘ I Hi I ;  t ‘ - ut S - -

i4 . 2  F t  n i - c t of L (01 the Output Vol t . ip..- H armonic ’

A. - discuss’’’) n~ l u . -  ~- t  - - ‘; [ t i n :  n - k .’ ~ ic r :  , rt is poinsibl’- ‘so r H i n o- ‘he

‘i l l  l u - a - I  r- ip ; :1 ’ ’ volt ,u g -~ by cf u: ugi n n p t h u ’ -ou tpu t in’ ; .- In n -n e ‘ I ~he a l t e r - -

n u t ~~.r ’ . The nn . - I e L  us’’d in this  - : tudy  - - u r , i - . .r t  he r’e-.tu ” - - i l  I ’ , - a s i n ~c!, -s ac

-u r - ’ ’e i n  s i - n - i c - -: w i t h  such an impedance , l.tu t  a simila r’ o H ’ ’ - -t w i on’s un

it  t b u i -  i r - m i t . u n ” -  : 4 1  f i n d u ’ , ’ t - u i u ’ : ” - , L , i n; v u - l e d .  Ch .:ne” - ”- in I ,  wi t I , of
a S

- ‘ - - u i -  : - - , - u p ’ -  t t i O  - i r ’ m i i  ‘n r  - -  mutual i n d ’ u  : t - u :  i i - . - : . To ‘u - - --u r: t toi  H I  -

i t  is - u-u’ .iurn, ’ ’I ‘ l i l t  t i n ’ -  ‘ f t  i d - n  of coupl i n : g  1- ’  t w ’ - t ’ t u  L i n n - I  - -och u - f  the
a

‘t ho r ’  w i r w .h i t u g : ;  remains constant while La 
is v , u i  i i - - ) , i . e .

— 
‘
~f _ ‘:onu :;t ,ant (87.
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M
ak — = constant ( 8 8 .)

aa L
a

k constant (54 . )

a d

(L
f 
and L

d 
also remain constant.)

‘m .3  humerical  Resu l ts

Sin ce k and L are assumed constant , (87.) indicates that an
at f

i tu — ’ r” ase in L will also inlcr-e -1:e M .- Thus an inu cr- - ”-a n -  in L impl iesf a
it t he’ same r n - u i n ’u e t  I- ..: f lux l inkage from f ield to ar s u n t u r e , M f I f . c~ n’u

be , .H , i , ’ - v e u i  w i t h  a lower I
~ 

( s i n c e  a thyr i s to r  br idge  is used i c r

v o ’ I t i p e -  r -e-gulnIti cn , i t  is assumed tha t  I f wi l l  be held constant  u t  110 ”

of the  min imum al lowable value for  u given L , as discussed in  ‘ f e

on controlled rectifiers). Figure 26 indica tes  the  -.)e~ n- - - a n ’ ,-

in t I n ’ - r’cqu ir- ”-I I is L is increased for I = 1420 A.  dc .  This
f a L

de’ , r e-ase in I
~ 

might allow the use of smaller superconducting wirt- for

Hu e  r -n -t ’ -r w i n d i n g ,  thus decreasing the rotor size . An alternate ~ ;-; t u t

w’’uld be to h i— i M constant and allow L to di- nre,i:;e a:: L m icr o -  i ’ •f f a

t i u i s: tIe - field winding would have fewer turns (both  .- ff . -- ts i t - j r  - n n n u n a h l ) .

Fig-au-c 27 inu ilicators that  the 6th harmonic of v r ..- , a u b e:: a m i n i m u m
0

mt L 0 .72  mH . T h i n  leads to a decrease in the size of tb .  output

f i l t e r - , L L , .; m ice less a t t e n u a t i o n  is requi red .
0 (,

Break frequency = 
1 ( -o

0 0

i n - ’ ~7 - m i s o  i r u - J i -  - i t -S t hat  the 12th and 18th harmonic:: generally

i n  u ’ ~~~~ i ;c r” ,ise w i t h  L , but their  e f f e c t  is less impor tan t  :;in ic. ’
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i l t - : n  at  1, -n - u t i- r i  is much prot .at . -r  - i t  t h e  .- f r - - - -  u - - r u - - i -  ‘~~ . I ’i~~1re 2i3

‘ , -w:  t ha t  ‘ n ’, ’  1, 1 1 :  , , n n : : - U i C - - . - n t i u n - s -I - ‘ i :  L r u n - c - ,. - ,

in: ~) i c o t i n i g ,  t h a t  f l u ’ - U ; I  imu m L at ‘+ 0 %  oh t o  H io~~J I i - - n’ n , - I . - n - -

i : - - , v- 0 . 9  niH . Thus t h u ’  o p t i r i : n: n u 1~ is - ‘l i f t - - t w i t , f o r  ‘ 1 1 1 1 - t n ’

: 1  I ,
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r~, ~‘TN I M ITAI T uN OP L C  Ph .,l ’EI WET

~~. 1 l i n t  n i n

t I ne ; ‘ r - evL’ j : : - - -  i n n .  : u _ n v ,  cons i , i i -nc - d  t~~-’ ’ H. - l  w H i u ’  -

I. :,- , u . I - ,- St i f -  l. ’tu . iv i - ‘ t ’ i-H t h i  un ; u : - - . ru ’. r ’ h l ’ - - i  n - - .:-o t if I - u ’ b : i - I :’’ .

‘ - 1 . - a-I ’ .’ st i t . . - b - h  , v -  n with a c o nmt n - - I i c-i r” ..- :tif - L n-i d cu .- .

‘
~~. ‘Ft ’ i~~: I e n . t  i o n n - r - - (5 n :  ,t  -‘c- our wh en u ‘ ‘ l i o n  I cN - ’ .- ui t  I I j J , .td a - ’ n - sn :-:;

Hue - of p of

-i . Re-  Ian ing tO- - t i l l  1 ocul - u t  i n u t  r i 1’pl ’: vol t a o ’  t:- y m o  r soing  L .

J’ io ’ rc: ’ ut ts of t : u ’ o : : e  studioS cat low be used in n -‘d ig s  [ni p ,  an P C ou tput
‘ 0

fi U ‘ ‘r’ for t: i nu  i nt ’mi w,’ - i p t i t  . This  ani , ’~ I vs is -asO uam -una  th e ii, ‘ : H -a controlled

n -  - t i t h e r  I - n - i  1 ;- - f u r -  volt  -c- n-o ’ ’s ’ ;I . - .a t i o n .  Th - .- n n . a x i r n c  - ‘i l l - ow 0 - 1 0

V- t - u g - ’ w i l l  I - -  t - - sed on the ci ; :’- — at ’ t b~~’ si x f  a Iu- s”r ’ r i - .: t I a t  I .;

tal l load . It -lu-u - ui 1 be noted that tn u is ro,r-ncn ic n-u i 11 i ‘ t u - u I  i~ be

- it -o r in mininn :nn’ load since Hue firing .:nt’le ol ti -  t nu ’;ri, to r- : will be

gr - ti ter - This st - oi’, i . ; n ’ i t : - -  - t , a t  t i , :  lu~~~ w i a  I -- - .~irly constant to w—

- ‘ v-o r , sr i - I  t I .  i t  ‘ f e  - n - - efl0e of r i l l i e  volt ip o  -- ; i l l  I - - -  more i m l ’ O n t . i n l t  - i t

full t o i l  ‘ l u s t :  - i t  il :1, t n ’ I- I n . H- r u -  ‘ - -  t :,c- f i l  t -  o r  - t . i:n iz a t  F - nu is lus-so ‘I

on l ull 1- ., . i c o n u l i  t I -  r u

5.2 ‘ -ilcul i t i - - n u  of I , s tu d  U fr  Mj iu I n r u u u ~ ’ u - t I  F i l t e r  W - ’ i e i o t
o -a

T i n  th €-  : : ‘- L f u t  m i n i r n u i z - ~ t i on: .ul i - - ’.un ’it hun - , L - i n n - ,) C nm , ca l i . -aI at ed  t :~0 0

- l  ~‘ , v ’ : n i  ,r n~ - u , of of T u - ~~j -  ‘ ‘ I - ’ : u u i u f  L i 1  - i t  f u l l  load . This s o I -.-u i a —

t i - - t i  i- u 1,-i:; ’- ’ ) on l y on tim e - i u ’ t l u  h i r ’ n a - ’ n u  I i  - . i n i  i i , n i - . ’- n - ’ - . . t t u , -  har m oni c  n m t t - n u u s —

ion - r -o v i - I . - ’h  t v  ‘ ui+’ l uiead i n ‘. ‘ cn nj un ’i ’ -tii .r u w it h 1 . Tho r ‘ - f - n - - ,

6 3



1 
2 

(‘ii . >

l-L C ui
0 0 6

whe no k 1 specif ied magn itude of ( t u e  6 th harmon ic a t t e n u a t i o n

. u n ’ u - j  15079.64 radians/sec .

k +1
L C 1 ( I .
o a — , 2

l
w
6

bn j tn  1 ’  t I n ’ -  ( , i f ’ t u  value o f the ma gnetic f ie ld  and the  low w-, -j , h t

requirerr~’nt , i t  is i -curr ied tha t  L will  be -in a ir  core reactor.

Aluminum n-r~i:: chosen ‘ ‘ -r the  conductor  due to i ts low w i - i g b u t /  ~-ctc1c ’ u f

r-i ti c . The t, r;ica,[ configuration of the inductor is shown in Figure

This mrti cn n ln u r design is chos en to i r oduce the minimum loss f or

- a  given amoun t of material (see [25 ,263). The inductance is,

L (.-un .5 x l0~~~) N 2 a H. ( i f S )

m u d  the wei n ’lut of L is givern by

P w t .  3 ~ f D -a
3 lbs . ( 0’ )

where

N = numb .-r  of turns -

a 1 l~ i knu ec- ; of tbu .r coil (tnt . ) - 
- .

D = - l c ’n s i t y  of Al ( .s ~7 . 8  I i -  /m . 3 )

t — 
- I liii rug factor ~ f t h u . . ’ cond u c t -  - n -  ( - m u ; - u ntied to

h e  0. 7 )

The fill in i O I a - t - , r -  c - m u b e  ex pressed ,

ii
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NF
f 

—ii!- 
( 9 5 . )

where F
1,~ = cross sectional area of one winding(m .

2)

The common method of specify ing  capacitor wei ght is in terms of

j ou ls /lb .  Therefore the total weight of the L C f i l t e r  can be
0 0

expressed ,

T = C weight + L weight
wt 0 0

c v  2
o L  

~ 3 n f D  a3 
lbs.2D w

C

w t l e r - e  P energy density of C (~~ou1es/ lb .) .

T f ,- .- r ’ - - 1 . n - ’ -  S -al - -n i uating (02.), (91 .) and (9 .) hot-’: (9~~. )

T k / a 5 
÷ k a 3 ( ‘ . .

wt 2 3

- 
( 1 \ / F V ~~~( 

k
1

+l
w I , - r ’- = 

\ 5 l . l~~l0~~~) ~

k = 3 1 T f D
3 w

To ! in-I the mjnjmign value of T , setwt

cI T -5k , - .

-: _ ._- t 3 k a
2 

= 0 ( . )

- u 

(

~~~~~~ 1/s 
(- m u .)

un - st - i is determined , N can be found from ( a t .)  , L f rom ( n i . )

Sri ’) C from ( - > 2 . )
0
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5.3 L C Des i - n t  A I > - .:r ’- i th in
0 0

‘ f i € ’  f l ow c ’tu i n  t ’ for t. I u - -  1~ C i l t - -r ’le I c ’ : u : n ”  c as : is show’t ’~ in
0 0

o n u r  ‘ ‘ 30. T I n-  - I o i l  ‘ w i r , ,  di  I .—r r’-~- f ’~ n ’: a I - seven hu1 , ocl~ :: i n n - I  I —

L ’ it ’ ’b in the f l - - nm! - -

I. R - - u-I i n h U t . 1 - m t . 0 n i ~ I s- .1 i - I ’ - . ,; the fuo l jow l :p in i fo rma t  ion : C
0

- + -
~
-.‘ - I e n s i 1  -/ ( P  4 , L i i  n- n t  d e n s i t y ,  maximum t i n  harmonic ripI-]s:-

_ u t  t i ll I ~~, a r i d  u :u ix i r :cur nu c l u e - n t s i r - n  n i t  ‘. n : ’ - : t  ‘L(- -’ -’ )

Flnjs p~ 
n - ’ i - :u l  m t  - ‘ n - i n  ~u c ;uj n e’; “ h t  it  t he  followi ng ‘~‘ u .: uct . i t ies  are

‘ .:-,.‘nus t in , ’

V
L 

= 574.-u V -

15 2 0  A .dc

l507 ’i . ía r oil . /sec. (line Pr”- ~u - - n - y i~~Q l iz .

V
L S ‘L 

a u - i w
~
, could be varied i f  u n : F r ’ - -  d , b y tni ru k i t u i ’  ‘i I ‘ow m l  ‘ u - - n ’  On r i nuges

in the

2.  hef  L 0 . 3  m u , t he  normal desi gn v-due spe- . :i ~ied in [11 , 14] .

3. A . : . . u n n u i : u g  t h - n t  ,u eor ;trolled r e c t i f i e r  bridge is Us e -i , t h r -  in imum

-
~~ - - igh t L and C that wi l l  rnt - ’c t t he  I - t I n  ha in :nouii c r u  ~-1 e st,-ocific ,i~ ic -tn

0 0 -

~i i” . uL .n J  s I c - i l .

4 . A t n  u n n s i e ru t mna lys i : .  su liroutiru ’-  to ca l l ’ ’ - I  t o  det . - r a l  ne i f t I n . ,’ peak

:,hor c i r . :n i i t  ‘ - u r n ’ - : ,  w i l l  exceed the  o. si l ied v u l u c -  ‘if I . TheL ( m a x . )

I s  . 1  t h i ’ ;  -mni a l - j : ; i s  -n r c  p l y - t m  in section I .

~~ • U 
~~~~~~~~~ ~ 

1:; ex . -- ’ - ’ - I ’ - n l , I, i . n  m i en ’ , toed by ii)’~ , md s u e t .  3 iS r o n - - a t - i

( C  ho s~ n , u - i 1t a i i - - - , , -u  ly -h-c i : r ’ -: ,m : n . ’ d  to m a i n n t n i r  i consl a r t  1. C : r’ - -  i f  I fo o o
_

1 l , ( n n - i x )  i s  t - - x - u ’ ’ ’ o l e - I , t hu . I, - i i i - )  ( I t -  ~L’,ni - I  - f - i  is prt nut ed.

f , . The - r’ o. - ’r am - a l e U l d I + - : -  L and C , f i r s t  f - - n -  the rn -n r n - m i  and then f -- n -
0 0

hi ’  op t i m u m  val u’-: ot If t h u . ,- c.il u I  m l  i o n u  I - n t ie - ,‘- j I imnim L has

4.,’)



Inp u t  h t - i t , i  : C e n ’ - r - ~’v

- 1 ,-in:: i t ’,- , I- c ur -n- -n ’ - I t y  ,
M i x .  ~‘ O -  1 ’ - , 1 L ( m a x . )  

- -  

-

i
‘ 1

- - t I = 0 . 3  ni l .  -‘ -I ) . 0 . ?o nIl .

( N ~.-rn : c i l  D e s i gn  V a l n i ’ - )  ( i  ‘ ; - u 1 - a ~
, I m i n ~ ir u uin .

- 
r ij . i  1 - -  - ron .e t: ‘ 4 )

A
I ‘ ‘ —

F in ’I  minimum wei .’fut L and C

t b u  it ’ will meet t he  ripple speci-

i c - .-i t ion j ~-~:‘~ 
-~~~~~~~~~~~~~~~~~

- ~ncs t ra ru :3i ‘u n i t  analy sis t i ,’ d e t e r m i ne-

______ 
-- 

i t  the :;hort c i rcu i t  cur ren t  x - ’r-c .I.: -

the  -~~-e c i f i e d  I for t h i s  vdlue ~~~~~~

of L~~. 
, 

L(rn ix.) 

-- - 

j

~~ 
H-L 

~~~~~~~~~~ ~~~~ 

‘

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~
‘ 

~~~
[prinut Results 1 . .
L .. . 

i 

- , -ug t irnized

yes

FNI)

I i g u r - . ’  30. I I  w e i g h t  m i n i m i z - m t  I i ’ - ; i  I low - - t n m n - t



I - e . ’n u - . O J m - I - ’ t . - ’ h  I i i ’ - n - n - c - g r a m  ‘ - n i - I : ’ . I f  : t , t h i ’ — : - r - ’ - m - r - - m n :  I - n  ‘ mn - - l i , ’-:: to ::t’’Ir “ .

Set P 0 . 7 2  n i H . ,  i n c  ~ t i : u u n r n  v - u i - n ’ ’  - u i ’ m i n , i n u -su n i - i  L a -at full

I - - i - h  c a l c ub , t - _’d i n n  ~, - . n  j i ~ i n .>~ 2 t o - l r : 3 t i n  ; i u ’ i i  S -.mn’ ~- I l u i — t u  r - -~~. - - n t ’ ’ - I .

