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SUMMARY

This report presents an analysis of a DC power supply consisting
of a superconducting alternator, a rectifier bridge, and an LC output
filter. The main purpose of this research was to determine if changes
in the size of the alternator inductances would allow the use of a smaller
filter. To perform this study it was necessary to examine the be-
havior of the filter and to determine how its operation was affected by
the alternator parameters.

Basically, the filter performs two functions:

1. It attenuates the output ripple voltage.

2. It limits the initial fault current when a short circuit occurs
at the load.

Both of these functions also depend upon the values of the alternator

inductances.

Since the first function refers to the steadv state behavior, it
was necessary to develop a model for this operating mode. This was done
first for a system with an uncontrolled rectifier bridge and then these
results were extended to a controlled rectifier bridge system. The
second function is a transient phenomenon, so it was also necessary to
develop a second model to describe the transient behavior.

Once the system models were complete, a study was performed where
the unfiltered ripple voltage was calculated for various values of
the alternator inductances. It was found that under certain conditions

the ripple voltage can be decreased by increasing the armature self




inductance (Ld). A program was then written which calculated the weight
of the LC filter that was required for a given set of specifications and
alternator parameters. This program indicated that an increase in L3
could decrease the required filter weight by as much as 22%.

Other investigations included a sensitivity analysis of the alternator
inductances and the design and testing of a phase controlled voltage

regulator with current overload protection.
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1. ALTERNATOR WITH UNCONTROLLED RECTIFIER BRIDGE

5158 Introduction
Recent 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 further detail in such references as
[1] - [12], and a very recent example of such a macliine is described by
McCabria, et al. in [13,14]. This particular machine develops 10MVA at

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

This same reference also includes projected estimates for a 25MVA machine
weighing between 1882 and 2160 pounds, depending on rated output voltage
(again, these figures only include the weight of the altermator).

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 dc systems however, where the alternator is connected to a

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




has been studied in detail for conventional alternators, (see [15] through
[21]), but until now no such analysis has been presented for the super-
conducting machine.

One of the more rigorous analyses of conventional rectified 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 interest. 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 determination 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 be
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 stated above, this is accomplished
by using a Newton-Raphson algorithm where a K=1
is used only to find a starting point.

3. A numerical example predicting the rectified charac-

teristics of the machine described by McCabria, et al.

in [13,14] is included.




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.

o 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
8 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 alsc 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, Lo, is sufficiently large to maintain a

constant IL’ 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.
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Figure 2. Output Voltage and Armature Currents

with Uncontrolled Rectifier Bridge.
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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 B > 90° and not at
8 = B = 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
EX7D.

The waveforms shown in Figure 2 indicate that p < n/3. Franklin
points out that it is also possible to reach a mode where u = %u Although
a large number of simulations were conducted in this present study, the
pu = m/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:

- — e e




B = angle at which commutation starts

v = commutation angle

If = average field current

W = variable defined by equation (20.)
V = variable defined by equation (21.)

These equations turn out to be nonlinear with respect to B8 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, If, and a time varying component, if,

if(tot) = If + if (L. )

The winding currents during conduction and commutation are indi-
cated as follows,

Conduction (Interval 1-2 in Figure 2), B + u- m/3 <0 < B

h o - ks
la IL
1b —IL
X = 3 = 0 (2.)
s e
1£(tot) (I, + i)
14 |
iq 1Q




Commutation (Interval 2-3 in Figure 2), B < 6 < B + y

=

The flux linkages are given by the following expression,

| >
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(3.)

(4.)
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Figure 2 indicates that,

v = % =
o} ab

= - =t
v v

a a

b Yb

v v

c c

.o e - - undi

Ve - A= 0 AT (6.)
vd 0

v 0

% L

-w L [x =X 1, B+u - /3 < w t < B+u {7.)

de a )5 N E

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

3 B B+u
VL o g Vo12 de +Bf V923 de] (8.)
B+u-m/3
where Vo12 and V923 represent the output voltage functions over 1-2 and

2-3 respectively.

da da dx dAa

B a b B+u a b
S (= - =—=1., d6 +_/ [ - =1, d981(9.)
B4p-1/3 de de -12 B de de 23
6 = B (10.)
@) x) - (x =-) (11.)
a b’23 (B+1) a b’12 (B+u-1/3)

10,
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(2.) and (3.) become the same when ik = 0, therefore using (3.) and (5.),

:-/_ 1 /_‘ :
xq 3 ILMd51n (6+m/6) + V3 1kMdcose + qud

where ik = 0 over the conduction interval.

Aq is assumed to be constant over 1-3. At 6 = B+u-m/3 we have iq =8 .

qo
ik = 0.

xq (B+u-1/3) = - V3 I M;sin (B+u-n/6) + il Ly

i = - /3 I.K [sin(R+u-1/6)-sin(0+n/6)1-V/3 i K cos6+i

q L q 3 k q qo
where Kq = Md/Ld

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

d

The two simultaneous equations for Xf and A, may then be solved for i

d £

and id’

P /3 ILKd [cos (Btu-m/6) - cos (6+m/6)] - V3 1de sinf + it
i = V3 ILKf {cos (B+u-m/6) - cos (8+n/6)]1 - V3 1ka sinf + ieo
L Mgy = Setey o by = Meley
where Kf = 5 s Kd = 5
Lely = (Mgy) Lghy = (M)

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

respect to the 6th harmonic; therefore,

B+u , _ o L 2 B+u . E:
J 1fd6 A 1dd9 A 1qde = 0
B+u-n/3 B+u-m/3 B+u-m/3
Since ik = 0 for B+u - %—< 6 < B, we may define the following constants
Wos P g sine de

B

11,

(12.)

(13.)

(1u4.)

(15.)

(16.)

(17.)

(18.)

(19.)

(20.)




= pBFU .
vV = Bf 1kcosed6

< <
Integrating (14.), (16.) and (17.) over B+u- % - 6 - R+u and solving

for 1, 1. and ifo produces,

qo do
N ' g 3/3
lqo = /3 ILKq [sin (B+u-m/6) - — sin (B+u)] + f— Kq v
i = -V/3 I_K, [cos (B+u-n/6) - 2 cos (B+u)] + ifE K, W
do Ld b m d

K

h p b5
i = i, (=9
fo do Kd

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

iq = /3 Kq {% [v - ILsin (B+u)] + [ILsin (6+m/6) - ik cos (6)]}
id = /3 Kd {%-[w + ILCOS (B+p)] - [ILcos (6+m/6) + ik sin (6)]}
K
g £
i =1, (2)
f d Kd

Drom (4.), we have,

Xa = IL (La + Ma) + [(If + 1f) M + 1de] cosf - 1qu sin®
B W5 IL (La + Ma) + i (La + Ma) + [(If + 1f) Mf + 1de]
2n 5 p 2m
cos (8 - 5—) - lqu sin (8 - 3—)
N ; : um
A S (La + Ma) + [(If + 1f) Mf + 1de] cos (8 - 3 )

" 5 '8 )4
- 1qu sin (6 - 5—)

Using the results of (25.) - (27.),

+i ) M_+iM =1IM_ + éﬁi M W- V31 M [cos (6¢1/6)
£ n [¢) ) T

(1 T i R i -

£

3
- cos (B+w)] - V3 ik Mo sin6

12.

(21.)

(22.)

(23.)

(24.)

(25.)

(26.)

(27.)

(28.)

(29.)

(30.)

(31.)

— g A~




. _3/3 ¥ ; s
lqMc - —;—-MOOV + V3 ILMoo [sin(8+m/6) - - sin (B+u)]
-/3iM cos 6
k oo
2 2
M_L,+M 'L.-2MMM
where, M = (KM_ + KM ) = £.4 d f df fd
o £f"' ad S
df fd
Md2
Moo il Md : L
1 d
(11.) can be used to find Vps by noting that
i, = IL @ 8 =8+u
ik =00Q@ 6 = B +u-m/3,
_ 3w 3 3 VoY .
vL o { IL Ao 3 IL Ad cos (2B+2u+m/3) + V3 Ifo31n(B+u)
¥ i sin (2842u) + — [M Wsin(B+u) + M__ Veos (B+u)]}
7w I Ay " - [M_Wsin(B+u Lo T8 u
where, Af = (Mo + Moo)’ Ad = (MO - Moo)
_ 4
Ao R | (La " Ma) 3 Af

The current

ik exists only during the commutation period where the

"b" and '"c" phases are shorted together, i.e.,
W ES
e " s B - - Btu
< <
(Ab - A ) = constant, B - 6 - B+u
c
For 6 = J, e 0, therefore setting (Ab - Ac)e = (Ab = Ac)e one ob-
tains,
1 2MfI 6
W * 1% N cos(28)] = (sinB-sinb) + = Mow(31n8—51n8)
[] d 3

13.

(32.)

(33.)

(34.)

(35.

(36.)




3I_A

+-§ M V (cosB-cosf) + L4 [sin(284u) - sin (B+u+06)]
n 00 n
3I_A
- [sinp + sin (8-B-p)] - ILAd [cos (2B-1/3) - cos
{26-1/3)] ] 3%,

Again utilizing,

Vo = 0, B-8-8+y
we have for ik =.0 @6 = 8,
TR TR G L WSS T S (38.)
b cB de b c B
which leads to,
1 If 3
—Ad sin (28 - n/3) = . o3 Mf cos B + = (MOW cos B - M OVsinB)
/3 'L L g
3
* o [l\dcos (2B+u) + l\f cos u] (39.)
Utilizing ik = IL @6 = B+u in (37.) leads to,
I
A 4 F U s U
A + 27, cos (2B+u) cos (u+n/3) = - — — M_ [cos(B+ =) sin (=)]
o d /3 IL £ 2 2
6 - -
. ;TZ [Mow(51n6—51n(8+u)) i Moov (cosB- cos(B+u))]
-2 [28, cos(28+ ysin (L) + A sin(u)] (40.)
m d 2 2 £ i

One could substitute (37.) into (20.) and (21.) and integrate to find
two more equations, which along with (35.), (39.) and (40.) would

yield five nonlinear equations for the five unknowns, If, By Hy V and W.
This process is simplified considerably by use of the following approxi-

mation,

A = 0, (i.e., M =M ) (41.)

14,
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Equations (35.), (37.), (39.) and (40.) indicate that A, always appears

d

in conjunction with /\f or AO. Therefore, (41.) is acceptable if A, is

d

small in comparison to A_ and AO.

£

The superconducting alternator considered in this study (the same

machine described by McCabria, et al., in [13,14] has the following

i
parameters
g Y- =
Le = 1.2 H. Mg = 7.9 x 10 H.
L. =8.2 % 108 M x Lx 10 H (42.)
d - fd = . X 5 .
i -6
L = 3.0% 16 B R e R
a d
-4
M = 1.5 x 10 'H.
a

A, = 0.01 x 107" H., A 2.5 s30 " H. (43.)

s 3.5 x 107" H., A

f;
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 = Aow + A (cos (B+u) - cos B) + %-(2u—sin(28+2u)+sin28)
+ %-(sin2(8+u)-sin28) (4y.)

0 = 8V + A(sinB-sin(B+u)) + % (sin’(B+u)-sin?B)

+ % (2u+sin(2B+2u) - sin(28)) (45.)
0=-v. +231 4 +/31Msin (Btn)
L % >N Lo s
QMOO
k (W sin (B+u) + V cos (p+u))] (46.)

These parameters were supplied by H. Southall of the U.S. Air Force
Aero Propulsion Laboratory.
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I 3M

G = £ Mf cos B + "?o (W cos B -V sin B) + % M cos M
V31 L o
L
y If u » 6 M . 6 MOO
g = —AO = s Mf cos (B + 5) sin (5) - = sin v + "IL *
L

[W (sin B - sin (B+u)) + V (cos B - cos (Ff+u))]

where
6 M

2 y 00 . ¢
A = I_M_sin B + (Wsin B + Vcos B - I. sin u)

/3 7l i L

2 6
B=—1IM_ +—M (W+ I cos (B + u))

/3 S T 00 L

6 M
c=—22(v-1I sin (B + u))

m L

(&7.)

(43.)

(44.) - (u48.) provide five nonlinear equations which are functions of

the variables If, B, u, V and W. Actually, these equations are linear

with respect to If, V and W so it would be possible to eliminate these

variables and have a set of two equations which are functions of B and

. The equations involved in this reduction are quite cumbersome how-

ever, so one might as well work directly with (44.) - (48.).

1.4 Solution for I By, uy, V and W

f!
Rewriting the variables and equations in matrix form,
- -
g
u
X B
X Ie
v
W
- -
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(4y.) ]
(45.)
f (x) = R.H.S. of (46.) (i
(47.)
(48.)
— -
3f(x)
Jacobian matrix = F (x) = 5 (54.

(52.) -~ (54.) can be used to form the standard Newton-Raphson equation,

F (50) (x -x)=£ (x) ~ £ (

X
-0 =,

where X is some initial starting point which must be reasonably close

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

Fx){x~-x)=-¢%(x) (56.

—o
It remains to find a satisfactory value for X, This is accomplished

by making use of the linearization suggested by Fr.qklinl,

I
i = (@ - B) — (57,
Substituting (57.) into (20.) and (21.) gives the result,
21, sin (u/2) cos (B+u/2)
W= -I cos (B+u) + (58.

L H

Actually, Franklin uses a "K factor'" as mentioned in the Introduction,

I
where 0.5 = K = 0.9. This produces the approximation, ik = K(8-8) -%f

Since (57.) is only used to find a starting point for the Newton-Raphson

algorithm, K is not critical, and K = 1.0 is used.

47,
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V=1 i
g Sin

After substituting (57.) - (59.) into (35.), (39.) and (40.) and per-

forming some rather laborious calculations, one obtains,

(B4+u) -

2 I sin (M/2) cos (B+u/2)

L

H

i Cos‘l unVL - 9wILAO
unvL o SmILAO
- 2
" u+ 12 M (sin &) (1 - cos u)
-1 o) 00 2
B = tan -
12 M sin (u/2) cos () (1 - cos u)
00 2
v 8
= 1 A Bt w) I ; IL Moo ¥ g)
/3 Mf sin (B+u) o % Ll 2
(58.) - (62.) provide a value of X which produces convergence within

three or four iterations, depending on the convergence tolerance.

1.5 Numerical Results

(60.)

(61.)

(62.)

This example is based on the same 4 pole, 400 Hz, 10 MVA/5kV super-

conducting alternator described by McCabria, et al. in [13,14].
operating into a bridge rectifier at full load with a large filter

inductance, this system will have the output values (see [24]),

<
"

L

6760 V. dc

1420 A. dec

(64.)