5 . ‘. N u i m ’ -r i ce  - ‘  - - ‘: i i i  t

l~ of t i m e  o o n n u l U t c : r  n c - s u i t - :  1 . - n n , f .  - r I t i n - u .n zat i on l~’ r ’ P~ ’a ~ : a r-’:

in t i n e  fol I - -s i t ’  example.  N o te  t h a t  usc’ of I r t u i n  ‘ a ’ t n:~n urn  P 3

i ;es ( 1  t otal f i l t ’ - n -  w’,-i g ;ut by apu r~ x ir n a t e ly  22~u .

The i - n t  a : f i l t e r  wei g h ’ u r  w i l l  c l - v i s a:: I y - ‘I. , n c n - e - a o e  if a h i g her er u . ’t r g ,~

- ,l e n n ~~i t i  ( 0 )  is u : ’eui f o r -  C and/or a I i gher cur  r - a : u t  dens i ty  is used

ta-n - L .  P it - ts of lite r ’ ight vs. en -al 
~~ 

density arud -an r-:st densit.y

- j r - ’  shown in F i e n a r - - , - : ;  31 m::~I 32 respect ively.  The f i l t e r -  w”:ight wi l l  a l - - S

I-c a t  f~ -c-ted i f  the  a t j o w , m I d  e I is c l u a n , g e I .  A I t  of th is is
L(max.) - -

-sr in F I .‘~~r - - - 33.
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“r I ~~. T I E  FJLL II’ .T I f J U ~u~.fla ~.- i ETE R S 7,, 1’ L I E  I’ I L T E R

AL0 1 I ) h ~t ’T S  1-IAV E F~~RNA T = 17. U ;~Li~S~ 2 Thi E fl~~I 2 L  S P E C I F  I L L

n .:, ’a . :, ‘:~ EL If-I TY ( j I T ~l l~~~ / L i .  ) =
5(1. 0

CtT ’t~L . T  ~~~~ h T I T .’ —. ‘ ‘I t ,~ . ( C I ~~ O I L / u n J P I  -

~~~~~~~~~~ “ - ~~~~ ‘ ~: ~ TI:  , , n t i .  ‘J J  (~J~~L T S )
Cu • C 

-~~~: :°.~~~~T bU~~~b:JT (h IPS) =
• (1

: ~LL .  ~u :~’; “ . - -,~~~:,s ~~~ ho-~sL: ~~~ ~J J F :1AL L A  = C. ‘
~ 

) ,f l : - 0 2  ~ •
= 0 , ‘

~~E’02 ~~s Tij = 0.212~~~01 -1 TJ 0. 3~-7 :+C 0
U~ -- ‘3. 1~ , C i  +0’. ‘

~L= 0.~~7~~E+04 V 1~ 0. 12o::÷O’~

‘ T . 7 A L U E C  E EF $ !~ E F 1IL T T E T  ARE L0 0.4222-02 ii ., C0 O.a -3 -- 0 - - ~- . t~
LE= 0.5L~7L-01

~‘1AX LØAD CU R F ~EPJ T F~ ”i~1 FAUL T = 0 . 2 5 0E - f04
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6. 11LN1 ITIVITY ANALYSI %

6.1 Intr- : - -i u- -t ion

r inse th~ Values of’ the alternator inductances , L , P , L , M ,
-a f d a

M .  and M 10, are nub j  c t  to numerical error , it is f interest to sc- r

I n  uW er r - o r ’ , . ’ irn t l u ’ . - : c  ~. ,1rJmet er ’ : ’ w i l l  a f f e c t  the  ‘: a i cu l at i ons  for  I~~. ~,

~~~
. V and W. As noted in Sections 1 and 2 , the ca lcu la t ions  f-ar  the uncon-

trolled - in n:) con trolled rectifier bridges are qu i te  s i m i l a r .  This i r n : l i o -. :

that tl. t’ fec t ‘ -f a given l u ’ararneter error should be about the same for

, - ,it l’ u ty: es of s’J- -t-’ ms. Therefore it was decided to limit the c e r n o i t i v i t ’ ,’

analysis to the uncontrolled rc.-atifi er case. For convenience wc - d e f i n e

the fol lowing ,
- 

I

x (122 .)
I-i

V

L. J
L

L
f

“ 1

y S M ( 10 1. )

M
1

- I

7 u~



( 4 4 . )  
1

(145.)

= P . I I . S .  of (46.) = ) ( 1 0 2 .)

(47 . )

(Li .-i . )

T h n u or i :t i c - ,u l l v , this ana lys i s  us:il d be ~.-er -I u- n ata l by oither cf two

ra c t  h u- o d s :
Dx

1. lIre (102.) to ti n - I ~~
— and solve for ~x for .i given 2s~ ,

i.e., -1-x -
~
---
~~
y. This will be referred to as the diff - .u n - ’ntial

method.

2. Simp ly repl ace ~ by ~ + Ay and use the Newton Raphson moth s- -I

to f ind the n -a ’ : :u ± t i n ng x ÷ ~m x .  This n.iii i be referred to as tb ’~ del .itaer-ste

error method.

The d i f f - - r ” . -n ’,t i a l  method is ce r t a in ly  t in t :  more ‘: .Le goru t of the two ,

so this  WaS inv ’ sti gated f i r- s t .  U n f or u . a u c n t - -1 ’,- tiuja aa- ;~n - a ~:i -atu depc-n dr :  on

a-ca lving r u t s  of  a i n : n u i t aneous eq- . n a t i - a n u ; ’ that ha-c”- i l l— o n u d . i t i :  ~utad c o e f t  1—

c i . in i t  matrices . Two - n l g , or i thms wa- r e- u n - - I  fo r -  so lv i rup  the c - ’- equations ,

but both fai led j un  t s ‘ax-a ’asSiv-:- r o u n d — o f t  ‘ - m n  - - a n” : . ‘ih on ’ e I cr - a it was

riece :,; : . -ur ’y to r - e : ’ u r - t  t i  t h u . :  deliberate ~- n-r - - n -  n e t  lu- j - ,I .  Th is second au- J r oach

w a’1- ‘‘0 - : - 1 t 1 .  f~~- t ‘ r i !  y - ‘v e n n  t hough  it  is n- -a t her in-efficient in-n t ’. ’usuo - a - f

cor npu t u~~~c-n t i n a .  Bo t ln meth ods will be discussed f o r ’ - completeness , even

‘J~aug ht tic. f ii t I i i  rv- ~. n ’ ‘moe . ut i r ; I ’ u i ’ -~ ’ ..r-y r esults .

,2 Dif I - ren t Lii b’Iethod

- ( t ue i l - c u - I  I ly -Ia-en rus t P -th an- to des ’:r ibe m e t h o d s  t h a t  do nu t  woi’l . , hut

i n n  u ly : .;i : ;  in i n t e r - t n n ; t ing from a C c l i -  - ‘ ) - t L n i l  , . t , n u n • i j ’~ - i n i  , so it is
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included for that reason . It is also possible that thu- : r~- b : I u - - m : :  wi th

this  method may eventually be soived , even though it s-i .; an ,a .ic-:e:;sful

in thi s present research.

Taking the l artial derivative or ( i ’2h . ) :r I - :  - ~ ! a -j ; ’ i ’ ar;  or

the form ,

D f ( x ,~~) Dx
— 

[C] + r 0 (103.)D y .  d y .  — —

where [C] is a (5x5) coefficient matrix , and r is a (5x1) vector.

Dx
• —a - [C]~~ r (1014.)

By1 
—

Dx
whi ch is the ith column of — , a (5x7) matrix. Therefore it is con-

ceptually possible to use (104 . )  for all seven elements of to f ind

Ax for a given A~~ is then ,

Ax = — (105.)
—

Unfor tuna te ly ,  the [C] matrices indicated by ( 10 3 .) a r ’ e very ill

ccuruditioned in this application , and this prevented finding a solution

‘lx
for —

~~~ . Two methods of solution were attempted , the first being the 2 ’F L C

double r -r ecision subroutine from the  IBM Scien ti f ic  Subrout ine Package

- nrc] t im e- -;“-:sr,d beini~ u Shi pl ey-Coleman inversion algorithm to find

i d 1. O a t h  of these programsuse p ivo t ing  for size , but they were s t i l l

i n c - u i ~-da1e a - f  f i n d i n g  the  - - - r r - ’ - - - t  solut ion . Therefore t h i s  approach

was u i , i s - h o r n e d  in favor of the deliberate error method .
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5, 3  De - l i be i  ut - - Lr r - i ’  M . . - t h o - . i

m u  thns n i n e t b u - - ’i gii - I - - n I L - c , tsr , is ‘ c u P ’)’. - ]  t - y .  and t i n e  r- -a ,au l r - -

inn’ -: + - “mx i:: c m l - , - m l  - i t t - i  luv tim e u--quat.ions ‘ion , r i b - - u ]  in section 1. The

terms et  a r e  nm- s t i n L l e u - e r m d e n u t  SaW - V ia !” , since ~ - .: tu s l  indu :- t an n e e  terms

jr’-
, :-rs ::t - : :t , i n c - n  t h i s  r u u u : : f . h~’ a-- -~ oti nt e d  f: ,cr in t h ’  an aly :;i s .  Thor ’:—

f- sn - - ’ , the a rp r o - .’i ’: iu  used in  t h i s  s - u n  le ular study  was to assume that th e

f - - I l - - s i m m ’  termn; s i n  be -,- ir ie- ’l  i n n c ,I e; , n - i m a n ’ t l y  of orci- .an, -’- t l c r  L , Lf~ ‘a d ’

k , I’ . , P , ~ n i - ,I k , wh - ,- r - - -  t i n e  t a r ,: t four t erns , : au-s the c-aefPi ’- i - : :  ts
- Id  n t ad f - i

of . s- r . l : -1 i , n m - , i~~e . ,

M M
k =~~~~ 1< ~~~~~~~~ k = 

d ( l o g . )
aa P

.1 
‘ af 

~~~~~~~~~~~~ 

‘ ad ‘ fd

The i m n J . s j - ’ : r m u l e - r i t  and dependent ‘i !  a n : i e t ’ - n ” ;  are l isted a:” fe llows :

Dep enden t

La a f i’

Mf. • t f d

L ‘-‘

d ‘ j
-f ’ 12

k aa a

k b-b
af I

P , 1  1

For example , -a 10% increar ’-  in P i mj - l i e r  (new va lue  1.1 L ) ,
a a
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M = 1. 1 k L , M k v’i.i P L , M = k /1.1 1~a aa a f af a f d ad a

whereas a 10% increase in k af 
implies (new va,Lu’.’ 1.1 k f

)~

M 1.1 k 1 •
‘
iT~~

The effect of these errors will be described in the next sectioru on

numerical results.

.14 Numerical Results

Tine following paragraphs discuss the effects of varying each of

the machine inductances , i.e. , th e eff ect of a deliberate error . No te

t t u a t  since the algorithm used in Section 1 depends upon the approxima-

tion e~ ven i~ (41.), it is necessary to restrict the parameter varia-

t~~r~r n r to the range where (141.) is valid. It is assumed that ( -4 . )  12

‘; .utisfied -3S long as the following condition is T n t - t n

1 — 1 - ’ < 0.1 M
0 00 00

Resul ts are shown in Fi gures 314 and 35. There f ipur ’e r  i nu d ica t ’-

t l u f L  all of t h u ’ s  x variables are quite sensitive with n -u -u i - o ct to AL
a

S

A I~f
: P’:’;ults - ire shown in Figures 36 and 37. It Lu:  not ’~ -d that

a , u-u , V ur n-i W do not  vary wi ts  ! - t a SJ C f lt  tO  L
f
. The r’uasorm for this is

• I 1: ’ j I ~c- n - i  t hm - i n ,, t ‘ a-- i t . I • l b  ,‘ u - I  US t - :  I
~ 

I - . ~~~~ en : n m !  - - I or -  - .n n ~’, ’ P 1

- , so t ic i t  t i n e  N
1 

I~ 11 ux I inI~’’i~’.’ -s remain - -o n : :t  n u t  ( r u - i t . - t h a t

:: 5j u .~ -e niu l ’ snn  t on P
1
. ) ( ‘ onnnpa re w i t h  the  M

f result:: shown inn Figures 42 u r n - I

I f
_
i
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Results ii’ - . ‘P -c iii Fi g u r e s  -
~~ i n n-i  3 i~ ITs - - s .-

12- h i c , a t . ,: t ha t  t t n u , - I a n -  u l j t j o u n r , ;  a r e  conin p i e t ’  Iv  u m : : ’ - n ’u a - i t  Lvi:-  to L
d ‘i-u L a —

t i o n u s . The c- ’ ‘ -n - r n for this et  - - tm ’ : fr a n  t hue  l .ir ’cv - - u : 1- 7  r rn ’- ru t ioned  appron-n i —

ma tion ,

M a- M (107 .)
0 ‘a- 00

w h i c h  i :  g i ’- -:ni b - v  (it i .  ) 12 : - ‘a ’t ior u I . - ( r u e - ’ -  th is  ~i i  roxi rn- .m t i  on is made ,

N is replaced by N in all ;ub ssm - 4 n u - -n t  “ n icu t i t~~OflS. The ‘z u l u ’ :  -:- t ’
- 90

.50

N = 
d 2 

( 10 8 . )
00 Pd ad a

The r ”es0 .Lt of t h i s  is tha t  Ld 
i ) : ~~ not ‘-it t u - u l l y  dpi-ear  in ( i ~t m t . ) — ( s 1 .

which are the equat iu :- ;i - :  used to f i nd  x .

Ak ( A M  ) :  Re: au lts are shown in F 12ur ”en  1-t O and ill . The f i guresaa a

i n dI c at e  t ha t  p 12 quit’- sensitive t o  AM 3 
v a r ’ i - m t i o n s , wh i l e  I

~ 
and ~

it-’ : less se im s i t  i / ’ - . W ,a rn. ) V aL so  v a n - r ,  c o n n ; i i e x - a t ~- 1y si t  Ti r - i ’ : c I e u . ta o N

10’, ( A M  ) :  Result s  i n - - shown I~ l’i c . jr’, ’a c m . and u~ 3~ For an explana—

ti ::nu of t b m u :~ i: r- . ’ : r - t l ts , n ’ u - c  to t l ,-.s J i ~ eus:1- :, i - a n ’  - ‘ n i ,.-

el 
( c M ) :  Re ;t ,n l t s  - a n ’ -  show-n in 1 i nJ r -as a - u  - a n d  i T s

(0’ 
~

, , 
( A M  

- 
) : Resul ts - n -c ; i c o w n m  i n n  I ’ i ; r u i t - a - : :  u 6  and u i .  These i n - na . -

in d5 -  : i t . e that the .‘ c i  n u )  u t  ions an - i n  - - u n  i ve t -- M fd v~~~j u t  ions . The:

ro- ,i ra ’ ) n u for- t h i n  j an n n i n m m ’ h n  t h u- - n ’: mimi ’ .: m m ;  fon -  P 1. .e .  , i , n m e e  t i n . , - .npproximat i a - r n

(107.) in nn i m - h i , ~. I’.- - - . n i - i t  -o i - . ’c~ m r ’  in  i n n ’i .91 tInt . - ra il . :- ..—q uenit . - : - u , u t  i-J!n : .
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To suninarize, it can be seen that 
~~ 

8, p, V and W as a group

are most sensitive to errors in L
a~ 

M
a and M

d
. I

~ 
is also quite sen-

sitive to errors in L
f 

and Mf~ but since the algorithm adjusts to

maintain a constant Mf If 
product (mutua l flux linkages) errors in Lf

and Mf have virtually no effect on 8, p, V and W.
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7. VO LTAGE REGULATOR AND CURRENT OVERLOAD I~ ’OTECT ION CIRCUITS

7.1 Introduction

The experimental portion of this study consisted of designing and

building a ~.h.1sl controlled voltage regulator for eventual testing with

an alternator. This circuit was designed and test ed early in the

project when it was thought that the alternator could be modelled by a

voltage sourc e in series w i t h  single inductance. Testing the regulator

w i th  this t v l ’e  of a ~~ urce would have been a fairly simple matter, but

such a test n o w  .i~ j~cars to have l imi tt d  value since a more detailed ma-

ch ine model w~ s em~ Loyed . Therefo re it was decided to concentrate more

effor t  on the ana ly t i ca l  study and postpone this testing until a con-

ventional alternator with known inductances could be obtained . Schematics

of the complete design are shown in Figures 48 and 49. Operation of the

voltage regulator circuit  i n n  Fi gure 48 is described in [23],  and the

Ul er n t l o n  of t lae  cur rent ove rload circuit  in Fi~~ur  V~ is described in [22].

The ; n r t s  l i n t  is shown in Table I.

7 .2  Experimental Results

As stat ed above , the experimental results were limited to building

and t est ing a phase controlled voltage regulator circuit with  a current

overload . This circuit has the following characteristics:

1. The output voltage can be varied continuously from 0 to

290 V.d . c. with a 100 ohm load .

2. The overload circuit turns the regulator off at a load current

ot approximately 3.5 A . d .c .
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TAB LE I. PARTS LIST FOR CIRCUITS IN FIGURES 48 AND 49

R15 101<0 R37 4700 R73 201(0

R25 2501(0 trimpot R38 4700 R74-P79 300 - 1 watt

R27 4.71<0 R39 4700 Cl O.lpf

R26 3.76K0 R40 4.71<0 C2 O.O5pf

Rl 111<0 - 2 watt R4l ‘4.71(0 C3 lOOpf

R28 33”O R42 4 .7 1<0 C4 O .lp f

R.?~ 5 . 6 1 < 0  R43 4.7K0 C5 0.O5pf

R30 2501<0 trimpot R’4 4 ‘4.71(0 C6 lOOpf

R16 1.5 1<0 R45 4.71(0 C7 O . l~~f

RIO 1.51<0 R’46 100 C8 lOOpf

Ru 1OK ~ R47 100 C9 O.O5pf

R12 2501<0 trimpot R4 8 100 ClO 0.O0lpf

Rl3 4.7K~ R49 100 Cli 0.ipf

Rl4 3.761<0 R50 100 Cl2 2p f

R2 111<0 - 2 watt R51 100 C13 0 . l pf

R~ 3300 R52 3. 31(0 C14 4pf

P.3 7 5.6 1< 0 R53 20K0 trimpot CiS 0 .l pf

R18 75O K~ t r impot  R54 2000 C16 0.lpf

RJ~~ 1 . 5 K ~ R 55 201(0 C17 0 .l p f

R20 1.51<0 R56 0.040 C18 O.ltjf

R21 101<0 R57 101<0
T1-T6 Sprague l lZl2

R22 2501(0 trimpot R58 201(0 trimpot
Ql—Q 3 2N3906

R23 4.7 1<0 R59 2.0 1<0 Q4-Q9 2N3904
P24 3.761<0 R60 6300

Q 1O— Q 15 2 N 2 2 2 2
R3 11K~ - 2 watt  R6l 1.11(0

Q16 ,Q17 ,Q18 ,Q2 O ,Q21 ,Q22 ,Q2 14 2N :  2 7 2
R4 33012 R62 101<0 Q19 2N264 6
R6 5 . 61<0 R63 101<0 Q23 2N29 O 7
R5 250 1<0 trimpot R64 2 .2 1< 0 

CR 1—CR12 1N9 14
R7 101(0 R65 l01~ trimpot 1N4001
R~~ 101(0 trimpot R66 151<0

1<1 Reed Relay SPST Nb
R3 1 1.51(12 R67 3301<0 Al-A3 Telef unken UAA14 5
R32 1.51(0 R68 3301(0

A4-A5 Fairchild 9601
1.5 1(0 R69 101(0 trimpot A6 Si gnet ics 7493
4700 R70 151<0 A7 National  Semiconductor N7 4 O~1O1~ SCR1-SCRG

R 3 ~ 4700  R72 471<0



3. No misfiring problems were observed once the final design was

complete.

C e r t a i n  waveforms of interest are shown in Figures 50 th r ~~uCh 53.
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8. CONCLUSIONS

This study indicates that it is possible to util ize L to help

perform some of the functions normally assigned to the L C  output

f i l t e r .  This implies that a smaller filter can be used , thus dec reasing

the we ight of the L and C components. For the 10 MVAb5kV example

alternator with a controlled rectifier brid ge it was shown that an in-

crease in La from 0.3 mFf. to 0.72 mH decreases the filter weight by

about 17 lbs. ,  a 22% reduction . This example also indicated 0.72 rnH . to

be an optimum value , i.e., fi lter weight increased for L >  0.72 mI-I.

Naturally , th is savings may be of fse t  by an increase in alternator weight

due to the larger L .  Therefore any final  wei ght optimization study

should consider the alternator and filter as a combined system .

In the course of developing the filter weight minimization program

it was necessary to derive both steady state and transient models for the

alternator and rectifier bridge. Because of the large amounts of infor-

rn .nti on j rovided by these models , it appears they may be useful for

simulating the system during the design stage . Once experimental data

becomes ava ilable for comparison , these models may be refined as neces-

sary in order to accurately predict the various winding currents, corn-

mut at ion angles , etc. It is stressed that this experimental verification

is necessary, and plans have been made to proceed with this for a system

w ith a conventional alternator .
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9. R1.CO MME N DAT IONS

This study m d i  ite i ; that if L
~ 

is increa sed up to a certain

o;~t imum point , it is possible to si g n i f i c a n t l y  reduce the size of the

outjut tilter. Information of this type should be bro ught to the

attention of ma chine designers , but it r n n y  or may r u t  irn fluence the

‘~ecign of fu ture al ternators due to the many other factors which govern

the S iz e  of L .  Ultimately the alternator and filter should be con-

zi le red  together in future wei ght m in imiza t i on  studies .

Perhaps th e most pr’essirnC need at th i s  1 ’~~1nt is to obtain some ex-

perimental data to compare with the predicted results. Eventually this

must be don e using a superconduc ting alternator; however , it is unlikely

thit such a machine will be available for this purpose for quite some

time . In the inter im, it is proposed that tests should be conducted on

a conventional altor n itor-rectitier sy.3tem in order to evaluate the

models.
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A P P E N P I X  I :  GL O SSAR Y (J E TERMS

A , B , C = on~~t H At :  d . f i ~~’d  ty (4 Y . ) , (50.) and (51.)

t i iJ~r~~:::; of L
0

C ~~ ~t filter i~~~ i i t c r
0

• t i e r  ; lensity of C
C 0

den s i j of t t u m i n u mw

f f i I J — i n  t i : t o r  t~~r L
0

lr . 1~ fre~ u, n cv of out ~~~it filter

F cross sect ional area ~f one winding of L
w o

i , i , I I m e  currents
•i b c

~~ cirrents in the equivalent direct and quadrature windings

u.j e 1 tO r e ~ r ’ c ent  the damper shield

average fie ld

= t ime varying cune o r V t ;t  u t  f ield current

= commutat ion current

1LF = load current witt short circuit across load

coninutat i i i  cut  r c i t  with shor t circuit across load

I , i , i i l d  and JUn i or currents at 0fo do qo

K
q~ Y~~, K 1 

( r i c  t t n t :  defined by (15.) and (18.)

k c o e ff i c i e n t  f u~ 1ing between armature phase windings

= :oef t ic i en t  of :~~~ 1 ing hetwt eri armature and equivalent

damper .zindirigs

k c~ e f f  I lent ot i i i  hip i~ ,~een f i e ld  and armature

= coeffici~ r t of cou~ t iri g between field and equivalent direct

lx damper w i i i  i i i ç n

k
1 

. specified t. u’r~~: i i t t  m u t t  ion fa ctor of output filter
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k
2
, k

3 
constants defined just below (97.)

load curren t

L self inductance of each armature windinga

L
d 

self inductance of the direct and quadrature axis windings

Lf self inductance of the field winding

output filter inductor

M magnitude of mutual inductance between armature windings

Md 
magnitude of mutual inductance between damper and armature

windings

M
f 

= magnitude mutual inductance between field and armature windings

M fd = mutual inductance between field and direct axis damper
windings

M , M = constants defined by (33.) and (34.)
0 00

N number of turns for L
0

R = resistance of one armature winding

R resistance of inductor , Lp 0

v f~ Vd~ 
V

q 
= voltages across rotor windings

V~~~~ , Vb ,  V phase to phase armature voltages

v instantaneous rectifier output voltage

V
L 

average output voltage

V = variable defined by (21.)

W = variable defined by (20.)

B = angle at which commutation starts

constant defined by (36.)

constants defined by (36.)
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t
a ’ A

b , X c~ 
k
f~ ~~~ A

q 
= f l ux I

o = time angle

p = commutation angle

o electrical i~n ’u L a r  velocity
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A P P E N I I I X  I I I :  MAIN PROG RAM J ~

The fol Low in~’, ~ rogr -uro are listed in alphabetical order. All ~;uL--

rou t ines  r X r ~~ - j r t  JLLG and ARCS IN are listed in A P P E N D I :~ IV. It sI~~uIH be

noted t hat the notation in the programs o c c a s i ’n U f l .’ d i f f r o  fr-on that

in the t e x t :

Text Program

I, L
a o

Ni L
-I il-

l. CJNT : Finds the so lu tj e n for the controlled rec t i f i e r  bridge case .

2 . MA~ i~2: Finds the value of L which produces t he  minimum value of
—~~~~~ a

the 6th harmonic of v
0

3. MAST : Finds the  min imum f i l t e r  wei ght for a given set of sm e c i f i -

cat ions

4 . PLTDAT : Geii~-ral purpose program that 5nc1u de ~ uri ous r~imu1a tions for

both the controlled and un con trolled rec t i f ier brid ge.

5. SENSI3: Sensitivity unalysis program.

6. TABLE : Determines the  harmonics of v and i frr various valueso f ( rms )

0f L
a

7. TESTIt2: ~‘ali Lng program for fault current simulation .

8. UNCONT: Finds the solut ion for the uncontrolled rectifier bridge case.

il - I.



CONT

C MAIN PLOTTER PROGRAM
DIMENSION FD (5) ,F (5p 1 ) ,FF (5,5) ~PftJS (5O) v RMSIF (50),

1XRM S (5 0) ,ALIF (21) ,TBETA (21) ,TMU (21 ) ,FF1 (4,4) p F I (4,1),
1FD1 (4)’ ILS (50) ,BETAS (50 ) ,IFS (50 ) ,APIL (50 ) ~APBETA (5O> ,
1APMU (5 0) ,APIF (50 ) ~AHAR 6(50) ,AHAR12 (50) ,AHAR18 (50),
1AHAR24 (50 ) ,AHAR3O (50) ,APRIIS (50) ,HAR6(50) ,HAR12 (50),
1HARIB (5 0) ,HAR24 (50 ) ,HAR3O (50 ) ,ALO (21 ) ,XHAR6 (21) ~XHAR12 (50),
1XHAR I8 (21) ,XHAR24 (21) ,XHAR3O (21)vA IQ(60) ,AIE I (60) ,AIF (60) ,
1A IK ( 60).THETA (60)
REAL *4 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1NN1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C INPUT MACHINE PARAMETERS

URITE ( 7~ 50)
50 FORMAT (’0’ ,2X ,’ THIS IS THE DATA FOR THE PHASE CONTROLLED

1 BRIDGE RECTIFIER ’)
LF O .12E 01
Lt’=O • 82E—07
MF O .79E-02
MD= 0 • 38E-05
Mr 11=0 • 19E—03
LAB= 0 • 15E- 03
10=0 • 3E—03

C L0=LA AND LAB=MA
K1= 1 .0
VL 6760.0
IL 1420.0
0MEGA 2513 • 27
FREO=400 .0
KF= ( M F*LD—MD *M FD ) / (LF*LD— ( MFII) **2)
KD~ ( 1ID*LF-MF*I$FD ) / (LF*LD— ( MFD ) **2)
KO=MD /LD
MOO MD * * 2/LI’
MO MOO
DEL TAF=M O+M OO
DELTAO= (1 • 333* (L0+LAB) ) —DELTAF
DIL= 1420.0/15.0
KFO=MF/SQRT (t.F*L0)
KAB =L A B /L0
KOII=MD/SORT (LO*LD)
DLO O.0
IL=142 0.O
KKK=O
MF=KFO*SQRT (LF*L0)
LAB
MD=KOD*SQRT (LO*LD)
MOO=MD**2/LD
M 0=M 0O
DELTAF=IlO+M 0O
DLLTAO (1 • 3333* (LO+LAB ) ) —DELTAF
KF= (MF*LD—MD *MFI’)/(LF*LI’-- (MFD)**2)
CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

IMF pMO ,OMEOA ,DELTAF , ZETA)
1L 0.O
I F 1  • 1*IF
DO 100 LLL I,17
KKK 0
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CALL PHACON (IF ,M F ,F IE TA ,M0 ,W ,Vp IL ,M U ,[IILTAO ,OM EGA ,VL ,M OO )
APJL (LLL ) 1L
APBE TA (LLL )=BI TA*1B0 .O/3. 1416
APMU( LLL ) =MU *180. 0/3. 14 16
CALL FS (MU ,BErA.OPiEGA ~ IL , IF ,M 0,DELTAO ,MF ,W ,V ,L’),LAB ,

1DELTA F .LLL ~ AHAF~6vAH AR 12 .AHAR 1G ~ AHAR24~ AHAR 30)
CALL RM S (E 4ETA ,LLL .,MU ,A PRM S , IL ,DELTAO ,MF ,M 0 ,W ,V ,MOO ,IF ,

1 K r ,  DELTAF )
I I  =ILFDIL

100 CONTINUE
wFU T [(7 ,300)L0~~IF

300 F ORM AT (’0 ’ ,5X , ’L 0= ’,E 1O.3 ,5X , ’1 F ’ pElO .3)
TE (7,203)

203 F ORMAT (
DO 201 KK=1 ,17
WR ITE (7 ,202 )A PIL (KK ),APRM S (KK ) ,A HAR6 (KK )pAHAR12 (KP ’) ,

1A HAR 1G (P<K ),A PBETA (KK ) ,A PMU (KK )
201 CONTINUE
202 FORMAT (’ ‘,2X ,F 7 .1 ,2X ,F7 .3 ,2X ,E10•3 ,2X ,E10 ,3 ,2X ,

1E1O . 3. 2X ,F7. 1. 2X ,F5. 2)
S TOP
F NI)
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MACH?

DIMENSI ON FD (5),F (5 ,1),FF (5 ,5),MUS (5O),RMSIF (5O).
1X RPIS( 50) ,A L IF( 21) TBETA (2 1 ) TMIJ ( 21) ,FFI(4 v 4 )  ,F1(4 ,1)
1F [I1 (4),ILS (50),BETAS (50),IFS (50),APIL (5O).APBETA (50),
1APMU (50 ) ,AP IF (50) ,AHAR6 (50) ,AHAR12 (50) p AHAR18 (50)~
1AHAR24 (50) ,AHAR3O (50 ) ,APRMS (50 ) ,HAR6 (50) p HAR12 (50 )~
1HAR18 (50) ,HAR24 (50) ,HAR3O (50) ,ALO (21 ) ,XHAR6 (21) ,XHAR12 (50 )~
IXHAR 1 8 (21) .XHAR24 (21) ,XHAR3O (21) ,AIQ (60 ) ,AID(60 ) ,AIF (60),
1AIK (60) ,THETA (60)
REAL*4 M 0 ,MOO ,MU ,IF ,IL ,K1 ,LD ,LF ,MF ,MFD ,LAR.L0,MD ,KO ,

1NN 1 .NP2 ,OMEGA ,LA ,MUP ,MUF ,KFO ,KABpKOL I, ILS , IFS ,MUS ,KF ,KD
C INPUT MACHINE PARAMETERS

LF=0.12E 01
LD =0 • 82E—07
MF = O • 79E—02
MLI=0. 38E-05
M FD=O . 19E—03
LAE1=0 . 15E—03
L0=O • 3E—03

C LO LA AND LAB MA
K 1=1 .0
VL=6760 • 0
1L= 1420 .0
0MEGA 2513 .27
FREO=4 00.O
KF = (MF*LD—MD*MFD )/ (LF*LD— (MFD)**2)
KD= ( MD *LF-MF *MED ) / ( LF*LD— (MFD) **2)
K O=M Ill L [I
M 00=MD**2/LD
M 0=M 0O
t IE LI AF =M 0 + MOO
[‘ELTAO= ( 1 • 333* (L0+LAB ) ) —DELTAF
KFO=M F/SURT (LF*LO)
K AB = LAB! L 0
KOII=Mt I/SORT (L0*LIu )
DLO=0 • 0
H6M=9999.0
DO 200 L=1,21
L O=L 0+ DL 0
KNN=O
M F=KFO *SORT (LF*L 0)
L .AB=KAB*LO
MD KO D*SQRT (LO* LD)
MO 0=M 11* * 2 /L 0
MO~MO 0
r ’f :L TA F =M0 +MOO
t’ELTAO ( 1 .3333* (LO+LAII) )-DELTAF
KF = (MF*LD—MD *P4FEI)/(LF*LD— (MFD)**2)
CAL L NEWTON (MU ,BETA ,IF ,W ,V ,FREO ,DEL1AO ,IL ,VL ,MOOpK1 ,

1MF ,MO ,OP$EGA ,DELTAF ,ZETA )
DLO=O • 03E--03
I =1 • 1 * IF

CALL PHACON ( IF ,MF ,BETA ,MO ,W ,V , IL ,MU ,DELTAO ,OMEGA ,VL~ MOO )
CALL FS (MU r BETA v OMEGA.I L ,IFrMO ,DELTA0,MF~W ’V~ I.O~LAB’

1 L tELTA F pL ,AHAR 6 ,AHAR12 ,AHAR18 ,AHAR24 ,AHAR3O)
CALL RMS (BETAc LpM U ,A PRMSp IL ,DEL TA 0 p MF rMO ,W ,V ,MOO~ IF,

1KF ’DELTAF )
URITE (7 ,302)L0~ AHAR 6(t.)~~APRM S (L )

116.