The following results assume that the system is operating with a closed

loop controller,

2.8, 'K

£

18.

is varied to maintain a constant VL'




The inductance parameters for this machine are indicated in (42.).
All data is presented in terms of the actual magnitudes, but a per unit

system would serve just as well.

Figure 3. shows If vs. IL’ where If is varied to maintain a con-

stant VL' As seen from the curve, the variation in I_ is approximately

f
linear up to 200% of the full load value of IL.

B and p vs. IL:
Figures 4. and 5. indicate the variation in 8 and u respectively

with respect to I Figure 5. indicates that p remains less than 60°

L

as mentioned earlier.

Harmonic Content of v, Vvs. IL:

One of the more important problems in this type of power system is
the weight of the output filter (Lo and CO as showr in Figure 1.). In
order to minimize the combined weight of these components it is necessary
to know the harmonic content of T under all load conditions. The

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

Conduction period (ik =0), B +u-mu/3<86<8,

i 9 % 9w .
Vorp - @ (/5 If Mf + 3 Moo W) sin (6+n/6) + - MOO V cos (8+1/6)
w IL M
+ __T__gg sin (847/6-8-u) (65.

Commutation period (ik FO0), B<0 < e,

19.
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Figure 3. If versus IL with Uncontrolled Rectifier

Bridge.
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Figure 5. u versus IL with Uncontrolled

Rectifier Bridge.
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w 3Moo 2MfIf 6Moow
012 + E*-( > - La - Ma) [( + = ) cos B
o <
6M V GILM
sinb + 2 cos (6-B-u)] (66.

The Fourier series for Vs is given by,

where VL

Although
and will

The

VL + 2 a_ cos(nwt) + 2 b_sin(nwty m = 6.12,18,..: (67.
~ n n
n=6 n=6
= % fB Vo12 de + % fs*“ V923 d 8 (68.
B+u-m/3 8
Bty
R - N - 6 soalri
= ;’f Vo12 cos(nB) 46 + F'I V023 cos(nf) de (69.
B+u-n/3 B
g B 6 Btu
== [ v sin(n®) 46 + — s v sin(n6) dé (70
bl P 012 m 8 023

value of the nth harmonic is given by,
= (an + b)) L TL.

tedious, the evaluation of these coefficients is straightforward

not be included here.

peak value of the first three ac harmonics of v, vs. IL are

indicated in Figure 6. As would be expected, the ac content is dominated

by the 6th harmonic.

Variation in igs 1y and 1q:

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

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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10.00 15.00 20.00 25.00
(x10% )
Il (amps)
Figure 6. First Three Harmonics of v, versus
IL with Uncontrolled Rectifier Bridge
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of this winding is bevond the scope of this report, but it is certainlyv
related to the variations in if. The instantaneous value of if is
given bv (27.) and plotted as a function of 8 in Figqure 7. The rms
value of if was obtained bv numerical inteqration and is shown as a
function of IL in Figure 8.

Since laboratorv 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 if calculations
does indicate that the if'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 effect is still under

investigation.
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Rectifier Bridge. (See text for discussion

of if calculations.)
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Figure 8. RMS value of if versus IL with uncontrolled

Rectifier Bridge. (See text for discussion of

if calculations.)
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Armature Current vs 0:

The variation in iC during conduction and commutation is shown in

Figure 9. Note that the commutation value is simply - i, as given

k
by (37.).
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Figure 9. iC versus 6 at Full Load.
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2. ALTERNATOR WITH CONTROLLED RECTIFIER BRIDGE

2.1 Introduction

It is probable that most rectified alternator applications will
require some type of closed loop voltage regulation. A good indication
of this is provided by McCabria, et. al. [13], which describes a 3
phase 10 MVA/SkV machine that has an open loop voltage regulation of
26.5%. The previous analysis is applicable for the most obvious means
of control, which is to vary the current in the superconducting field
winding. This section considers another possibility, which is to
control the turn-on angle of the output rectifier bridge (in this case
composed of thyristors).

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 alternmator it is much better
to regulate the voltage by means of field control since this technique
is relatively simple and produces the minimum ripple at the output.
However, in the case of a superconducting alternator there are some
potential 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-
conducting mode. Another problem is the long time constant of the field
circuit which produces a very slow step response.

The use of a phase controlled rectifier bridge on the output should

provide relatively lower field current variations and a faster step re-

30.




sponse. It also should be noted that gated devices may be required
for the rectifier bridge in order to provide short circuit protection.

Thus these same devices can be used to provide voltage regulation,

2.2 Steady State Model

The schematic diagram for the alterrator with 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 (u44.) - (48.) of the previous section provide five expres-
sions which can be solved numerically to find the variables If, Bs U
V and W. However, with the thyristor bridge, comm.tation does not start

when Yo * 3 but at some later time when Yo > v i.e., B isscontrolled

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

applies since it is based on Yo * g at 8 = 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 requir ad for maximum IL'

— —

Lety %"

m
"H < r*r @
~~
~J
N
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Figure 10. Equivalent €ircuit 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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(44.)
(45.)
(46.)

(48.)

A solution for x' can be obtained from the standard Newton-Raphson
equation,

F('Y Ix'-2') = £ (%) = £' (&) (7u4.)
= M o = = -0

where §é is some initial starting point sufficiently close to x' and,

af'(x")
F(ﬁé) = the Jacobian matrix = —mm (75.)

A satisfactory value for 55 is obtained by using the previous diode
bridge solution, x, where If is a variable, or by using the approximate

method reported by Franklin in [17,18].

2.4 Numerical Results

This numerical example is based on the same 4 pole, 400 Hz., 10
MVA/5kV superconducting machine used in the previous example. The same
full load conditions are assumed,

v

L 6760 V.D.C.

(76.)

I 1420 A.D.C.

L

The minimum value of If that will produce I, = 1420A corresponds to the

L
solution for the uncontrolled rectifier bridge (i.e., minimum B8). This

current is found from the first section,

. 7.
Le(min.) SN Fi
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In an actual system it will be desirable to set If at some value

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

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

was arbitrarily taken to be,

1.1

If(max.) If(min.)

A plot of If vs. IL for both the controlled and uncontrolled rectifier
bridge is shown in Figure 12.

8, u, the first three harmonics of Vs and the rms value of i_ are

£

plotted vs. I in Figures 13 through 18 respectively. Note that the

L
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 B to compensate for the higher I The

£
thyristor bridge R also drops as IL increases in order to compensate
for the higher voltage drop across the armature windings.

Figure 14 reveals an interesting characteristic in that the u 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

Slcommutation from b to ¢ does not start until vbc> 0. Therefore, more

voltage is present to force the commutation process than in the diode

case where commutation begins at Vi 0. Because of this higher Vpe?

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

the thyristor case.

34,

- e—— —— - Ty e

(78.

o —




If (amps)

Thyristor

Bridge \\x

260 -
Diode
Bridge
240 \
220 -
ke T ¥ 1 T T
0.00 250 500 750 1000 1250
I[ (amps)
Figure 12. 1I_ vs. IL for both the thyristor bridge and

f
the diode bridge.
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Figure 13. B vs. IL for both the thyristor bridge
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Figure 14. u vs. IL for both the thyristor bridge
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The voltage harmonics shown in Figure 15 to 17 are obtained by
calculating the Fourier coefficients of the output voltage, Vs which
can be obtained from (65.) - (71.). Again as expected, those figures
generally indicate higher L O harmonics for the thyristor case than
for the diode case. It is also noted that the harmonics for the thyri-

stor bridge tend to be higher for the lower values of I This

L
characteristic is caused by the higher B values under light loading

conditions.