302 FORMAT (’o’ ,2X.’LA ‘,E1O.3.5X,’6 TH HARMONIC OF VO =

1E IO ,3 ,5X , ’IF RMS = ‘,E 1O.3)
[F (H 6M•LT .A HAR6 (L )) GO TO 200
H6M=AHA R 6 ( L )
BLA =L0

• BA PRMS=A PRMS( L )
700 CONTINUE

WRI 11 (7 ,301)
301 FORMAT (’O’ ,SX .’THIS IS THE OPTIMUM ARMATURE IN [IIJCTANCE ’)

W R ITE (7p 300)BLA .H6M.BAPRMS
300 I ORMAT (’0 ’ ,2Xv ’BE ST LA = ‘.E1O . 3 .5X .’PE AK 6TH HARM. OF VO = ‘ ,

1E1O .3 ,1X , ’PEAK IF RMs~~’,F:10.3)
LO=B LA
MF-=KFO*SORT ( LF*L 0)
LAB=KAB *L 0
MD=KOD *SORT (L 0*LII )
LA B=KAB * L0
MD=K OD*SQRT (L .0 *LI ’ )
MOO = Pit’ * ME’ / LII
MO MOO
[IELTA F=MO+M0O
EIELTAO= ( 1 .3333* ([.O+LAB) )--IIELTAF
KF= (MF* LD— M D*MFI’ ) / (LF*LD~ Ih1FD*P1FtI)

RET URN
EN It
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MAST

C MASTER OPTOMUAT ION OF L-C FILTER DESIGN
REAL*4 K1.K2~ ILFMAX .IF.MU ~LA~LAB ’LF ,LD ,MD ,MF ,MFD ,

1ILrM0 ,LW T .LEN .N 1~ L0
21 CONTINUE

WRITE (7 , 1)
UR ITE (7r 104)

104 FORPfA T (’O ’~~5X~~’ALL INPUTS HAVE FORMAT = F7.2 UNLESS
I OTHERWISE SPECIFIED’)

1 FORMAT ( ’O’ .1X ~~’WRITE THE FOLLOW ING PARAMETERS FOR THE FILTER’)
WRI TE ( 7. 2)

2 FORMAT YO ’ ’lX r ’CAP . ENERGY DENSITY (JOULES/LB .) ‘ )

100 FORMAT (F7 .2)
103 FORMAT (’O ’ v 5X , ’FORMAT I2’)
101 FORMAT (12 )

READ (5 . 100)[IC
WRITE (7,4)

4 FORPiAT (’O ’ .1X ~~’CURRENT DENSITY FOR L WIRE (CIR PilL/AMP ) ‘ )

READ (5, 100)CMA
WRITE (7 .6)

6 FORMAT (’O ’ ,lX , ’MAX. RM S VALUE OF 6TH HARM . OF VO (VOLTS ) ~~ ‘ )

REA [U5 , 100)V2
WRITE (7 ,7)

7 FORMAT (’O ’ .lX , ’ALLOWABLE PEAK FAULT CURRENT (AMPS ) = 1)

READ (5, 100)ILFMAX
11 1420,0
V L=6760 .O
LF= 1 .2
LD=O • 82E-07
MFD=O . 19E-03
OMEGA 251 3.27
110 50 IZ=1 ,2

C IZ=1 IS FOR LA NORMAL
C I Z = 2  IS OR LA OPTIMUM

IF (IZ .EO. 2) GO TO 51
IF 275.O
B ETA =2 . 12
MU=O • 307
L A O  • 300E-03
LAB~O . 15E-03

C
MD 0.38E-05
MF O. 79E-02
W =144 .O
V=—138 .0
DELTAO=O .248E-03
M0 0. 176E—03
V 1=O. 120E 04
WRITE (7,53)LA

53 FORMAT (’0’ .2X, ’THE FOLLOWING VALUES ARE BASED ON NORMAL
1LA =‘,E1 0.3,2X,’H.’)

GO TO 52
51 CONTINUE

IL 1420.0
IF ~239 .0
IQ TA 2.28
MU~ O .6O4
L A O  • 720E-03
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LAB=0 • 360E-03
C LAB=MA

MD=O • 589E-05
M F= 0. 122E-O1
W 164 .0
V -340.0
DELTAO =O • 595E -03
MO=0 .423E—03
V 1=62O.O
WRITE ( 7,54)LA

54 F’ORPiAT (’0’~~2X~~’THE FOLLOWING VALUES ARE BASED ON
1OPT IMtJM LA = ‘,E1O ,3 ,2Xp ’H.’)

52 WRITE (7 ,3OO)IF~ BETA.MU
300 FORMAT (’ ‘,2X.’IF= ’,E1 0.3,5X,’BETA ~~’,E10.3~ 5X~~’MU= ’~~E1 0.3)

WRI TE ( 7,305) IL~ VL ,V 1
305 FORMAT (’ - ,2X, ‘IL ’ ,E1 0.3,5X~ ‘VL ’ ,E1 0.3.5Xr ‘V l ’ .110.3)

K 1-=V2/V 1
C FIND CONDUCTOR AREA IN CIR MILS * SQ. CM.

CM=CMA *IL
A1 6=( 1+K1 )/ (K1*36*OMEGA**2)
AM=CM *5 .07E-10
FW =AM
F=O.7
DW=5937 • B
A 2= (VL *FW)**2* (K1+1)/ (DC*51 .1E—07*K1*36* (OMEGA**2)*F*F )
A 3=3*3. 1416*F*DW
A= (5*A2 /( 3*A 3) )**0. 125
N=A **2*F/FW
LO= (25 .5E—07)* C (F/FW)**2)* (A)**5

CO=A 1 6/LO
RES=N*3*3 , 1416*A* (2 .83E-0B)/FW

WRITE ( 7p 5 5)L0 ,CO ,RES
55 FORMAT ( ‘O p 1X , ‘OPT .VAI.UE IS BEFORE FAULT TEST

1 ARE L0= ’.E1 0.3.1X~~’H.~ C O ’ ,E10. 3 ,1X , ’FD. ’,1X , ’RES~~~,E1O .3)
K= 1

15 RES=N*3*3. 1416*A* (2 .83E—O8)/FW
CALL FAULT2 ( IF ,BETA ,MU ,LA ,LAB ,LF ,LD ,MD ,MF ,MFII ,W,V ,IL ,

1OPiEOA ,DELTAO~ MO~VL ’ L0’ ILFMAX~ RES)
WR ITE (7 ,345)IL

345 FCJRPIAT (’ ‘,2X, ’MAX LOAD CURRENT FROM FAULT ‘,E1O • 3)
IF (IL.LT .ILFPIAX ) 60 TO 14
K=K+ 1
L0=LO*1 • 1
CO=A 1 6/LO
A= ((L 0* (FW/F)**2)/25 .5E-07)**0,2

IF (K .6T.100) GO TO 14
IL=142 0.O
IF (K.GT .2) GO 10 15
WRI TE ( 7, 16)

16 FORMAT (’O ’ p lX , ’FAULT CURRENT TOO LARGE ’ LO INCREASED’)
GO TO 15

14 CONTINUE
LWT—A 3*A**3
CW T A2/ (At *5)

IdT-LWT+CWT
WR ITE (7 ,17)LO~C0~ IL~ RES
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17 FORMA T ( ’O’ p 1X , ’LO= ’,E10.3,5X , ’C0= ’,E10.3p5X ,’ILF= ’ ,E1O .3 ,1X ,’
1 RES= ’,E10.3)
WRITE (7 , 18)LWT ,CWT ,WT

18 FORMA T ( O’ ,1X , ‘LW T= ’ ~E1O.3 ,5X , ‘CWT= ’ ~E1O.3,5X, ‘TOTAL MT ‘ ,E1 0.3)
RAD 2*A
WRITE (7 ,19)N ,RAD ,A

19 FORMAT (”O ’ ,lX , ’NO . TURNS ‘,14,SX , ’L RADIUS ~~~
‘,

1E1O .3, ‘P4 ’ v5X , ‘L LENGTH ‘ ,E1 0.3, ‘P4’)
50 CONTINUE

WRITE (7 ,20)
20 FORMA T (’O ’ ,lX , ’WRI TE ‘O TO END , OR ‘l FOR ANOTHER RUN’ )

WR ITE (7 , 103)
REAII(5 , 101 )KEY
IF (KEY.GT .O) GO TO 21
STOP
END
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PLT DAT

C MAIN PLOTTER PROGRAM
DIMENSION FD (5) ,F (5, 1) ,FF (5p5) ,MIJS (5O ) ,RMSIF (50 )~
1XRMS (5O),ALlF (21),TBETA (21)pTMtJ (21)~~FF1(4,4),F1(4,1)v
1FD1 (4) ,ILS (5 O) ,BETAS (50) IFS (50 ) ,APIL (50 ) ,API4ETA(50),
1A PMU (5O ) ~APIF (50) ,AHAR6 (50) ~AHAR12 (50 ) ,AHAR1B (5O)~
IAHAR24 (5 0) ,AHAR3O (50) ,APRMS (50 ) ,HAR6 (50) ,HAR12 (50),
1HAR18 (50) ,HAR24 (50) ,HAR3O (50) ~ALO (21 ) ,XHAR6 (21 ) ,XHAR12 (5O )p
1XHAR 18 (21 ) ,XHAR2 4 (21 ) ~XHAR 30 (21) .AIQ(60) ,AID (60) ~A IF (6O)~
1A IK (60 ) ,THETA (60 )
REAL *4 M0 ,MO0 i M U p I F  ,IL ,K1 ,Lt i ,LF ,M F ,MF[I,LAB ,L 0,MD ,KO ,
1NN1 ,NP2 ,OMEGA ,LA ,MuJ F ,MUF~ KFO ,KAB ,K 0tI,ILS ,IFS ,MUS .KF~ KD

C INPUT MACHINE PARAMETERS
LF O .12E 01
LD~ O • 82E—O 7
MF=O • 79E-02
MD=O • 38E-05
MF0 0. 19E-03
LAB =0 • 15E—03
LO= 0.3E-03

C L0=LA AND LAB =MA
K 1 1  .0
VL 6760 • 0
1L 1420.O
OMEGA 25I 3.27
FREO 400 • 0
KF= (MF*LD-P$D*MFD)/ (LF*LD- (MFD)**2)
KtI= (MD *LF—MF*M FD )/ (LF*LD— C MFII)**2)
KO P1D/LD
MOO~MD**2/LD
MO MOO
DEL TAF MO+M 00
DELTAO ( 1 .333* (LO+LAB ) )—DELTAF
t’IL=2130.O/50.0
CALL NEW TON (MU ,BETA ,IF ,W ,V ,FREO ,DELTA 0~ IL ,VL ,tiO0~K1~

1M F p MO , OMEGA , DE L TAF p ZETA )
CALL LITLI (DELTAO ,MF ,IFpBETArM O ,W ’

1MOO ,V , IL ,DELTAF ,PIU ,A ID ,AIO ,A IF ,A IK ,THETA ,KO ,KF ,KD )
KFO~’MF/SQRT (LF*L0)
KAB=LAR /L0
KOD=MD/SQRT (L0*LD)
LILO-0.0
1L 1420.0
DO 200 L— 1 ,21
LOxLO+DLO
KKK=O
MF~ KFO*SQFJ T (LF*L0 )
LAB IKAB*L0
MD~KOD* SORT (L0*LD)
MOO~ IlD**2/LD
M0=M0O
DELTAF=M0+M 0O
DELTAO~~( I .~~33~ * (LO+LAB ) )-DELTAF
KF= (PIF*LD—MD*MFD)/(LF*LD— (MFD)**2)
CALL NEWTON (MU ,BETA ,IF ,W ,V ,FREO ,DELTAO ,IL ,VL ,MOO ,K1P

1MF ,M 0,OMEGA ,DELTAF ,ZETA)
IF~~1 • ISIF
CALL PHACON (IF ,MF ,BETA ,MO ,W ,V ,IL ,P4U ,DELTAO ,OP4EGA P VL ,M00)
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ALO (L) L0
CALL FS (MU ,BETA~OMEGA~ IL.IF~MO~ DELTAO p MF ,W ,V ,LO ,LAb ,
1DELTAF .L ,XHAR 6~ XHAR12 ,XHAR1BpXHAR24 ,XHAR3O )
CALL RIiS(BETA ,L~ PlU ,XRM S~ IL,DELTAO ,MF ,P4OpW ,V ,M00,lF,

1KF~ DELTAF )
ALIF (L )=I F
TBETA (L )i~BETA*180./3. 1416
TMU (L )=MU *1 80./3. 1416
0L0 0  • 03E—03

200 CONTINUE
WR ITE (7 ,201)
[‘0 202 L 1,21
WR ITE (7 ,2O3)AL0 (L),XR1iS (L),XHAR6 (L),XHAR12 (L),XHAR18 (L)~

1TBETA (L ) ,TMU (L)
202 CONTINUE
201 FORMA T (’ ‘,5X , ’L0’,1OX , ’IF’,1OX ,’6TH ’,1OX ,’121H ’,1OX ,’1BTH ’,

112X ’ ‘BETA ’ ,12X , ‘MU ’)
203 FORIIAT (’ ‘,IX ,7E13.4)

L0 0 • 3E-03
LAB O. 15E-03
MD 0 • 38E—05
M00~MD *MD/LDM0 M00
MF~ 0 • 79E-02
KF= (MF *LD-PID*MFD) / (LFtLII-MFD*MFD)
DEL TAF MO+MO0
bELTAO= (1 • 333 3* ( L0+LAB ) ) —DELTAF
IL 0.0
WR ITE (7 ,2800)
DO 100 LLL= 1~~50
KKt ( 0
CALL NEWTON (MU .BETA ,IF~ W ,V ,FREO.DELTA0 .IL ,VL ,M00,K1,

1MF ,MO .0PiEGA~ DELTAF ,ZETA)
ILS (LLL) 1L
BETAS (LLL )=BETA *180.O/3. 1416
PIUS (LLL )=MU*180.O/3. 1416
IFS (LLL ) 1 F

2800 FORMA T (’ ‘,4X, ‘IL ’ ,BX , ‘BETA’ ,7X, ‘MU ’ ,8X , ‘IF’)
2801 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1DELTAF pLLL p HAR 6 ,HAR 12rHAR18 v HAR24~ HAR30)
CALL RPiS (BETA ,LLL~ P4IJ ,RMSIF , IL rDELTA0~PiF p MO~W ,V~M00pIF ,

11W
IF~ 1 • 1*IF
CALL PHAC 0N (IFrIi F~ 8ETA~ M0,W ,V ’IL ,MU p DELTAO~OMEGA ,VL~MO0)
APIL (LLL ) 1L
APBETA (LLL )=BETA
APM U (LLL )=MU
APIF (L .LL )=TF
CALL FS (MU~ BETA~OMEGA ,IL ,IF ,M 0,DELTAO ,MF ,W ,V ,L 0 ,LABp
1DELTAF ,LLL .AHAR6 .AHAR 12 ,AHAR I8pAHAR24 ,AHAR3O )
CALL RM S (BETApLLL ,MU ,APRP4S ,IL~ DELTAO.MF ,M 0,W ,V ,M00,IFr

1KF ,DELTAF )
IL IL + OIL
IF (LLL •E Q .1) IL*35.0

100 CONTINUE
110 101 LLL=1 ,50
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WRI TE (7’2801)ILS (LLL ) ,BETAS (LLL ),MUS (LLL ) ,IFS (LLL )
101 CONTINUE

DO 102 LLL—1 ,50
WRI TE (7 ,2802)LLL ,HAR6 (LLL )pHAR12 (LLL )rHAR 18 (LLL )~ HAR24 (LLL),

1HAR3O (LLL )
2802 FORMAT (’ ‘,IX ,1 3,5E13.4)
102 CONTINUE

DO 103 LLL=1.5O
WRITE (7 ,2803) LLL,RMSIF(LLL )

2803 FORMAT (’ ‘,IX ,14 ,L20 .5)
103 CONTINUE

110 104 L=1 ,50
URITE (7 ,2802)L ,AHAR6 (L),AHAR 12 (L ) ,AHAR1B (I),AHAR24 (L ),AHAR3O (L )

104 CONTINUE
DO 105 L=1,50
WR ITE (7 ,2803)L ,APRM S (L )

105 CONTINUE
W RIT E( 7, 110)

110 FORMAT ( ‘O’ ,lX , ‘IL ,BETA ,MU ,IF-—W ITH PHASE CONT ’)
DO 106 L=1 ,50
WRITE (7 ,107)A PIL (L),APBETA (L),APMU (L) ,A PIF (L )

107 FORMAT ( ‘0’ ,1X ~ 4E13.4)106 CONTINUE
STOP
EN [I
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C TEST PROGRAM FOR NEWTON SENSITIVITY ANALYSIS
DIMENSION FIt(S) ,F (5, 1) rFF (5~ 5) ,AIF ( 11) ,ABETA ( 11) ,AMU ( 11),

1AW (11),AV (11),A 1 (11),AM 0 (11) ,AMOO (11) ,ALAMD (l1)
REAL *4 MO ,M 00,MU ,IF ,IL ,K1 ,LD ,LF ,PIF ,MFD ,LA1I,LO ,I4D ,KO ,ILFPIAX ,