The rms 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 if (rms) over the load range. As was noted in the discus-
sion for the uncontrolled rectifier bridge, these if (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 Vg VS. IL for both the

thyristor bridge and the diode bridge.
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3. FAULT CURRENT CALCULATIONS

3.1 Introduction

This discussion is based only on the controlled rectifier bridge
configuration shown in Figure 10. The reason for this choice is that
this circuit has the capability of fast turn off in the event of a
fault. Fast turn off can be achieved by the system in Figure 1 only if
some type of series switch is added to the circuit.

In addition to filtering the output voltage, the inductor, Lo, in
Figure 10 must be capable of limiting IL in the event of a short across
the load. The length of time that LO must perform this function is
limited however, since the bridge can be turned off on the next cycle
after the fault is detected. It is also common to select Lo to limit the
Co charging current when the system is initially turned on. This can
alsu be accomplished by a further delay in B however, so charging current
will not be used as a constraint in this analysis.

To determine if LO is of adequate size, it will be necessary to cal-

culate the transient load current, that occurs after the fault.

iLF’
Since the differential equations involved have time varying coefficients,
a numerical solution will be required. In this particular study it is
assumed that the fault occurs at the beginning of a conduction period
and that the bridge will not be turned off until this conduction period,
the next commutation period, and a final conduction period are complete.
This corresponds to the interval, AE, shown in Figure 19. The rationale
behind this choice is that some time is required for iLF to exceed

IL(max ) at which time a current overload sensing circuit is enabled to
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Fault occurs at the start of a conduction period
On-coming thyristors fire and commutation begins
Commutation interval ends

IL(max) is exceeded, next trigger signal is blanked

ip decays to O

Figure 19. Transient Behavior for the Controlled
Rectifier Bridge.
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blank all the thyristor gate signals. ther choi 1 inl:

1nLy OS~-
sible, such as assuming that the fault urs at the tart of a commu-
tation period and that the thyristor gates are blanked before the next

firing pulse.

3.2 Circuit Model and Equations
Figure 20 represents the equivalent circuit with phase "a'" conducting
and a short across the load. Note that the armature resistance R and
a

the parasitic resistance of the filter choke, R , have been included
p

ice they aid in limiting the fault current. The periods AB, BC, etc

LC e

in Figure 19 will correspond to the following thyristors being on:

Period Thyristors Conducting
AB, conduction Ql, Qt
BC, commutation Ql, Qb5
CE, conduction Qi ,
The steady state analysis hac assumed that the winding resistance:

are negligible. That practice will be continued here for all windings

except those on the armature; as before, it implies that Af, Ad and Aq

i od
10d,

are approximately constant over the relatively short transient

perx

AE, and that the voltages across the closed f, d and q windings are appro-

ximately zero.
The equations for the commutation period, BC, are found to be,

11

(A) = (8] 4 (79.)

dt

where




Ft
——
 —MNAO————
o Kp, | ¥ '
Dy =

=

Figure 20. Equivalent circuit for conduction and commu-
tation periods while fault is present.

Py
lf(tot)
i'
2 : = i (80.)
- ld :
kF
i
q
Yk
. e

[A] and [B] matrices are defined in Appendix 11I.
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Ay manner,

where [A__ ], [B..] and i' are submatrice B FAL, [B] and 1. Thes
11 11 -

submatrices are also defined in Appendix II.

ince the fault is assumed to occur at A in Figur 19, (81.) will

be solved first, then (79.). It is unnecessary to formulate equation
ecifically for the second conduction period, CE, since this period can
i’f l!l ]1""‘ i t“‘v' J ("l- ).
As predicted earlier, [A] and [B] have time dependent elements.
This implies tkat i must be found by some numerical integration tech
nique. The modified Euler method was chosen for this particular study,
1t other techniques could al be employed
tarting with the nduction period, g A € 1 'O
’ t tir increment, At, and the next value of 1i' an 1
found by using the t lard r T1¢ 1L e juat n ( S¢ l:j ]). 11
ind ) 3 igaln tilized writ ) Kage e 1‘11'1 )8 for the
most general 15e (the mmutat 1 y DL, 1€ btains,
R — ~ . - —
Af | Y3 M (wtem /¢ ( M, sin (wt)

\d /i (wt+n/6) i 4+ |/3 M, sin (wt)




P

i = ‘o
kg Meq < “£(tot)
+ Mfd Ld 0 ld (82.)
0 0 Ld lq
or in vector notatlon,_}qu = xi e ty Lr + [C] iqu' (83.)

iqu can be found initially by substituting the steady state values for

i . and i, . at wt = B+u-n/3 (i.e., is found from (25.), (26.),

Lfdq® LF 93

. : 4 : g ¥ . ) ;
(27.) and Lr IL7lkF 0). At each time increment Lr and i pcan be

i-qu

found from the modified Euler equations while i can be found from (83.)

fdq
)L

(using the constant value of lqu
Figure 19 indicates that the firing angle is delayed before the fault,
but not afterwards (point B). The reason for this is that once the out-
put is shorted the voltage regulator will call for the minimum firing
angle, and the oncoming thyristors will conduct as soon as possible.
Since the load current is no longer constant, the steady state equations
that yield B(min.) (i.e., the firing angle for an uncontrolled rectifier
bridge) do not apply, and the firing angle (point B) must be found by

determining the first point at which v, > 0. As v, becomes positive

be be

Q2 will start to conduct and the commutation of Q6 will commence. V.

be
for the AB conduction state can be readily found from the bc loop,
di di di

5 P LF . f(tot)

Vpo = Ry App (LM 5 - /B sin (wt) (M —S=S e M, 22)
) di 5
- V3 My cos (wt) 5?9 - ¥3 w cos (wt) (Mf Letror) * My ld)
+ /3 w M, sin (wt) i (84.)

d q

u8.




v is tested at each time increment of the AB interval; at the first

bc

point where v
Do —

the BC commutation interval. It will also be
test to determine when the commutation period ends at point C. T

is done by comparing i__ and i, . at each time increment

LF KE

val; the commutation period ends at the first point where i
It should be noted that it may take several machine cycles to
mutate the thyristors after the firing signals have been blanked.
can be illustrated conceptually by the simplified model shown in Figure
21 (this model is of little quantitative use however, since it does not

account for the winding resistances and inductances of the machine).

perform

0 the computer program branches to the equations for

1

> 1

kF — LF

his

some

com-

This

of the BC inter-

B §

~

5

(86.)

€. (t) Vab and the thyristors start to conduct at wt m/3 (approximate),
i(t) will have the form,
V2V
i = + —— (1/2 - cos
Loy IL L (G175 cos (wt))
O
where IL = load current at wt = /3,
2mn : : "
At wt = 5—-(approx1mdte), conduction switches from phase b to phase
¢ so the source voltage becomes ety T T current now has
the form,
-
V2V 3
i = I +— (% - cos - 2n/3
(+) L Wl N SR /3))

Even if the bridge is blanked duri g the vac

commutation) (86.) never goes negative, meaning that the conducting

thyristors will not turn off.
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ON Yt)
L
+
L ec(t) = line to line
~ ey = V2 V sin (wt) o - voltage

(Refer to Figure 19

for vab and vbc

wave forms)

ON

o

(a.) Simplified equivalent circuit during fault.

peak = (]
2 §

Ct)

A 4

0
0 €
(b.) Fault current.
Note: Actual waveform will be damped due to presence
oF 2N TN
a P
Figure 21. Effect of LO in limiting fault current.