1LA ,KFO ,KAB ,KOD ,KF ,P<Dp IKpMA ,IFT ,IQ ,LAM Q ,LAMD ,ILO ,ILC ,IKO ,IKC
DO 34 11=1,7
LF=O.12E 01
LD=O • 82E—0 7
MF=O.79E-02
MD=O • 38E-05
MFD=0. 19E—03
LAB= 0. 15E—03
L0=0 •

C L0=LA AND LAB=MA
CAF=PIF/SORT ( LO*LF )
CAB=LAB /L 0
CAD=Mt’/SORT (LO*LD)
CFD=MFO/SORT C LF*LO)
1)0 35 12=1 ,11
IF (I1 .GT ,6) GO TO 36
IF (I1 .GT.5) GO TO 37
IF (11.GT .4) GO TO 38
IF (I1 .GT.3) GO TO 39
IF (I1 .GT.2) GO TO 40
IF (I 1•GT .1) GO TO 41
LF=O.6+O•12* (I2—1~
MF=CAF*SQRT (LO*LF )
MFD~CFO*SQRT (LF*LD)
Al ( 12) LF
GO TO 42

41 L1’=O .41E—07+ (0.082E—07)* (12—1)
MD CAD*SQRT (LO*LD)
MFD=CFD*SORT C LF*LEI)
A1 ( 12)=LD
GO TO 42

40 MF~ 0.395E-02+(0.079E--O2)*(I2-l)
Al ( 12) MF
GO TO 42

39 MF [’=0.095E—03+ (0,019E—03)* (I2—1)
Al
(30 TO 42

38 MD=O . 19E-05+(0.038E-05)*( 12-1)
Al ( 12)zlID
GO TO 42

37 LAB~ 0 .O75E—O3+ (0 .O15E—O3)* (I2—l)
Al (12) LAB
GO EQ 42

36 L0zO • 15E—03+ (O .03E—03)* ( 12—1 )
PIF=CAFtSORT C L0*LF )
MIIaCAD*SOR T (LO*LD)
I AP=CAB *LO
Al ( 12)~ LO

42 CONTINUE
K 1=1 .0
VL-6760.O
11-1420.0
014EGA 251 3 • 27
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FREU~ 40O.0KF = C MF*LD-PID*MFL’) / (Lr*Lrl-MFEI*IWD)
K[’= C MD *LF-M F*M FD ) / C LF*LD-MFD*MFII)
KO=MD /LD
MOO =MD**2/LD
AMOO ( I2) M00
AMO ( 12)=KF*MF+ KD *MD
ALAMD ( 1 2)=AMO (12)— P100
M0=M0O
IIELTAF=MO+MOO
DELTAO =( 1 .3333* (LO+LAB) )—EIELTAF

CONTINUE
CALL NEW 3ON (M U ,BETA ,IFpW pV ,FREQ, DELTAO ’ IL~ VL..MOO ~ K 1r

1MF ,MO ,OPiEGA ,DELTAF ’ZETA~ K )
IF (K.LT.200 ) GO TO 80
A 1F (12 ) 0.0
ABETA ( 12)=O.O
AMU ( I2)= 0.0
AW ( 12)=O. 0
AV ( I2)=O. 0
GO TO 35

) CONTINUE
AI F ( !2)=IF
ABETA ( I2)=BETA
AM U (12 ) MU
AW ( 12)=W
AV ( 12)=V

5 CONTINUE
IF (I1.GT .6) GO TO 46
IF (I 1.GT.5) GO TO 47
IF (Il .OT.4) GO TO 48
IF (I 1.GT .3) GO TO 49
IF (I 1.GT.2) GO TO 50
IF (Il.GT. l ) 00 TO 51
WR ITE ( 7.100)

)0 FORMAT (’0’ ,5X, ’LF VARIATION ’)
GO TO 52
WR ITE (7~ 10l)

)l FORMAT (’O ’ ,5X ,’LD VARIATION ’)
00 10 52
WR IT E( 7r 102)

)2 FORMAT ( ‘0’ ,5X , ‘MF VARIATION ’)
GO TO 52
WR ITE (7~ 103)

)3 FORMA T (’0’~~5X~~’MFD VARIATION ’)
GO TO 52
W R ITE (7r 104)

)4 FORMA T (’O ’ ,SX , ’MD VARI A 1 LOU ’)
GO TO 52
WRITE (7 .1O5)

)5 FORMA T ( ’O’,SX , ’LAB VARIATION ’)
GO TO 52
WRITE (7 ,106)

)6 FORMA T (’O ’~~5X~~’L0 VARIATION ’)
CONTINUE
WRITE (7 , 120)

~O FORMAT (’O ’,7X , ’PARAMETER ’SX , ’IF’ ,llX , ’BETA ’ ,llX , ’MU ’P
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113X~~’W ’  , 13X p ‘ V ’  , lix, ‘MOO ’ p 12X~ ‘ MO ’ 11X , ‘LAME’’ )
DO 55 L—l ,11
WR ITE (7p 1i0)A 1 CL ) ,AIF (L) ~ABETA (L) ,AP$U (L) ,AW (L) ,AV (L),

1AMOO (L ) ,AMO (L ) ,ALAMD (L)
110 FORMA T (’ ‘~~2Xr 9E14.4)
55 CONTINUE
34 CONTINUE

STOP
EN II
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TAB I ~L

C PROGRAM TARLE •FOR
MAIN PLOTTER PROGRAM
DIMENS ION FD (5) ,F (5 ,1) pFF (5~ 5) ~MUS (50) ~RPiSIF (50) p

1XRM S (50) ,AL IF (21) ,TBETA (21) ,TMU (21)pFF1 (4 ,4),Fl (4 ,i) ,
1FDI (4)pILS (50),BETAS (5O),IFS (50)pAP IL (50),APBETA (50) ,
IAPMU ( 50) ,APIF (50) p AHAR6 (50) ,AHARI2 (50) ‘AHARlS (SO),
1AHAR24 (50)pAHAR3O (50),APRMS (50) ,HAR6 (5O),HAR12 (50) ,
1HAR18 (50) ~HAR 24 (5O) ,HAR3O (50) ,ALO (21) .XHAR6 (21 ) ,XHAR12 (50),
1XHAR 1S (21) ,XHAR24 (21 ) .XHAR3O (21 ) ,AIQ (60 ) ,AID (60 ) ,AIF (60).
1AIK (60 ) ,THETA (60 )
REAL *4 MO .MOO .MU .IF . IL ,K1 ,LE I,LFpM F ,MF I ’ ,LAB ,LOpM E IrKO ’

1NN 1 ,NP2 ,OME GA ,LA ,MU P ,MUF.KIOrK AB ,K 0I”ILS ,IFS ,MUS vKF ’KI ’
C INPUT MACHINE PARAMETERS

LF=0,12E 01
111=0 • 82E-07
MF=0 • 79E—02
P411=0 • 38E-05
MFD=O.19E-03
LAB=O •15E-03
LO=0.3E- --03
Kl =1 .0
VL =6760 • 0
IL=1420.O
OPIEGA=25 13 • 27
FR EO 400 • 0
KF= ( tfF*LD—D4D*MFD)/ C LF* LD— (NFL’) * *2 )
KD =(MD*LF—M F*MFD)/ (LF*LIt- ( MFD)**2 )
KO=M D/LD
M00=MD**2/LD
M0 M00
DELTAF =MO+MO0
DELTA O= Cl • 333* CLO+LA B ) ) -DELTAF
DIL=1420.0/15.O
KFO=MF/SQRT ( LF *10)
NAB=L AB/L 0
KOD =MD/SQRT (L0*LD)
DL0 0.O
DO 200 L=1 ,21
IL = 1420 • 0
LO=L 0+DLO
KKK O
PIF=KF O*SQRT (LF*L0)
LAB KAB*L 0
PIL1 KOD*SORT (L 0*LD)
MOO=~MD**2/LD
P10-MOO
DELTAF~ MO+M 00DELTAO~~( 1 .3333* (LO+LAB) )—DELTAF
KF .(MF *LD-MD*MFD)/(LF*LD- (PIFD)**2)
CALL NEWTON (MU~ BETA ’ IF ,WpV ,FREO ~ DELTAO . IL ,VL ,MOO .Kl .

lMF ,MO ,OML~’A - DE1 IAF ,ZETA)
0L0 0 • 03E—03
IL=O.O
IF=1 • 1*IF
DO 100 LLL—i ,17
KKK O
CALL F’HACON (IF ,MF ,BETA ,MO ,W ,V ,IL ,MU ,DELTAO ,OMEGA .VL ,MOO )
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AP IL (LLL ) IL
APBETA (LLL )=BETA *i 8O.O/3. 1416
A PMU (LLL )=MU *lRO .0/3. 1416
CALL FS (PIU ,BETA ,OIIEGA ,IL ,IF ,M 0 ,DELTAO ,MF ,W ,V ,LO ,LAB ,

1DELTAF ,LLL ,AHAR 6,AHAR12 ,AHAR 18 ,AHAR24 ,AHAR3O)
CALL RM S (BETApLLL .PiU .APR P1S ,IL ,DELTA 0,MF r M0,W~V .M0O~ IF.

1KF ,DELTAF )
IL IL+DIL

100 CONTINUE
WR IEE(7 ,300) LO,  IF

300 FORMAT (’0’ ,5X , ’LO= ’,E1 0.3,5X ,’IE ’,E 1O.3)
WR ITE C7,203 )

203 FORMAT (
[‘0 201 KN 1 ,l7
WRI TE (7 ,202)AP IL (KK ) .AF RMS (KK ) ,AHAR6 (KK ) ,AHARL2 (KK ) .

1A HAR 1R (P (K ) ,APBETA (KK ) ~APP4U(KK )
201 CONTINUE
200 CONTINUE
202 FORP1(~T (’ ‘.2X ,F7 .1.2X ,F7. 3 ,2XpE1O .3.2X ,El0 .3,2X ,

1E10.3~ 2X .F7 .1,2X~ F5 .2)
ST OF
END
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T[S1 h 7

C 11S 1 PROGRAM FOR F AUL I
DIMENSION F DC5 ,  1) .FC5, 1) .FF(5,5) p A (4 p 4 )  ,[~~~5,5) ,RH (5, 1) ,C I t .(300) ,
1CIK (300)

IF IL iK1 .L
IIA ,p \FO ,KA D ,Kor I,Ff,Krl ,I K ,MAP IFT ,TQ ,LAMO ,tA PID ,ILO ,ILC ,IKO ,IKr

01
Lt’=O •
MF=O. ‘91-02
MD=O • 381-05
MF D=0,
LA h’~O• 151—03
LO=O,31--03
LA =L 0
ILFMAX =O.lE 06
W RITE (  7 ,200)

200 FORMAT (’0’,2X,’TYF-~F tHE VALUE OF RF> DES IRED ’)
REAEIC5 ,20 1 )RP

201
K1=1 .0
VL=6760 • 0
IL 1420 .O
OMEGA=25 1 3.27
FRECI=400 •
KF= ( MF* LD—M D*MFEI ) / ( LF*LD—MFI’*MFD)
KD= ( Mt)*LF- Mr*MFE I)/ ( trxLr I—M rr I *M F II )
KO = M It! LII
P100= ML’ * * 2 / LIt
M0=MOO
DE LTA F = MO + MOO

IIELTAO=( 1 .3333* (L0+LAB) )— [ ‘ FLTAF
CALL NEWTQN (p 1u.BE :TA. IF,W ,V ,rRrO,I iEL TAO , IL~ V 1 ,MO O p K1 ,

1MF ,M0,OMEGA ,F~~I T A ~~p Z E 1 A )
500 W R ITE C 7,299)
299 FORMAT (’O ’ ,lX , ’[NTER VALUE OF LO DESIRED —— - F ORMAT E10 .3 ’ )

READ (5 .298)LO
298 FORNAT (E10 .3)
10 F U R M A N ’  ‘,1X , 5113 .4)

IL=1420.0
CA LL F AULT 2( IF ,BETA ,MU ,LA ,LAB ,LF ,L II,MD ,PIF ,IIFEI ,W ’V , IL .

I OPIEGA ,DELTAO ,M0 ,V t .,L0 ,ILFMAX ,RP )
W I  IE (7 .300)IL

300 F O R M A T ( ’ O ’ ,3X . ’ ILMAX F ROM FAUL T = ‘ .E10 .3)
W RITE (  7 ,600)

600 FOR MA T ( ’O ’ .3X , ’ IYPE 0 TO END, OR 1 FOR ANOTHER R U N ’ )
REAl’ ( 5~ 700 ) KEY

700 F URMAT ( 14 )
I F( K [Y . G T ,0) GO TO 500
S 1 0 F
U NI’

-- 
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UN CONT

C MAIN PLOTTER PROGRAM
D IMENSION FD (5) ,FC5 , 1) ,FF (5 ,5) ,MUS (50) ~RM SIF (5O)~

1XRP1 SC5O) ,AL IF (21),TBETAC21),TMU (21) ,FF1 (4 ,4) ,F1 (4 ,l) ,
1FEI 1 (4) ,ILS (50 ) .BETAS (50) ,IFSC5O ) ~APIL (50) pAPBETA (50) ,
1APPiU (5O) ,AP IF (50 ) ,AHAR6 (50 ) ,AHAR12 (50 ) ,AHAR18 (50),
1AHAR24 (50 ) ,AHAR3O (50) ,APRMS (5O ) .HAR6 (50 ) ,HAR12 (50),
1HAR18 (50) ,HAR24 (50 ) ,HAR3O (50) ,ALO (21 ) ,XHAR6 (21) ,XHAR12 (50).
1XHAR 18L21 ),XHAR24 (21),XHAR 3O (21) ,A IQ (60) ,A ID (60) ,A IF (60) ,
1AIK (60 ) .THETA (6O)
REAL *4 MO ,MO O rMU . IF . IL ,K1 ~L1’.LF~ MF ,PiFD .LAB ,L0~MD~KQ .

1NN 1 ,NP2 ,0P1EGA.LA .MUF ,MUF ,KFO ,KAB ,KOD~ ILS, IFS,MUS,KF ,KtI
C INPUT MACHINE PARAMETERS

WRITE ( 7,50)
50 FO RMATC ’O ’ p 2X , ’ THIS IS THE DATA FOR THE UNCONTROLLED

1 BRIDGE RECTIFIER ’)
LF =0.12E 01
LD=O • 821-07
MF =0 • 791—02
P111=0 • 381-05
MFI’=O. 191—03
LAB~ O• 151-03
LO—O .3E --03

C L.O LA AND LAB =MA
K1=1 .0
V 1=6760.0
IL=1420.O
OMEGA=25 13 • 27
FREQ =400 • 0
KF=CMF*L.El— PI D* MFD)/ CLF* LD— (MFD)**2)
K1’=(MD*L F—M F*PiFE’)/ (LF*L1’— (MFD)*t2)
K 0=11 It/LI’
P100= ML; * * 2/ L 0
110= MOO
DEL T AF = MC) + MO C)
[IELTAO =( 1 .333*(LO+LAEI) )— DELTA F
DIL-=1420.O/ l5.0
KFO =MF/SQF~T (LF *L0)
NA B= LAB/LO
KOI’=MEIISORT C LO*Lt’ )
IILO=O • 0
IL= 1420 O
KKK =0
MF =KF O*SORT C LF *LO)
LAB=KA8*LO
MEI=KOtI*SORT (LQ*LlI )
1100=110* * 2/LD
MO MOO
IIEL 1 AF PiO+MO0
I’LL TA O = (1 • 3333* (LO+LAB) )—D ELTAF
K F= (MF *LD -- IlD*MFII)/(LF*LD- (PIFD)**2)
IL=0 .0
Lb 100 LLL =1,17
KKK=0
[:A[,[ t1EWTON (MU ,BETA ,IF~ W ,V ,FREQ,DELTA0 ,IL ,VL .M00,K1.