50.




A similar phenomenon can occur in the actual physical circuit,
except that i(t) will eventually decay to zero due to resistive damp-
ing. This may require several cycles however, and more cycles will be

required for larger values of LO. Thus if L is large,several cycles
a }

may be required to complete turn off; however, if it is too small the

peak fault current will be excessive.

3.3 Numerical Results
The transient analysis algorithm can be used to plot post fault
current waveforms for various values of Lo and Rp. Two parametric

studies of iLF for variations in LO and Rp are shown in Figures 22 and

23 respectively. Figure 24 shows a plot of i that requires three

LF

cycles for iLF to reach zero. Presumably commutation would occur on the

fourth cycle where i would attempt to go negative.

LF

This algorithm could also be used to plot i i, and iq during

Fl(tot)® d

a fault condition. However, as stated earlier for the steady state

calculations, the i values may be too high since the model does

f(tot)

not include the high frequency attenuation of the damper shield.

Sl.
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Figure 22.
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Fault current vs. 6 for different values
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Figure 23.
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Fault current vs. 6 for different values
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RIATION OF THE \T
DECREASE OUTPUT RIPPLE VOLTAGE

4.1 Introduction
As noted previously, there are two basic methods for regulating the
dc output voltage, VL’ of the rectified alternator:
1. Use an uncontrolled rectifier bridge, and regulate V_ by
controlling the average field current, I..
2. Hold If constant, and regulate the voltage by means of a

controlled rectifier bridge.

~ }

The first method provides the minimum ripple voltage, but it tends to have
a slow response time due to the long time constant of the field winding.

Therefore the analysis of this section is based on the controlled rectifier

bridge.

If the alternator is modeled by an ideal ac voltag: series witl
an inductor, it is well known that an increase in this inductance will
increase the commutation angle, u, shown in Figure 11. For onstant V.
and I, this effect can also lead to a reduction in output ripple voltage,

L

as illustrated in Figure 25. Comparing parts (a.) and (b.) of the figure

it is seen that the same average output voltage, V_, i ichieved by dif-
ferent combinations of the angle, B and u. However, the deviation of
v is less in part (b.). This indicates than

requires the bridge firing angle to decrease, resulting in a more level

v_. Therefore, the Bos My combination in (b.) produce 1 lower ripple
o 2
voltage than the ﬁl, “l combination in (a.). This implie that at 151

over a limited range of u values it i: possible to decrease the rij

voltage by increasing u. Thus for a fixed load, it is possible to decrease




VI = average output voltage

(source inductance

higher than that for (a.))

Figure 25. Effect of u upon output ripple voltage for

fixed VL and IL.
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the ripple by increasing the source inductance since thi U S i
increase in e

The model used in this study was considerably more complicate
than the one just described, but it was found that for a constant load
the ripple could be decreased if the armature inductance, L , was

increased beyond its specified value of 0.3 mH. This implies that a

lighter weight filter could be used if L were increased. A word o

caution is in order however, since these gains may b« fi t y an in
rease 1l ternat we i (due to Y ) =

vould be desirable t 1 Pl Y

bined weight of tt ilternator and filtex v i
welght analysi: f the iperconducting alternat W 3 1

effort would be beyond the scope r I

4,2 Effect of L_ on the Output Voltage Harmonic
1

-+

As discussed in the previous section, i possible to reduce the
full load ripple voltage by changing the output impedance of the alter-
nator. The model used in this study cannot be reduced to a single ac
source in series with such an impedance, but a similar effect will occur
if the armature self inductance, La' is varied. Changes in Ld will, of
course, change the armature mutual inductances. To account for this,

it is assumed that the coefficien* of coupling between l.d and each of the

other windings, remains constant while [.1 is varied, i.e.,

= constant (8

o
~J
.

S—— ——




o

= constant (88.)
aa L

k = = constant (89.)
ad

(Lf and Ld also remain constant.)

4.3 Numerical Results

Since k _ and L_ are assumed constant, (87.) indicates that an

af f

increase in L will also increase Mf; Thus an increase in L.a implies
ad

that the same magnetic flux linkage from field to armature, Mflf, can

be achieved with a lower If (since a thyristor bridge is used for

voltage regulation it is assumed that If will be held constant at 110%

of the minimum allowable value for a given La’ as discussed in the
section on controlled rectifiers). Figure 26 indicates the decrease

in the required I_ as La is increased for IL = 1420 A. dc. This

g

decrease in If might allow the use of smaller superconducting wire for

the rotor winding, thus decreasing the rotor size. An alternate approach

would be to hold Mf constant and allow Lf to decrease as La increased;

thus the field winding would have fewer turns (both effects appear small).
Figure 27 indicates that the 6th harmonic of ¥, reaches a minimum

1t L] = 0.72 mH. This leads to a decrease in the size of the output

filter, LOC(, since less attenuation is required.
J

Break frequency = fb = 1 (90.)
L C
oo
[igure 27 also indicates that the 12th and 18th harmonics generally

ontinue to increase with La’ but their effect is less important since
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Ss MINIMIZATION OF L C FILTER WEIGHT

o 0

5.1 Introduction
The previous sections have considered the following topics:

1. Steady state behavior with an uncontrolled rectifier bridge.

2. Steady state behavior with a controlled rectifier bridge.

3. Transient currents that occur when a short circuit is placed across
the output.

4. Reducing the full load output ripple voltage by increasing La

The results of these studies can now be used in designing an LOCo output
filter for minimum weight. This analysic assumes the use of a controlled
rectifier bridge for voltage regulation. The maximum allowable ripple
voltage will be based on the size of the sixth harmonic that is present
at full load. It should be noted that this harmonic will actually be
greater at minimum load since the firing angle of the thyristors will be
greater. This study assumes that the load will be fairly constant how-
ever, and that the presence of ripple voltage will be more important at
full load than at lighter loads. Hence the filter optimization is based

on full load conditions.

5.2 Calculation of Lo and FJ for Minimum Total Filter Weight

In the weight minimization algorithm, LO and Co are calculated to
provide a given amount of ripple =ttenuation at full load. This calcula-
tion is based only on the sixth harmonic and ignores the harmonic attenua-

tion provided by the load in conjunction with LO. Therefore,
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3 5 it kl (91.)

1-L C w,
o o b

where kl = specified magnitude of the 6th harmonic attenuation

and we = 15079.64 radians/sec.
k.+1
] Loe L (92.)
R et 2
16

Due to the high value of the magnetic field and the low weight
requirement, it is assumed that Lo will be an air core reactor.
Aluminum was chosen for the conductor due to its low weight/conductance
ratio. The physical configuration of the inductor is shown in Figure

2?9. This particular design is chosen to produce the minimum loss for

a given amount of material (see [25,26]). The inductance is,

L. (24.5 x 10'7) N2 a H. (93.)

and the weight of LO is given by

LO wE. = .8 nf Dw a3 1bs. (34.,)
where
N = number of turns
a = thickness of the coil (m.)
B density of Al (5837.8 lb;/m.3)
f = filling factor of the conductors (assumed to
be 0.7)

The filling factor can be expressed,
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- g5.
)5 5 ( )

g i 2
where Fw = cross sectional area of one winding(m.")