1IiF ,MO~ OME GA ,DELTA I .ZETA)AF~IL (L LL )=IL .
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AFI F( LLL ) =IF
AFB ETAC LLL) =BETA * 180 . O /3 . 14 16
A PMU(LLL)=MU* 180 .O/3 . 1416
CALL FS(MU,BETA. OM[i~A r  IL,Ir ,Mo,r’ELTAO,pl l ,W ,V , L O , L A F I ,

1D[LTAF,LLL,A HA R ’,,AHA R12 ,A HAR 18 ,A HAR 24 ,A HAR3O)
CALL RMS( .BETA ,LLL.Mu,APRMS.IL ,r’ E:LTAo ,Hr ,Mo .w ,V ,Mo o ,J v ,

1KF ,EIEL TAF )
IL I L + [‘IL

100 CONTINUE
W R IT E(  7 ,300) LO

iL~0 F O R M AT ( ’ O ’ .5X ~~’L0= ’ .E1O ,3)
WR ITE (  7 ,203)

~~~ F OR MAT ( ’O’ ,SX .’T L , I F R MS .6 T F I , 1 2 T Hv 1 8 T H, B E 1A , M U , I F ’ )
[‘0 201 KK l,17

W R I T E C 7 , 2 0 2 ) A P IL ( K K) ,A P R MS ( K K) ,A H A R 6 ( K K) ,A HA R 1 2( K K) ,
1A HA R1 8 CKK ) ,A F BETA USK) ,A PM U( KN) ,AP IF ( KK )

201 CONTINUE
202 FOF< PIA TC ’ ‘,2X,F7. 1

1E1O.3,  2X ,F7 • 1, 2X, F5. 2. 3X ,F6. 2)
STOP
C ND
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APPENDIX IV. SUBROUTINES

The fe1lowin ~- subroutines for the main programs of Al l end ix  I~~I

i c :  I H t ’ 1  in alphabetic-d order. Subroutines GELG and ARSIN are not

included. GELG is a program for solving simultaneous equations that

~rt of the IBM Scientific Subroutine Package . ARSIN is a series

~r the ~ir~~ in function . It should be noted that the notation in the

~r -i~’pa m~ occasionally varies from that in the text :

Text Program

L La o

M La ab

1. F’~ I i:i~ the harmonics of v
— 0

F A T  : C i i  i L i tes the fault current .

3. JA ’ l~ : LSI I - ilates the Jacobian matrix for the uncon trolled

r - ’t i f i e r  bridge .

I~~ . f-~i u l u t es  the Jacobian matrix for the controlled

re (Itifier bridge .

5. JFL1 : oJculates i , i , i and i vs. 0.d q f k

6. NEWTON: Newton- }-~o~-L on algorithm for the uncontrolled

rectifier bridge.

7. NEW3ON: ~- i me -ci NEWTON except variable K is included in

argument list to test for convergence. Used only

wi th SEN~ I3.

H. PHACON: Newton-Raph~;on algorithm for the controlled

recti f i e r  brid ge.
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~ . RHS : C i l c u  ~~ i t e~~ r i ght  hand sid~ v€ -t r for NEWTON .

lo . PIICt 4 B 4 :  -~~] - -u] ~t i -s t iph t ~,~-nid s ide -- t or  f r  PH A CON .
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SUBROUTINE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1DELTAF ,LLL ,HAR 6,HAR12 ,HAR18 .HAR24 ,HAR3O)
DIMENSION CN (5),HAR 6(50),HAR12 (5O),HAR18 (50),HAR24 (5O),HAR3O (50 )
REAL *4 MU ,IL .IF ,MO~MF~ LO ’LAB
A=-OMEGA * ( 1 .732*IF*PIF+2.865*MO*W )*l .91
8=2 • 865*OMEGA*MO*V *1 • 91
C=-2.865*OMEGA*IL*MO*1 .91
1111= ( OMEGA/ DELTAO ) * C l  • 5*MO—L0-LAB )
l’=ElLI*( 1. 155*MF*IF+l .9l*M0*W )*1 .91
E=+l .91*M0*V*DD*l .91
F= 0.955*IL*DELTAF*DD*i .91
DO 10 I<=1 ,5
B 1=BETA+P IU—i .047
82=81+1.047
N=K*6
CALL TERMA (N ,A ,2.094,$2 .AN1,BNl )
AN=A N 1
BPI BN1
CALL TERMA (N ,A ,2 .094,B1~ AN 1 ,BN 1)
AN AN-AN 1
BN=BN—BN 1
CALL TERMA (N ,B ,O .524 ,B2 .AN1 ,BNI)
AN AN+AN1
BN=BN+BN 1
CALL TERt1A (N .B,0.524 .B1~ AN1.BN 1)
AN=AN -AN1
BN=BN-BN1
ANG=2 • 094-BETA-MU
CALL TERMA (N.C ,ANG ,82 ,AN1 ,BN1 )
AN=AN+AN 1
BN=BN +BN1
CALL TERMA (N ,C ,ANG ,B1 ,AN I ,14N 1)
AN=AN -AN 1
BN=BN-BN 1
Bl=BETA
B2-BETA+MU
CALL TERIIA (N ,D ,0.O ,82 .ANI,BN1 )
AN= AN +AN I
BN BN+BN1
CALL TERMA (N ,D ,O. 0 ,B1pAN I.BN1 )
AN -AN-AN 1
BN=BN-BN1
CALL TERMA (N .E .l .571 ,82 ,ANI.BNI)
AN=AN+AN 1
BN=BN+BN 1
CALL TERMA (N ,E , 1.571 .B1 pA N1 ,BNI)
AN=A N-AN 1
BN=B19—BN1
ANG=-BETA-MU
CALL TERllA (NpF ,ANG ~ B2 ,ANl .BD11 )
AN AN+AN 1
BN=BN+BN 1
CALL TERIIA (N ,F ,ANG .Bl.AN 1.BN1)
AN -AN-AN1
$N-BN-BN1
CN(I( ) -SORT (AN**2+BN**2)
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10 CONTI NUE
HAR 6 (LLL )=CN (l)
HAR12(L LL)=CN( 2)
HAR18CLLL) =CN(3)
HA R24CLLL ) C N C 4 )
HAR3O(L LL)=CN(5)
RETURN
END
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SUBROUTINE FAULT2 (IF ,BETA ’MUpLA .LAB ,LF~ LD.MD ,MF ,MFD ,W~V~ IL,
1OMEGA ,DELTAO ,MO,VL ,LO , ILFMAX ,RP )

C ROTOR FLUX LINKAGES ASSUMED CONSTANT
DIMENSION A (4 ,4),BC5~5).CIL (3OO).CIK (300)~~CWT (3O 0),

1ARH (4 ,1) ,BRH (5p 1)
REAL*4 L0 ,KD ,KF ,KO ,IK ,IFpMU .LA ,LAB.LF ,LD ,MD ,MF ,MF1I~ IL~~IFT,

lID , IQ ,LAMO ,LAM F ,LAMI I . ILO . ILC . IKO , IKCpNO , ILFMAX
KK=O
JJ=O

C SPECIFY INITIAL CONDITIONS FOR CONDUCTION PERIOD
WT=BETA+ PIU -i .047

C L0 0.l
Kr’= ( MD*LF-MF*MFEI / ( LF*LD—NFD*MFD)
KF = ( PsF*LD-MD*MFD) / (LF*LD—IIFD*MFD)
K O=MD/L 11
IFT= IF+ 1 .732*KF*( (3/3.1416)* (W+IL*

1COS (BETA+MU ) )—C IL*COS (WT+O.524)))
I[’ C IFT-IF)*I (D/KF
10=1 .732*KQ* ( (3/3. l416)* (V—IL$SIN (BETA+MU ))

1+IL*SIN (WT+O ,524))
Fl =1 /C LF*LD— IIFEI*PIFD)
LAMO= -1 .732*MD*IL*SIN (WT+O .524 )+LD*IO
LAP$F=1 .732*IL*MF*COS (WT+O.524)+LF*IFT+MFD*ID
LAMD=i .732*IL*MD*COS (WT+0.524)+IIFD*IFT+LD*ID
SF=F1* ( LANF*LD—LAPID*IIFD )
S D F  1 * C LAMD*LF-LAMF*MFD )
SO=LAMO /LD
A ( 1,1 ) L0+2* (LA+LAB)
A (2 ,2) 1 .0
A (3 ,3)~~1 .0
A (4 ,4)=l .0
A (2  3) =0.0
A C 2 ~ 4)= 0.O
A (3~ 2) O.O
A (3 ,4) 0.O
A (4 ,2) 0.O
A (4,3) 0.O
8 (1,1 )=LO+2 * (LA+LAB )
B (2 ,2)=i .0
B (3 ,3)=1 .0
B (4,4)=1 .0
B (2,3)’O.O
B (2 ,4)=O ,0
B (3.2)=0.0
B (3,4)=0.0
8(4, 2) =0 .0
8(4,3) 0.0
8(5,1 )= ---LA—LA B
5. 5) =2* C LA+LAB )

8 (1 ,5) -LA—LAB
C GO INTO CONDUCTION DO LOOP

L’WT -=3 .14i6/150
L’T=DWT/2513 • 3
WT =WT+O • 524
JUMP= 0

110 WT =WT- 1 .047*JUMP
JUMP =JUMP+ 1
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IF (JUM F> .GE.4) GO 10 99
RA=O. 0164
DO 1 K=l.3000
KEY=O
ILO= IL
KEY =KEY+1
IF (KEY .OT .2) GO TO 71

C FIND DY/OX AT 0
A ( 1 ,2)=l ,732*MF*COS (WT )
A ( 1 .3)=l .732*Mt I*COS (WT)
A C 1 ,4)=—1 ,732*MD *SINCWT )
A (2,1 )=l .732*KF*COS (WT )
A ( 3,1 )=+1 • 732* KD* CO S (W T )
A C4 ,l )=— 1 .732*KO*SIN (WT )

71 CONTINUE
ARH ( 1 ,1 )=—CRP+2 *RA )*IL+ 1 .732*PIFtOIIEGA*SIN (WT )*

1IFT+ 1 .732*MD*OMEGA *SIN (W T)*ID
1+1 .732*MD*OMEGA*COS (WT )*I0
ARH (2. 1 )=i .732*KF*OMEGA *SIN (WT)*IL
ARH (3, I ) - + 1 .732*KD*OMEGA*SIN (WT )*IL
ARH (4,1 )=1 .732*K0*OPIEGA *COS (WT)*IL
ARH ( 1,1 )-‘(ARH ( 1 ,1 )—AC 1 ,2)*ARHC2 ,1 )—A ( 1 ,3 ) *A R H C 3 , l )

1—A ( 1,4) *ARH ( 4,1) )/(A ( 1 ,1 )—AC 1 ,2)*A ( 2~ 1)
1—A ( 1 ,3)*AC3 ,1 )—AC 1 ,4 ) *AC4 ,1

A R H C 2 ~~1) =ARH(2~~1> -AC 2~ i)*A RH( 1. 1)
ARH (3, 1 )=ARH (3 , 1 )—AC3 , 1 )*ARH ( 1 ,1)
ARH (4 ,1) A RHC4 ,i )-A (4 ,l )*AR H (lp l )

Ic ARH (1 ,1)=DIL/DT At 0
IF (KEY.GT . 1) GO TO 2
WT =WT+DWT
IL=IL+ARH ( 1 ,1 )*EI 1
ILC =IL
L IILL IT=ARH ( 1,1)
GO TO 3

2 CONTINUE
IL=ILO+ ( (DILDT+ARH ( 1 ,1) )*DT )/2

3 CONTINUE
IFT— SF- 1 .732*IL*COS (WT)*KF
ID=SD-l • 732*IL*COS (WT )*KD
I0=S0+1 .732*KO*IL*SIN (WT )
IF (t’~EY .LT .2) GO TO 12
IfCAB SCIL— ILC ) .LE .1.0 ) 00 10 10
ILC IL
IF (KEY. 0T.SO ) GO TO 997
00 TO 12

10 CONTINUE
KK~ KK+l
CIL (KK )’~IL
IFCIL. O T .ILFMAX ) GO TO 997
CIK (KK) 0.0
IFCKK .GE .299) GO TO 997

301 CONTINUE
C TEST FOR END OF CONDUCTION PERIOD

VBCT aRA *IL+CLAB+LA )*ARH (1 ,1)-1 .732*MF *SINCWT—O .524)*ARH (2,1)
1— 1 • 732*OMEGA*COSCWT—O .524)* (MF $IFT+MD*ID)
1— 1.732*MD*SIN (WT— 0.524)*ARH (3 ,1)-1 .732*MD*COS (WT—O .524)*AP~l~ 4p 1 )
1+1 .732*MD*OMEGA *SINCWT—O .524)*IU
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C FAULT IS PRESENT FOR 1 CONDUCTION PERIOD PLUS 1
C COMMU TATION PERIOD + 1 COMMUTATION PERIOD WHERE NEXT SCRS
C ARE BLANKED--PROGRAM ENDS WHEN PEAD IL IS PAST

IF ((JUMP .GE .2).AND ,(IL.LT .CIL (KK—1))) GO 10 99
IF (JUMP .GE.2) GO TO 1
IF (VBCT .GT .O .O) GO TO 11
CONTINUE
WRITE (7 ,720)

720 FORMA T (’ ‘,5X, ’CONDUCT ION PERIOD DOES NOT END’)
GO TO 997

11 CONT INUE
C CALCULATE COMMUTATION INTERVAL

IK=O .0
110 26 K=1 ,200
K E Y =O
IL 0—IL
IK O=I K

120 KEY=KEY+ 1
IF (KEY.GT .2) GO TO 70

C FIND DY/OX AT 0
BC I ,2)=l .732*PIF*COS (WT )
BC 1 p 3 )=1 .732*MD*CC)S (WT )
8 (1 ,4) — 1 .732*MD*SIN (WT )
B C2 ,1 )=1 .732*KF*COS (WT )
B (2 ,5)=1 .732*KF*SIN (WT—O.524 )
B (3 ,1)=+1 .732*KD*COS (WT )
B C3 ,5) +1 .732*KD*SIN (WT—0 .524 )
8(4,1 )=—1 .732*KQ*SINCWT)
B (4 ,5)=1 • 732*KQ*COS (WT—O.524 )
B (5,2) 1 .732*MF*SIN (WT—O.524 )
BCS ,3)=1 .732*MD*SIN (WT—O.524 )
B (5 ,4)=l .732*MD*COS (WT—O .524)

70 CONTINUE
BRH ( 1,1 )=- (RP+2 *RA )*IL+RA*IK+1 .732*MF*OMEGA*SIN (WT )

1*IFT+1 .732*MD*OPIEGA*SIN (WT )*ID
1+1 • 732*MD*OMEOA*COS (WT )*IU
BRH C2 ,1)=1.732*KF*OMEGA* (SIN (WT )*IL—IK*COS (WT—O .524))
BRH (3,l )— +1 .732*KD*OMEG’~* (IL*SINCWT)—IK*COSCWT—O .524))
BRH (4 ,1)=1 .732*KO*OMEI.SA * (IL*COS (WT )+IK*SIN (WT—O .524))
BRH (5 ,1 )=RA *IL-2*RA*IK-1 .732*MF*OMEGA*IFT*

1COS (WT-O 524)-1 .732*MD*OMEGA *ID*
1COS (W T— 0.524)+1 .732*MD*OMEGA*IO*
1SINCW T-O.524)
H—BC 1 ,1)—B (1 , 2)*B (2 ,1)—B (1,3)*B (3 ,1)—B (1.4)*B (4 .l)
C=BC1 ,5 )-~B (1,2)*8 (2 ,5)—P (1,3)*L4(3 ,5)—B (1,4)*B (4,5)
D=BR HCI ,1 )— B (1 ,2)*BRH (2 ,1)—EI(l ,3)*PRH (3 ,1)—B (l ,4)*BRHC4 ,1)
E—B (5~ 1 )—B (5~ 2)*B (2.1 )—8C5r3)*B (3 ,1)—B (5p 4)*BC4 .1)
F B(5 ,5)—B (2 .5)*B (5p2)-B (5,3)*B (3,5)-8 (5,4)*B (4~5)
G BRH (5.1)-B(5 ,2)*BRH (2 .1)—BC5 .3)*BRH (3 ,1)—B (5 ,4)*BRH (4 .l)
BRH ( 1 ,1 )= (D*F—C*G)/ (H*F—C*E )
bRH (5~ 1)=CH*G-D*E)/CH*F—C*E )

C I4RH (1 ,1)=DIL /DT, BRHC5 ,1) DIK/DT AT 0
IF (KEY.GT ,1) GO TO 20
WT=WT+ IIWT
IL=IL+BRH (1 ,l)*DT
IK IK+BRH (5 ,1)*DT
ILC IL
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IK C IK
DILDT=BRHC 1,1)
L’IK DT=BRHCS, 1)
GO TO 30

20 CONTINUE
IL= ILO+ ( (D ILDT+BRH ( 1,1) )*DT)/2
IK=IKO+ ((D IKDT+BRH (5 .l))*DT)/2

30 CONTINUE
IFT=SF-l .732*KF* (IL*COSCW T)+IK*SIN (WT -O .524))
ID=S1’—l.7 32*KD *CIL*COS (W T)+IK*SIN (WT --O .524))
IO=SCI+1.732*KQ* (IL*S1N (WT )-IK*COS (W T—O •524))
IF (KEY .LT.2) GO TO 120
IF (CA BS (IL - -ILC) .LE , 1.O ) .AND. (AB S (IK-IKC) .LE.l.0)) 0(1 TO 100
I LC= IL
l K C = I K
I F ( K E Y . G T . S O )  GO TO 997
GO TO 120

100 CONTINU E
PC K =KP< + I
C I LCKK ) IL
C IK(KK>=IK

300 CONTINUE
IF C IL.GT .ILFMAX ) 00 TO 997

C TEST FOR END OF COMMU TATION PERIOD
IF CIK.BE .IL ) GO TO 110

26 CONTINUE
WRITE C 7, 721)

‘21 FORMA T (’ ‘,SX , ’COMMUTAT ION PERIOD DOES NOT END ’)
GJ TO 997

99 CONTINUE
DUM=BETA+MU- I .047

9-7  110 86 K 1,KK

~ UM = DUM+ OUT
C WI C K ) = DUll

86 CONTINUE
00 144 L=1 ,KK

C URITE (7 ,l45)CIL (L ) ,CIK (L ) ,CWT (L )
1 45 FORM A TC ’ ‘,2X , ‘IL= ’ ,E 1O .3 ,5X , ‘1K— ’ ,E1O.3 ,5X~ ‘WT = ’ ,E1 0.3)
144 CONTINUE

RETURN
E N D
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SUBROUTINE JACOB (M F .BETArIF ,W ,V ,IL ,M 0~MU~DELTAO ,OMEGA ,FF .A .B,C)
DIMENSION FF (5,5)
REAL*4 MO ,M00.MU ,MF~~IL,IF ,Kl~ OMEGA
PA IF= 1 • 155*MF*SIN (BETA)
PBIF= 1 • l55*MF
PABETA=l .155*IF*MF*COS (BETA )+1.91*M0*CW*COS C BETA)-V *SIN (BETA))
PBBETA= --l .91*MO*IL*SIN (BETA+MU )
PCBETA= --1 .91*M0*IL*COS (BETA+MU )
PAMU -1 .91*Pl0*IL*COS (MU )
PUPIU=0.O
PVMU=0.O
PBMU=-1 .91*MO*IL*SIN(BETA+MU >
PCMU=-l .91*M0*IL*COS ( BETA+MU)
PAW =l .9 1*MO*SIN(BETA)
P814=1 .91*MO
PAV=1 .91* I1O*COSCBETA)
PCV=1 .91*110
FF( 1,1 )= ( COS ( BETA+MU)—COS ( BETA) )*PAIF
1+O.25* (2*MU-SINC2* (BETA+PIU))+SIN (2*BETA))*PBIF
FF ( 1 ,2)= (Cc19 (BETA+MU)-COS (BETA) )*PABETA

1-A * (SZN (BETA+MU )-SIN (BETA ) )—0.25*(2*PIU
l— SIN(2 * (BETA+MU ))+SIN (2*BETA))*PBBETA
1+O .5*B* (—COS (2* (BETA+MU))+COS (2*BETA))
1+0 .5*C (SIN (BETA+MU ) )**2— (SIN (BETA) )**2)
1*PCBETA+C* (SIN (BETA+MU )*COS C BETA+MU)— SIP4 (BETA )*COS (BETA ))
FF ( 1 ,3)=PAMU *CCOS (BETA+MU)-COS (BETA ) )—A *SIN (BETA+MU )

l+0.25* (2*MU—SIN (2* (BETA+MU))+SIN (2*BETA))*
IPBMU+ (B/2)* ( l-COSC2* (BETA+MU ) ) )+O.5*( (SIN (BETA+MU ) )**2
1— (SIN (BETA))**2)*PCIIU+C* (SIN (BETA+MU)*COS (BETA+PIU))
FF ( 1 ,4)=PAV *CCOS (BETA+MU )—COS (BETA ) )+O.5*( (SIN (BETA+PIU ) )**2

1— (SIN (BETA ) )**2)*PCV
FF ( 1,5)=DELTAO+PAW *CCOS (BETA+MU )—COS (BETA ))
1+O.25* (2*MU—SIN (2* (BETA+MU ))+SINC2*BETA))*PBW
FF (2 ,1)=PA IF* (SIN (BETA )-SIN (BETA+MU ))

1+O .5*C (SIN (BETA+MU))**2— (SIN (BETA))**2)*PBIF
FF (2, 2)=PABETA* (SIN (BETA )—SIN (BETA+P IU ))

l+A* (COS CBETA )-COS (BETA+MU ))
1+O .5*C (SIN (BETA+MU ) )**2— (SIN (BETA) )**2)*PBRETA
1+B* (SIN (BETA+MU )*COS (BETA+MU )— SIN (BETA )*COS (BETA ))
l-fO .25*PCBETA * (2*PIU+SINC2* (BETA +MU ) )—SINC2*BETA ))
l+0.5*C*(COS (2*(BETA+MU))-COS (2*BETA))
FFC2 ,3)=PAPIU * (SINCBETA )—SIN (BETA +MU ))

I—A *COS (BETA+MU)+O .5*PBMU* ( (SINCBETA+MU ) )**2
l --- (SIN (BETA ) )**2)+I1* (SIN (BETA+MU)*COS (BETA+MU ))
l+0 .25*PCMU*C2*MU+S IN (2* (BETA+MU ) )—SIN (2$BETA))
1+0,5*C*(1+COS ( 2*( BETA+M1J)) )
FF (2 4)=DELTAO +PAV *CSINCBETA )— SIN ($E IA+MU ))

1+0.25*PCV* (2*MU+SIN (2* (BETA+MU))—SIP4 (2*EIETA ))
FF (2,5) PAW * (SIN (BETA )— SIN (BETA +MU ))
1+O.5*PBW *C (SIN (BETA+MU ))**2— (SIN (BETA ))**2)
FF C3 ,1)= (3 .*OMEGA/3. 1416)* (l.732*MF*SIN (BETA+MU))
FF (3.2)= (3 .*OMEGA/ 3. 1416)*( (1 .732*IF*IIF*COS(BETA+MU ))
1+ (C9.*MO/3.1416)* (W *COS C BETA+MU )—V *SIN (BETA+MU ))))
F F C 3 ,3) (3.*OMEGA/3 . 1416)*( (1 .732*IF*NF*COS C BETA+MU ))

1+ ( C 9.*IlO/3. 1416)* (W *COS (BETA+MU)—V *SIN (BETA+MU))))
FF (3,4)—27.*OMEGA*MO*COS (BETA+MU)/ ((3.1416)**2)
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FF- (3,5)=27.*OMEOA*MO*SIN (BEIA+MU)/( (3. 1416)**2)
iF  (4 . 1  )=PIF*COS ( BETA)/ 1  .732
FEC 4 .2 ) =C—IF * MF*S IN( BETA )/ 1 .732)

1+ ( ( 3 . * MO/ 3 , l4 1 6) * C - W * S I N ( B E TA )— V * C O S ( B E T A ) ) )
FE C 4, 3)=— 3 , *MO *IL*SIN (PIU)/3 • 1416
F F(4 ,4 ) =— 3. tMO*S IN( BETA)/3 .14 16
FF(4 ,5)=3 .* M0*COS ( BETA)/3 .  1416
FF(5 ,1)=-4 .* PIF*COS(BETA+MU/2)*SIN(PIU/2)/ 1.732
F r ( 5,2 )= C 4, *IF*MF*SIN( RETA+MUJ /2 )*SIN (MU /2)/l . 732

1+ (
1- V * ( S I N ( B E T A )— S I N ( B E T A + M U ) ) ) )
FF(5 ,3) =(— 4 .* I F* M F/1.732)* ( -O . 5* S IN( BETA + MU/2) *S IN( M U/2)
1+0.5*COS (BETA+IIU/2)*COS (PIU/2))
1+ 1 6 .* M0/ 3 . l 4 1 6) * (— W * C O S C BETA +PIU)+V*S IN(BETA +MU))
1-6.* IL*MO*C0S ( MU)/3 . 1416
IF C5 ,4 ) =6 ,* P10* ( C OS C BLTA ) - -COSCBE TA+PIU) )/3 .  1416
F F C 5 ,5 ) =6 ,* M O* (S I N (  B ETA ) — S IN(BETA+MU ) )/3 .  1416
DO 2 11=1.5
FEC 1.11 )=FE( 1,11 )*1 .0~ 04

2 CONTINUE
I’D 3 11=1,5
FF(2 ,I I) =F~~(2 . II)*I .OE 04

3 CONTINUE
00 4 11=1,5
FF (4 ,II) FFC4 p ’II )*l .OE 04

4 CONTINUE
DO 5 11=1 .5
FF (5. II )=FF (5 , II )*1 .OE 04
CONTINUE
RETURN
END
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SUBROUTINE JACOR4 (MF .BETA ,IF .W .V ,IL ,M 0.MU .DELTAO .OMEGA ,FF ,
1A.B ,C )
DIMENSION FF (4,4)
RE AL *4 MO ,M 00,MU ,IIF .IL .IF ,K1 ,OIIEGA
PA IF= 1 .155*MF*SIN (BETA )
P1~IF=1 • 155*111
FABETA = 1 • 155*IF*MF*COS ( BETA )+1 .91*110* (W *COS (BETA )—V *SIN (BETA ))
PBBETA= - 1 .91*MO*IL*SIN (BETA+MU )
PCBETA =— 1 .9l*MO*IL*COS (BETA+MU )
PAM U= -1 • 91*MO*IL*COS (MU )
PWMU = O • 0
PVMU = 0  • 0
FBPIU=-1 .91*MO*IL*SIN( BETA+MIJ )
FITML i= --- 1 .91*P10* IL*COS ( BETA+MU )
PAW - =1 ,9 1*MO*SIN(BETA)
P814=1.91*110
PAV =1 .91*MO*COS(BETA )
PCV=l .91*110
Fl (1 ,1 )= (COS (BETA+PIU )—COS (BETA ) )*PABETA

1—A * (SINCBETA +MU )— SIN (BETA ) )-O .25*(2.*MU
1-SIN (2 . * (BETA+MU ) )+SIN (2 .*BETA) )*PBBETA
l+ 0 .5*B* (—CCJ i~(2 ,*CBETA+MU ))+COS (2 .*BETA))
14-O.5* ((SIN (BETA+MU))**2— (SIN (BETA))**2 )
1*PCBETA+ C *CS INCBETA+MU )*COS (BETA+MU )— SIN (BETA )*COS (BETA ))
F F (l . 2)=PAMU * (COSCBETA+MU )—COS (BETA ))-A*SIN (BETA+MU )

l+O .25*C2 .*PIU- -SINC2 .* (BETA+PIU ))+SIN (2.*RETA))*
1PBP IU+ (8/2 .)*Cl—COS (2 .*CBETA+PIU )))+0.5*C (SIN (BETA+MU ))**2
1- (SIN (BETA ))**2)*PCPIU+C * (SIN (BETA+ IIU)*COS (BETA+PIU ))

F F (1 ,3) PAV * (COS (BETA+MU )-COS (BETA ))+O.5* (CSIN (BETA+MU ))**2
1 -CS IN (BETA ))**2)*PCV
F FC 1 ,4 )=DELT AO +PAW *CCO S (BETA+MU )—COS (BETA ))
1+0 .25* (2 .*MU— SINC2 .* (BETA+MU))+SINC2.*BETA ))*P1414
FF ( 2 ,1)=F -ABETA * (SIN (BETA )—S IN (BETA+MU ))

1+A *CCOSCBETA )--COS (BETA+ PIU ))
1fO .5* ((SIN (BETA+MU))**2- (SIN (BETA ))**2)*PBBETA
1+8* (SIN (BETA+MU )*COS (BETA+MU )—S IN (BETA)*COS (BETA ))
1+0 .25*PCF4ETA* (2 .*MU+S IN (2.* (BETA+MU))—S IN (2 .*BETA ))
1+O .5*C*CC0SC2.*CBLTA+MU ))-COS (2 .*$ETA ))

F FC 2 ,2 ) =PAMU*(S IN(BETA)-S IN(BETA+MU))
1-A *COS (BETA+PIU )+O .5*PBMU* (CSIN (BETA+MU ))**2
1- (SIN (BETA ))**2)+B* (SIN (BEIA+MU )*COS ($ETA+FIU))
1+O .25*PCMU *C2 .*MU+S IN(2.* (BETA+MU ))—SINC2 •*BETA ))
1+ O . 5 * C* ( l+ C O S C2 . * C B ET A + M U ) ) )
FF (2 ,3)=I IELTAO+PAV *CSIN (IIETA )— SIN (BETA+MU ))
1+O.25*PCV* (2.*MU+S IN (2.*CBETA+MU ))—SIN (2.*BETA ))
1FC2 ,4 )=PAW * (SIN (BE TA )-SIN CBETA+MU ))

1+ 0 .5 *PBW *CCS INCBETA+ PIU ))**2—CSI N (BE TA ))**2 )
FF ( 3, 1)= (3 . $OPIEGA/3. 14 16 )*( ( 1. 732* IF*MF*COS ( BETA+MU )

1+ ( C9 .*M0/3 . 1416)* (W *COS (BETA+MU )—V *SIN (BETA+MU ))))
FI C 5.2)= (3 •tOPIEGA /3 .1416)t ( (1.732*IF*MF *COS (EiETA+MU))
1+ ((9.*M0 /3 .1416)*~~~*COS (BETA+MU )—V *SIN (BETA+MU ))))
FE C 3 ,3 ) =27. *OMLGA *MO*COS ( BETA+MU )/( (3. 1416) **2)
IF (3 ,4  1 =27 • *OMEGA$MO*SIN(BETA+MU)/ ( (3. 1416)**2 )
FE C 4. 1)= (4.*IF*MF*SIN (BETA+MU/2. )*SINCMU/2. 1/1.732)

1+C (6 .  *110/3. 14 16 )* C Ut (COS ( RETA )— CO S ( RETA+PIU )
1 -V * C S I N( B ET A )— S I NC B E T A + M t J ) ) ) )
FF (4,2)=C-4.*IF*MF /1.732)$(—O ,5$SIN (BETAfPIU/2 ,)$SIN (1jU12 ,)
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lfO.5*COS (BETA+MU/2.
1+ C 6 , t M O / 3 • 14 1 6 ) * C  W * i 1Jt ~( 8 E 1 # i - f M U) +V * S I N ( F4 1  IA + M I ’
1-6. *M0*COS ( MU )* IL/3. 1416

IF ( 4 , 3 ) = 6 . t M O * ( C 0 S ( f E T A )  iOS U’11A+MU) ) / 3 .  1416
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T A ) — SJ U( BE h;+PIU) )/  ~.14~ 6
[‘0 2 11=1.4
F F C I , I I ) = F F ( 1 . 1 1) * 1 .O f  04

2 C O N T I N U E
DO 3 11=1,4
FF(2 .1 I)~~F F C 2 , 1 I ) $ 1 , O E  04

3 CONTINUE
[‘0 4 II = 1,4

IF (4 , 1 1  )~~F 1(4 .11) *1 ,OF 04
4 C O N T I N U E

RETURN
EN ru



SUBROUTINE LITLICDELTAO ,Mf.I F ,BETA .M0,W ,
1MOO ,V , IL ,DELTAF ,MU ,A ID ,A IOpA IFpAI K ,THETA ,KQ,KF ,KD )
DIMENSION AIF (6O).AID (60 )~~A IQ (60).AIK(60)~~THETA (6O)
REAL*4 MF.I F ,P10,MOO~ ILrMU ,MD.KO.KD ,KF
WRITE ( 7, 1O)KF~ KO.KD

10 FORMA T (’ ‘.lXp ’KF = ‘.E15. 3,’KG ‘,E15.3,’KD — ‘,El5.3)
WR ITE (7 .ll )IL
WR ITE (7 , 12)BETA
WRI TE (7 , 13)MU
WRITE ( 7, 14 -) IF
WR ITE C 7 , 15)V
WRI LE (7 , 161W

ii FORMAT (’
12 FO RMA T ( ’  ‘ ,lX , ’BETA = ‘ ,F1O.3)
13 FORM ATC ’ ‘,lX , ’IIU = ‘,F1 0,3)
14 FDRMAT (’ ‘ ,lX , ’IF = ‘,F10.3)
15 FOR PIAT (’ ‘,lX , ’V = ‘,F1 0.3)
16 FDRMA T (’ ‘,lX , ’W = ‘,F10.3)

WR ITE C7 ,9)
9 FORMAT ( ‘ ‘.9X.’THETA’ ,9X.’IK ’.l2X .’IO’ ,l2X .’IIi ’.12X ~~’IF’)

A N G=B ETA +MU—1 .0472
DO 100
X = A NG-BETA
Y =ANG- C BETA+MU )
Z=ANG- (BETA+l .0472)
IF (X ) 2,2,3

3 I F (Y )  5 ,2 ,4
4 IF (Z) 2,2,5
2 A I K ( L ) =O.0

GO TO 6
A IK (L )= C1./DELTAO )*C 1.155 *MF *IF* (SINCBETA )—SIN (ANG ))

1+1 .91*MO *W *CS IP4 (BETA )-SIN (ANG ) )+1 .91*MO0*V* (COS (BETA )
1-COS (ANG ))--O ,955*IL*IIELTAF * (SIN (MU )+SIN (ANG-BETA—MU )))