The common method of specifying capacitor weight is in terms of
jouls/1lb. Therefore the total weight of the LOCO filter can be

expressed,

- ) " -
th CO weight + L, weight

COVL2 3
= (96.)
QDC #. 3w £ Dw a 1bg.

where D = energy density of CO (joules/1b.).

Therefore substituting (92.), (93.) and (95.) into (96.)

5 3 S
= (97.)
th k?/a i k3 a

SR,
!/ 3 (r ¥ !/ k) +1

where k = =
e ¢ i -7 f 2
\51.1x10 \Dckle
k. = 3% £D
3 W
To find the minimum value of th, set
dT -5k
wt Z y 2
= & 2 3
- - 3 + 3 k3 a 0 ( )
d
/’ 5 2 \1/8
a = — (949.)
\ 3k, )
Once a is determined, N can be found from (95.) , LO from (93.)

and C_ from (92.)

Q
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5.3 L C Design Algorithm
o o

The flow chart for the L C filter design program is shown in
Qo 0O

Figure 30. The following discussion refers to the seven blocks indi-

cated in the figurs

l. Read input data. This includes the following information: C
o

energy density (D ), L current density, maximum 6th harmonic rippl

( O

voltage at full load, and maximum short circuit current, I
’ L(max. )

This particular program assumes that the following quantities are

constant:

VL = 6760 V.dc
II. = 1420 A.dc
we = 15079.6 rad./sec. (line frequency = 400 Hz.)
VL. IL and we could be varied if desired, by making a few minor changes

in the program.
2. Set L = 0.3 mH, the normal design value speci ied in [13,14].
a .
3. Assuming that a controlled rectifier bridge is used, the minimum

weight L and C that will meet the 6th harmonic ripple specification
; o o

are calculated.
4. A transient analysis subroutine to called to determine if the peak

short circuit current will exceed the specified value of The

[L(max.)'

details of this analysis are given in section 3.

‘ it 1 is exceeded, | is increased by 10% 1 step 3 is repeated
5. xcee = 3 C sed by 10%, and p 3 1s repeatec
L(max.) ¢ . ¥ ' B 1
(00 is simultaneously decreased to maintain a constant L C :rﬁ}1v?) [
QS -
[ is not exceeded, the I, and C design data is pri 2d
Eiani) s tl & o design lata 1s printed.

6. The program calculates Lo and Co’ first for the normal and then for

the optimum values of LA. If the calculation for the optimum La has

«




Input Data: C_ energy

(@]
density, L current density, (I}
O /

Max. ripple, IYJ(mle. )

[ e — £ g
— et L 0.3 mH. Set | = 0.72 mH.
{. ' A i
L (Nermal Design Value) (Opt. value for minimum
ripple - from Section U4)
o U
1 A
A |
Find minimum weight L_ and C, l ?
| that will meet the ripple speci- —~
| fication o
= ! %
| Perform transient analysis to determine : i
if the short circuit current exceeds f i
= . o
the specified I . for this value i e
L(max.) | |
of b 4 ;
O J
}
|

| Increase L
| o

@®

and decrease C_ by
P

]
|

}\
no — Ld\\\
— <TG been
Print Results l “\\ optinized

l' i \‘.“ ?

10%
. Exceeded

yes

END

Figure 30. L”C) weight minimization flow chart.
C
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been completed the program ends. If not, the program branches to st«
. Set L_ = 0.72 mH., the optimum value for minimum ripple at full

load calculated in Section 4. Steps 3 through 6 are then repeated.

5.4 Numerical Result

sample of the computer results for the optimization program are
shown in the following example. Note that use of the optimum L]
decreases the total filter weight by approximately 22%.
The total filter weight will obviously decrease if a higher energy
density (Du) is used for Co and/or a higher current density is used
for LO. Plots of filter weight vs. energy density and current density

are shown in Figures 31 and 32 respectively. The filter weight will al

be affected if the allowable is changed. A plot of this is

IL(max.)

shown in Figure 33.
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6. SENSITIVITY ANALYSIS

6.1 Introduction

M, M

Since the values of the alternator inductances, Lj, s Ld, ,

r’

M., and M

Fq> are subject to numerical error, it is of interest to see
d ( 3

how errors in these parameters will affect the calculations for If, B,

u, V and W. As noted in Sections 1 and 2, the calculations for the uncon-
trolled and controlled rectifier bridges are quite similar. This implies
that the effect of a given parameter error should be about the same for
both types of systems. Therefore it was decided to limit the sensitivity

analysis to the uncontrolled rectifier case. For convenience we define

the following,

| =
"
-

y : M (101.)

TH.




(4y.)

(45.)

(102.)

_fi(.“i*X) = "R Q. of (46.)

(47.) |

L (48.) b

Theoretically, this analysis could be performed by either of two

methods:
X

L. Use (102.) te Eind e and solve for Ax for a given Ay,
LZ — —

b

i.e., Ax = — Ay. This will be referred to as the differential
b

|

<
|

method.

2. Simply replace y by y + Ay and use the Newton Raphson method
to find the resulting x + Ax. This will be referred to as the deliberate
error method.

The differential method is certainly the more elegant of the two,
so this was investigated first. Unfortunately this approach depends on
solving sets of simultaneous equations that have ill-conditioned coeffi-
cient matrices. Two algorithms were used for solving these equations,
but both failed due to excessive round-off errors. Therefore it was
necessary to resort to the deliberate error method. This second approach
worked satisfactorily even though it is rather inefficient in terms of

computation time. Both methods will be discussed for completeness, even

though the first did not nroduce satisfactory results.

6.2 Differential Method

ne usually does not bother to describe methods that do not work, but

inalysis is interesting from a conceptual standpoint, so it




included for that reason. It is also possible that the problems with
this method may eventually be solved, even though it was unsuccessful

in this present research.

Taking the partial derivative of (102.) produces an equation of
the form,
3f(x,y) 9x
—8— = [C] 8—— + £ — 9 (103. )
£ %3

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

ax

0 .a_: — — [C]_l r (lOL&.)
e Vs LY

ax

which is the ith column of Ei,, a (5x7) matrix. Therefore it is con-

ceptually possible to use (104.) for all seven elements of y to find

9x
gi . Ox for a given Ay is then,
ai
.ﬁ_;_(_ = @ A:V. {105.)

Unfortunately, the [C] matrices indicated by (103.) are very ill

conditioned in this application, and this prevented finding a solution

ax

for TZ . Two methods of solution were attempted, the first being the DGELG

double precision subroutine from the IBM Scientific Subroutine Package
and the second being a Shipley-Coleman inversion algorithm to find

-1
[C] 7. Both of these programsuse pivoting for size, but they were still

incapable of finding the correct solution. Therefore this approach

was abandoned in favor of the deliberate error method.

i




o=t iber
In thi iethod giver rror, Oy,, i lded to y. and the result-
i i
ing x + X 1lculated the equat 3 d ribed in section 1. The
term ry Y 1 independer however, since mutual inductance terms
11 e t, and this must be accounted for in the analysis. There-
fore, the approach used in this particular study was to assume that the
following terms can ! iried independently of one another: L , L., L.,
) ]
} . 2 , and k_., wher the st four terms are the coefficient
1 IPLINEg, 1 s
}1J X ii i }1! g 4 kad 3 g Lfﬂ } (e
A

t parameter:

The independent and dependen

; M
I M e
I M_, M
; M_, M
f f fd
M M
. A

ad
1 M
K M,
dl A
M
k |‘4 A
K M
g 1 £3
a 10% increase in L_implies (new value Lol Ty
a a

For example,




vli.2 E L. . M. =k "4 E0 T )
a ad ad

M =1l.1k Yk Mf = kaf £ 4

whereas a 10% increase in kaf implies (new value = 1.1 kaf)’

M = L I vL L

af : af &
The effect of these errors will be described in the next section on

numerical results.

6.4 Numerical Results

The following paragraphs discuss the effects of varying each of
the machine inductances, i.e., the effect of a deliberate error. Note
that since the algorithm used in Section 1 depends upon the approxima-

tion given by (41.), it is necessary to restrict the parameter varia-

tions to the range where (41.) is valid. It is assumed that (41.) is

satisfied as long as the following condition is met:

< Q.1 M
00

AL_: Results are shown in Figures 34 and 35. These figures indicate
g

that all of the x variables are quite sensitive with respect to ALa.

ALf: Results are shown in Figures 36 and 37. It is noted that

B, u, V and W do not vary with respect to Lf. The reason for this is
that the algorithm automatically adjusts If to compensate for any L.

: i f
‘hanges, so that the MtIf flux linkages remain constant (note that Mf

is dependent on Lf.) Compare with the Mf results shown in Figures 42 and
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00
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The result of this 1
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Ak 3 (AM ): Results are shown in Figures 40 and U4l 1e figures
ai a
indicate that u quite sensitive to AM_variations, while I_ and B
11 less sensitive W and V also vary co ler Jith 1 ect to M..
3
Ak ¢ (z‘».M. ): Results are shown in Figure +2 and 43 For an explana-
) f
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To summarize, it can be seen that If, 8, u, Vand W as a group

are most sensitive to errors in La’ Ma and M I_ is also quite sen-

a’ £
sitive to errors in Lf and Mf, but since the algorithm adjusts to

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

and Mf have virtually no effect on B, u, V and W.
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7. VOLTAGE REGULATOR AND CURRENT OVERLOAD PROTECTION CIRCUITS

7.1 Introduction

The experimental portion of this study consisted of designing and
building a phase controlled voltage regulator for eventual testing with
an alternator. This circuit was designed and tested early in the
project when it was thought that the alternator could be modelled by a
voltage source in series with single inductance. Testing the regulator
with this type of a source would have been a fairly simple matter, but
such a test now appears to have limited value since a more detailed ma-
chine model was employed. Therefore it was decided to concentrate more
effort on the analytical 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 in Figure 48 is described in [23], and the
operation of the current overload circuit in Figurc 49 is described in [22].

The parts list is shown in Table I.

7.2 Experimental Results
As stated above, the experimental results were limited to building
and testing 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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TABLE I. PARTS LIST FOR CIRCUITS IN FIGURES 48 AND 43

R15 10K R37 4700 R73 20K
R25 250KQ trimpot R38 470Q R74-R73 30Q - 1 watt
R27 4.7KQ R39 4709 Cl 0.1uf

R26 3.76KQ R4O 4. 7K C2 0.05uf

R1 11KQ - 2 watt RUL 4. 7KQ C3 100uf

R28 3300 RU2 4. 7KQ C4 0.1uf

R29 5.6KQ RU3 4. 7KQ C5 0.05uf

R30 250KQ trimpot RUL 4, 7KQ C6 100uf

R16 1.5KQ R4S L. 7K C7 0.1uf

R10 1.5KQ RU46 10Q 8 100uf

R11 10KQ R47 109 C3 0.05uf

R12 250KQ trimpot RU8 109 C10 0.001uf

R13 4.7KQ R4 100 C11 0.1uf

R14 3.76KR RS0 100 c12 2uf

R2 11KQ - 2 watt RS1 108 C13 0.1uf

R9 3300 R52 3.3KQ Clu byuf

R17 5.6KQ R53 20KR trimpot CLS O.1uf

R18 250K trimpot R54 2000 C16 0.1uf

R19 1.5K R55 20KQ C17 0.1uf

R20 1.5KQ RS6 0.04Q C18 0.1uf

ek it o T1-T6 Sprague 117212

R22 250K trimpot R58 20KQ trimpot Q1-03 2N3906

R23 L. 7KQ R59 2.0KR iags o

R24 3. 76K R60 6300 s ot

AR N Sl el Q16,Q17,Q18,Q20,Q21,Q22,Q24 2N2222
R4 330 R62 10KQ it chinee

R6 5.6KQ R63 10KQ dan o007

RS 250K trimpot R64 2. 2K AR,

R7 10K R65 10K trimpot CR13-CR18 1N4001

A 10K Trimpot e L K1 Reed Relay SPST N/O
il ol O Al-A3 Telefunken UAA145
s S A4-A5 Fairchild 9601
R33 1.5KQ R69 10KQ trimpot A6 Signetics 7493

Row MiE RV 498 A7 National Semiconductor N7408
ol it o SCR1-SCRG 2N1849

R36 4700 R72 47KQ
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3. No misfiring problems were observed once the final design
complete.

Certain waveforms of interest are shown in Figures 50 through

99,
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8. CONCLUSIONS

This study indicates that it is possible to utilize La to help
perform some of the functions normally assigned to the LOCO output
filter. This implies that a smaller filter can be used, thus decreasing
the weight of the Lo and Co components. For the 10 MVA/S5kV example
alternator with a controlled rectifier bridge it was shown that an in-
crease in La from 0.3 mH. to 0.72 mH decreases the filter weight by
about 17 1bs., a 22% reduction. This example also indicated 0.72 mH. to
be an optimum value, i.e., filter weight increased for La> G772
Naturally, this savings may be offset by an increase in alternator weight
due to the larger La. Therefore any final weight 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-
mation provided by these models, it appears they may be useful for
simulating the system during the design stage. Once experimental data
becomes available for comparison, these models may be refined as neces-
sary in order to accurately predict the various winding currents, com-
mutation angles, etc. It is stressed that this experimental verification
is necessary, and plans have been made to proceed with this for a system

with a conventional alternator.
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9. RECOMMENDATIONS

This study indicates that if La is increased up to a certain
optimum point, it is possible to significantly reduce the size of the
output filter., Information of this type should be brought to the
attention of machine designers, but it may or may not influence the
design of future alternators due to tﬁe many other factors which govern
the size of La' Ultimately the alternator and filter should be con-
sidered together in future weight minimization studies.

Perhaps the most pressing need at this point is to obtain some ex-
perimental data to compare with the predicted results. Eventually this
must be done using a superconducting alternmator; however, it is unlikely
that such a machine will be available for this purpose for quite some
time. In the interim, it is proposed that tests should be conducted on
a conventional alternator-rectifier system in order to evaluate the

models.
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APPENDIX I: GLOSSARY OF TERMS

A, B, C = constants defined by (49.), (50.) and (51.)
a = thickness of L
o
CU = output filter capacitor
D = energy density of C
C (]
Uw = density of aluminum
f = fill-in factor for LO
fb = break frequency of output filter
Fw = cross sectional area of one winding of L0
11, lb’ lc = 1line currents
id’ iq = currents in the equivalent direct and quadrature windings
used to represent the damper shield
If = average field current
if = time varying component of field current
ik = commutation current
iLF = load current with short circuit across load
ikF = commutation current with short circuit across load
5 . . i ¢ a -
ieos 1400 lqo field and damper currents at 6 B+u-m/3
Kq’ Kf, Kd = constants defined by (15.) and (18.)
kaa = coefficient of coupling between armature phase windings
kad = coefficient of coupling between armature and equivalent
damper windings
kaf = coefficient of coupling be seen field and armature
kfd = coefficient of coupling between field and equivalent direct
axis damper windings
k1 = gpecified harmonic attenuation factor of output filter
109,
R ——
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k., k. = constants defined just below (97.)