6 A IOCL )=1.7 32*KO * (O .955* (V- IL*SINCBETA +MU ))
1+ (IL*SINCANG+O .524)-A IK (L )*COS (ANG )))
A III (~ )=l .732*KD* (O .955t (W+IL*COS (BETA+MU))
1—UL*COS (ANG+0. 524)+AIKCL)tSIN (ANG )))
A TE CL ) -=A IDCL )*KF /KO
THETA (L )=ANG*1B0 .0/3 . 1416
A IP ’ (L )=—AIK (L )
ANG =ANG+0 • 01745
WR ITE C7.200)THETA (L) ,A IK (L) ,A IQ(L) ,A ID (L) ,A IFCL )

200 FORMA T (’ ‘,1X ~ F14.2 .4E14.3)
100 CONTINUE

RETURN
END
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SUBROUTINE NEWTON (MU ,BETA , IF ,U .V ,FREO ,DELTAO , IL ,VL~ P100 ,K1.
1MF ,MO ~ OMEGA~ D~LTAF ,ZETA )
DIMENSION FD (5) ,F C5 , 1) .FFCS ,5)
REAL*4 M 0,M0O ,MU~ IF~~IL ,KI~~MF

C SLIGHT ERROR FOR IL.NE.O BUT .LT.35
KAT -= O
K=O
IF (IL.GE .35 .O) GO TO 50
MU=0.0
BETA=3 , 14 16/2.
IF=C 1 ./ (M F*1 .732) )* (  (4 .  17E—04)*VL—O.75 * IL* [ IELTAO )
14=0 .0
V=IL
GO TO 51

50 X — SG RT ( ( 18*FREO*DELTAO*IL)/ (4*VL +18* FREQ*DELTAO* IL))
CALL AR CSIN (X )
MU= 2* X
ZETA=SIN (MU/2)/ (MU/2)
A=- ( C (3•1416*DELTAO)/(6* (1-COS (MU ))*1l00))f (1—K1)*SIN (MU )

1+ZETA*K1*SIN CMU /2) )/C (1—PCi )*COS (MU )+ZETA *Ki*COS (PIU/2))
B=ATAN (A )
IF (B.GE .0.) GO TO 2
BETA=3 . 14 16+8
GO TO 3

2 BETA = B
3 IF= (I/( I .732*MF*SIN (BETA+MU )) )*( (VL/C6 *FREO ) )-C0 .75*IL*DELTAO)—(

14,5*IL*ZETA*K1*DELTAF*SIN (MU/2)/3.1416))
U = IL*K1* (—COS C BETA+MU )+ZETA*COS (BETA+MU /2))
V= IL*Kl*(SIN(BETA+IIU)-ZETA*SIN(BETA+l1tJ/2))

C WR ITEC7’5 10)
510 FORMAT ( ‘0’ .5X, ‘*****FRANKLIN SOLUTION********’)
C URITE (7 ,300)K~ BETA ,M UvI F ,W ,V
51 CONTINUE

DO 70 K=1 ,200
KK = O
A =1.155*IFtMF*SIN (BETA )+1 .91*MO * (W *SIN (BETA )

1+V*COSCBETA ) )— 1 .91*M0*IL*SIN (PIU )
• 155*IF*MF+ 1 .91*110*14+1 .91*IL*MO*COS (RETA+MU )

C=l .91*MO* (V- IL*SIN (BETA+IIU))
CALL RHS ( IF ,MF ,BE TApM O ,W .V p IL ,MU ,DELTA 0,F ,OMEGA ,A ~ B ,C .VL )

C WR ITE (7.486)FC 1 ,1) ,F(2, 1) .F(3r 1) ,F( 4 ,1) ,FCS , 1)
486 FORMAT (5E20.7)

DO 71 L 1,5
FD (L)=—F (L~ 1)
Y=ABS (FD (L))
IF (Y .GT.0.001 ) KK—1

7 1 CONTINUE
IF (KK .GE.1) GO TO 72
00 10 75

72 CONTINUE
CALL JACOB (P1F p BETA ,IF ,W ,V ,IL .M0 ,NUvDELTAO .OPlEGA .FF’A.B~C)
IF (KAT .NE .O) GO TO 100

100 KAT 1
IEQN 5
IVEC 1
EPS— 0.01
K 10— 0
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CALL GELG (FD ,FF .IEON .IVEC~EPS ,K10)
BETA—B ETA+F OC 2)
MU~MU+FD ( 3)
IF IF+FD ( 1)
V V+FD (4)
W=W +FDC 5 )

C WRITE (7 .300)K.BETA .MU .IF .W.V
300 FORMAT (’ ‘.IX .14.3X. ‘BETA— ’ ,E14.7,3X, ‘MU— ’ ,E14.7,

13X~ ‘IF— ’ ,E14.7 ,3X. ‘W ’  .E14.7,3X, ‘V— 1 ,E14.7)
70 CONTINUE

URITE (7~ 78)
78 FORMA T (’ ‘,lX , ’NEWTON-RHAPSON DOES NOT CONVERGE’)
75 CONTINUE

IF (K.E 0.1) WRITEC7 .500)
500 FORMA TC ’ ‘.lX . ’NEWTON DID NOT lITERATE. K— i’)
C WR ITE (7 ,487)
487 FORMAT ( ‘0’ .2X , ‘*********FIP4AL SOLUTION ********* ‘)
C WRITE (7 .300)K ,BETA.NU.IF .W .V
C WRITE (7,488)
488 FORP4AT (’O ’ .2X~~’THIS IS THE RHS VECTOR FOR TEST ’)
C W R ITE C7 ,489)F (1 ,i)~ F (2,1),F (3,1).F (4,1),F (5r1)
489 FORMAT (5E20 .7)

RE TURN
END
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SUBROUTINE NEW3ON(MU ,BETA,IF .WpV,FREU,DELTAO ,IL,VL ,MO0,K1,
1MF ~M0.OME0A~ I’ELTAF , ZETA~K)
DIMENSION FDC5) .1(5,1) ,FF(5,5)
REAL*4 MO,M0O,MU’IF,IL,Ki.MF

C SLIGHT ERROR FOR IL.NF:.O RtJT.LT.35
KAT=0
IF(Ii.GE.35,O) GO TO 50
110=0.0
B[TA=3 • 1416/2.
IF=C 1 ./ C M F* 1  .732)  ) * (  (4 .  17E --04 )*VL- -O.75* IL* [ IELTAO)
(4=0 • 0
V = IL
GO TO 51

50 X= ((4*3.1416*VL-9*OMEGA*IL*DELTAO)/(4*3.l416*VL
1+9*OMEGA*IL*DELTAO))
CALL ARCCOS (X)
MU=X
ZETA=SIN (MU/ 2 1/ (110/2)
A=- (((3.1416*DELTAO)/(6*C1-COS (MU))*M0O))+ (i—N1)*SIN (PIU )

I+ZETA*K1*SIN(MU/2) ) / C  C i - P C i )  *COS ( MU)+Z ETA*K1*COS ( MU/2) I
B=ATAN CA )
IF(B.6E.0.) GO TO 2
BETA=3 . 1416+8
GO TO 3

2 B E TA = 8
3 IF= (1/(1.732*MF*SIN (BETA+MU)))*((VL/(6*FREO))-C0.75*IL*L’ELTAO) (

14.5*IL*ZETA*Ni*I’ELTAF*SIN (MU/2)/3.1416))
U = IL*Pc1*(-COS(BETA+MU)+ZETA*COS(BETA+IIU/2))
V=IL*K1* (SIN (BETA+MU)—ZETA*SIN (BETA+MtJ/2))

51 CONTINUE
110 70 K=1.200
K K 0
A 1.155*lF*MF*SIN (BETA)+1.91*MO* (W*SIN (BETA)
1+V*COS(BETA ) 1— 1 .9l*MO*IL*SIN (MIJ )

8=1 • 155*IF*MF+1 .91*110*14+1 .9 1* IL*MO*COSC BETA+MLJ )
C=1 .91*MO*(V—I L*SIN(BETA+11U))
CALL RHS (IF.PIF,BETAvPIO .W .V . IL,MU .DELTA 0.F,OMEGA .A,B,C’VL )

C WRITEC7,486)FC1,1),F (2,1),F(3,1),F (4,1),F(S’l)
486 FORMAT (5E20.7)

DO 71 L—i ,5
FD(L) —F (L, 1)
Y=ABS (FD (L))
IF(Y.GT.O.01) KK=i

71 CONTINUE
IF (KK .GE .l) GO TO 72
GO TO 75

72 CONTINUE
CALL JACOB (MF .BETA.IF.W .’w’r IL,P10,MU,[’ELTAO,OMEGA ,FF.A,B~C)
lEaN—S
IVEC 1
EPS O.Oi
K 100
CALL GELG (FD,FF,IEON,IVEC,EPS,KI0)
SETA BETA+FDC 2)
MU NU+FD(3)
IF—IF+FD ( 1)
V—V+FD (4)
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U=W+FD (5)
C WRITE (7v 300)K.BETA,MU.IF.W.V
300 FORMAT (’ ‘,iX,14,3X, ‘BETA— ’ ‘Ei4.7.3X. ‘MU— ’ ,E14.7,

13X. ‘IF= ’ ,E14.7,3X, ‘ W’  ,E14.7,3X, ‘V ’  ,E14.7)
70 CONTINUE

WRITE (7,78)
78 FORMAT (’ ‘.lX~~’NEWTON—RHAPSON DOES NOT CONVERGE’)
75 CONTINUE

IF(K.E0.l) WRITE (7,500)
500 FORMAT (’ ‘,lX,’NEWTON DID NOT ITTERATE . K—i’)
C URITEC7,487)
487 FORMAT ( ‘O’,2X, ‘*********FINAL SOLUTION ********* ‘)
C WRITE (7,300)K,BETA.MU,IF,U,V
C WRITEC7,488)
488 FORMATC ’0’ ,2X ,’THIS IS THE RHS VECTOR FOR TEST’)
C WRITEC7 .489)F(1,1).F(2~ I).F(3.i),FC4,i),F(5,1)
489 FORMATC5E2O .7)

RETURN
END
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SUBROUTINE PHACON ( IF,M1 ,BETApMO ,W .V, IL,PIU,DELTAO,OMEGA,VL ,M00)
REAL*4 IF,NF,M0,IL.MU.M0O.OMEGA
DIMENSION FD1(4) ,F1(4,1 ) ,FF1(4,4)
KAT=O
BETA=BETA+ (5.0*3, 1416/160.0)
DO 100 K—1 ,70
KK=0
A=l.1S5tIF*MFtSIN (BETA)+1 .91*M0*(W*SIN(BETA)
1+V*COSC BETA) )-1 ,91*MO*IL*SIN (MU )
8=1 • 155*IF*MF+1 .91*110*14+1 ,91*IL*M0*COS (BETA+MU )
C=1 .9ltMO* (V—IL*SIN (BETA+MU))
CALL RNS4B4 (IF,MFrEfETA .M0rW,V~ IL.MU ,0ELTA0~ F 1 ,OMEGA,A,B,C,VL )
DO 101 L=l,4
FD1 CL )=—Fl (L , 1)
Y=ABS (FD1CL))
IF (Y.GE.O.Oi) KK=i

101 CONTINUE
IFCKK .GE.1) GO TO 102
GD TO 105

102 CONTINUE
CALL JACDB4 (MF ,BETA. IF,W .V . IL,M 0.MLJ ,DELIAO ,OMEGA .FFl .A,B,C)
IFCKAT.NE.0) GO TO 300

300 K A T =1
IEON 4
IVEC 1
EPS O.O1
K 10=0

• CALL GELG (FD1.FF1.IEON .IVEC,EPS .K10)
BETA=BETA+FD1 C 1)

~1U=MU+FDl (2)
V=V+FDIC3)
W=W+FD1 C 4)

100 CONTINUE
URITEC7,2000)

2000 FORMAT (’ ‘,IX . ’NEWT—RAP DOESN I CONV FOR PHASE CONTROL’)
105 IF (K.E0.l) WRITEC7’305)
305 FORMAT (’ ‘,iX~~’PHACON DID NOT lITERATE . K 1 ’ )RETURN

END

_________ - 
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SUBROUTINE RHS(IF,MF,BETA.MO,W,V,IL,NU,DELTAOpF,OMEGA,A,B,C~ VL)
DIMENSION FCS,i)
REAL*4 M0,MU,MF,IL,IF,OMEGA
F( 1,1 )=DELTAO*W+A*(COSCBETA+MU )-COSC BETA) )+(B/4. )*

1 C2.*MU-SIN (2.* (BETA+MU) )+SIN (2.*BETA))
1+CC/2 . )*C (SIN (PETA+MU ) )**2— (SIN (BETA) )**2)
FC2,i)=DELTAO*V+A* (SIN (BETA)—SIN (BETA+MU ))
i+(B/2. )*( (SIN (BETA+MU ) )**2—(SIN (BETA) )**2)
1+(C/4.)*(2.*MU+SINC2.*(BETA+MU))—SIN (2.*BETA))
F(3,1 )=-VL+O.955*OIIEGA$(O.75$IL*DELTAO+1.732*IF*MF*
iS INC BETA+MU) +2.865*M0*(W$SIN (BETA+MU)
1+V *COS( B ETA+ M U)) )
F(4~~1) (0.5774*IF)*MF*COS(BETA)+(0.955*M0

)
1*CW*COS C BETA)—V*SIN (BETA))+0.955*M0*COS(MU)*IL
FC5~ 1)=-DELTA0*IL-C2.3094*IF)*NF*COS(BETA+MU/2)
1*SIN (MU/2’+ (1.91*M0)*(W*CSIN (BETA )
l— SIN (BETA+MU))+V*CCOS (BETA)—COS (BETA+MU)))
1-1 .91*M0*SIN(MU)*IL
F C1,l)=F (1,1)*i.OE 04
F (2,1 )=FC2, 11*1 .OE 04
F C4 ,l )=F (4~~i)*1.0E 04
1(5,1 )=FCS, 1 )*i .OE 04
RETURN
END
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SUBROUTINE RHS4$4(IF ,MF ,RETA,M0,W ,V ,JL .I4u,[’ELrAo.F,DMECA,
1A,B~ C.VL)
DIMENSION 1(4.1)
REAL*4 M0,MU ,MF , IL, IF.OMEOA
F (1,1)=DELTAO*W+A* CCOS (E4ETA+MU)—COS (BETA ) )+CR/4. )*

* 1 (2.$PIU—SINC2.* (BETA+MU))+SJN (2.*BETA))
1+ (C/2.)* (CSINCBETA+MU))**2— (SINCBEIA ))**2)
F(2,1)=DELTAO*V+A* (SIN (L4ETA )—SIN (BETA+MU))
1+CP/2,)* ((SIN (BETA+MU))**2— (SINCBETA ))**2)
1+CC/4 .)*C2.*MU+SINC2.* (BETA+MU))—SINC ,*F’ETA))
F(3,j)=-VL+O.955*OPIEGA* (0.75*IL*DELTAO+1.732*IF*MF *
1SIN (BETA+MU)+2.865*H0*(W*SINCBETA+MU )

i+V*COS ( BETA+PIU)) )
F(4,1)=—DELTAO*IL_ (2,309*IF )*MF*COSCBFTA+tlU/2.)
1*SIN (Mu/2.)+ (1.91*Mo)*Cw* (SIN (BE A )
1—S IN (BETA+MU ) )+V*(COS CBETA)--COS (BETA+MU)))
1—i .91*M0*SIN (MU)*I1
F( 1,1 )=F ( 1,1 )*1 .OE 04
F(2,1)aF(2,l)*1 .OE 04
F(4,i )=FC 4,1 )*1 .OE 04
RETURN
END
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SUBROUTINE RMS (BETA,LLL ,MU~RMSIF~~IL,DELTA0.NF cM0,W,V,MO0,IF
1 ,KF,DELTAF )
DIMENSION RMSIF(50)
REAL*4 IK,IF,IL,IIU ,MF,M00,M0,KF
THETA=BETA+MU— C 3. 1416/3.)
DTHETA=3. 14 16/300.
SIF O.0
DO 1 =1,50
THET A= I HE TA+ DTHE TA
IK= C 1 ./DELTAO)*( (2./i .732)*IF*MF*CSIN (BETA)—SIN (THETA))

1+(6./3. i4i6)*CMO*W*(SIN (BETA)—SIN(THETA ) )+M00*V*C COS(BETA)
1-COS(THETA)))— (3./3.14i6)*IL*DEL.TAF*(SIN (MU)+SINCTHETA—
1BET A — M U ) ) )
IF (THETA.LT.BETA ) IK=0.0
SIF= ( I .732*KF*( (3.13. 1416)*CW+IL*COS (BETA+MtJ ) )—C IL*COS(
1THETA+3. 1416/6. )+IK*SIN (THETA) )) )**2+SIF
THE TA= T HE TA+ DTHE TA
CONTINUE
RMSIF (LLL)=SORT (SIF)/SORT C SO.)
RETURN
END
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SUBROUTINE TERMACN ,Y,PHI,X,AN 1,BN1)
AN1—Y*CSIN ( CN+1 )*X)*COS (PHI )+COS ( CN+1 )*X)*SIN (PHI))
1/(2*CN+1))
AN1 AN1+Y* (SINC (N—I )*X)*COS (PHI )--COS( (N— i )*X)*SINCPHI))
1/(2t (N— 1))
BN1=Y$ (—COS ( (N+1 )*X)*COS (PHI )+SIN ( (N+1 )*X)*SIN(PHI))
1/(2*(N+I))

(N— i )*X)*COS (PHI )+SIN ( (N- i )*X)*SINCI’HI))
I/ C2tCN --l ))
RETURN
END
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