2% 29
IL = load current
La = self inductance of each armature winding
Ld = self inductance of the direct and quadrature axis windings
Lf = gelf inductance of the field winding
LO = output filter inductor
Ma = magnitude of mutual inductance between armature windings
Md = magnitude of mutual inductance between damper and armature
windings
Mf = magnitude mutual inductance between field and armature windings
Mfd = mutual inductance between field and direct axis damper
windings
MO, Moo = constants defined by (33.) and (34.)
N = number of turns for Lo
Ra = resistance of one armature winding
Rp = resistance of inductor, L°
Ves Vgo vq = voltages across rotor windings

Vi Tiar ¥y * phase to phase armature voltages

i instantaneous rectifier output voltage
VL = average output voltage

V = variable defined by (21.)

W = variable defined by (20.)

f = angle at which commutation starts

A, = constant defined by (36.)

he. Ay = constants defined by (36.)
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Ao X A Xq = flux linkages

time angle
commutation angle

electrical angular velocity

111.

—




13
de- _ (3™) urs m vz €A (37) soo m Uz Ehs (3m) sodo m mz A= mm 4
b | b
(390] UTe & O ga 0 0 0 (9/443m) S02 ™ "y gp
| i :
(3m) soo m Py - _ 0 0 0 (9/u+3m) uts m Py e S
i & TR
(3m) 500 ™y ga- | 0 0 0 (9/143m) urs m Iy gp | -ni_.--- = [€]
T it
_ Vig .28
B P P 3 e d |
q (9/443M) SO0 ™ "W gA (9/L+3IM) UTS M W gA (9/u43M) urs ™ TR Ef (¥Z + @) — L
| 3
F S
€ L B e
{(W+"ZT | (3m) sod Uz Ep (3m) urs Uz Ep (3m) urs mz Ep (H+ 7)) = =
b _ %
Au.3v SCO Ny M\ i 0 0 Am + 1M) urs y M\I
_ fse i
NN< _ HN<
(3m) urs Py £/ | 0 ¢ 0 Am + 3m) soo Py LT i...._r!- = [v]
4 ISR B
| A
(3m) urs 7y £ _ 0 0 T AW + 1m) soo mx £p
e e
LRE g e A.w + 3M) ugs @zm\. % ?w. + 3am) soo Py L% Am + 3m) sod wzm\. Wz + "1z + °1)
3 -

SIOIALYW LNIISNVEL :II XIAN3IddV




APPENDIX III: MAIN PROGRAMS

The following programs are listed in alphabetical order. All sub-
routines except GELG and ARCSIN are listed in APPENDIX IV. It should be
noted that the notation in the programs occasionally differs from that

in the text:

Text Program
L L

a o

M¢ Lab

1. CONT: Finds the solution for the controlled rectifier bridge case.

2. MACH2: Finds the value of La which produces the minimum value of

the 6th harmonic of Vo
3. MAST: Finds the minimum filter weight for a given set of specifi-
cations
4. PLTDAT: General purpose program that includes various simulations for
both the controlled and uncontrolled rectifier bridge.
5. SENSI3: Sensitivity analysis program.

6. TABLE: Determines the harmonics of vO and i ) for various values

f(rms

of L. -
a
7. TESTR2: Calling program for fault current simulation.

8. UNCONT: Finds the solution for the uncontrolled rectifier bridge case.
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TR Ty ™

C

S0

]

CONT

MAIN PLOTTER PROGRAM

DIMENSION FD(S)sF(Sr1)yFF(S5¢5) yMUS(S50) yRMSIF(S50) ¢
1XRMS(S0) yALIF(21)yTRETA(21)»TMU(21)yFF1(454)yF1(4y1)y
1FD1CA)» ILS(SO)»yBETAS(S0) » IFS(S50) »APIL(S0) »APBETA(S0) »
1APMU(S50) yAFIF (50) y AHARG(S50) yAHAR12(50) y AHAR18(50) »
1AHAR24 (50) y AHAR30(50) y APRMS (50) yHARA (S0) yHAR12(50) »
1HAR18(50) yHAR24(50) yHAR30(50) vy ALO(21) » XHAR6 (21) y XHAR12(50) »
1XHAR18(21) yXHAR24(21) y XHAR30(21) yAIQ(460) yAIDN(S60) yAIF (60) »
1AIK(40) » THETA(60)

REALX4 MOyMOO MU IF»ILyK1yLDsLFsyMFyMFDsLAByLOyMDyKQy
INN1/NP2yOMEGAs LAY MUF yMUF s KFOyKAByKODy ILSy IFSyMUS»KF »y KD
INPUT MACHINE PARAMETERS

WRITE(7,50)

FORMAT(’0’92Xy’ THIS 1S THE DATA FOR THE FHASE CONTROLLED
1 BRIDGE RECTIFIER’)

LF=0.,12E 01

LD=0.82E-07

MF=0.79E-02

MD=0,38BE-05

MFO=0,19E-03

LAB=0.15E~-03

1.0=0.3E-03

LO=LA AND LAB=MA

K1=1.0

UL=6760.0

IL=1420.0

OMEGA=2513.27

FREQ=400.0

KF=(MFXLD-MDXMFD) / (LFXLD-(MFD)X%2)

KD=(MDXLF-MFXMFD) /(LFXLD-(MFD)%XX%X2)

KQ=MD/LD

MOO=MDXx%x2/LI

MO=M0OO

DELTAF=MO+MO0

DELTAO=(1,333%x(LO+LAB))-DELTAF

0IL=1420,0/15.0

KFO=MF/SQRT (L.LFXLO)

KAB=L.LAB/LO

KOD=MII/SQRT (L.OXLD)

pLO=0.0

1.=1420.0

KKK=0

MF=KFOXSQRT (LFXxLO0)

LAB=KABXLO

MO=KODXSQRT (L.OXLD)

MOO=MDXX2/L.D

MO=M0O0O

DELTAF=MO+MO0

DELTAO=(1.3333%x(LLO+LAB))~DELTAF
KF=(MFXLD-MDXMFD) /7 (LFXLD~(MFD)%X%x2)

CALL NEWTON(MUYBETA»IFyWyVyFREQ)DELTAO»IL VL I/ MOOYK1>»
1MF MOy OMEGAYDELTAF » ZETA)

IL=0.0

IF=1.,1%IF

DO 100 LLL=1,17

KKK=0
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100

300

203

CALL FHACONCIF yMFyBETAYMO W Vy IL MU DELTAO» OMEGA VL y MOO)
APIL (LLL)=IL

AFBETA(LLL)=BETAX180.0/3.1416
APHU(LLL)=MUX180.0/3.,1416

CALL FS(MUsBETA»OMEGAsIL»IFyMOsDELTAOyMF»WVsLOrLARY
1DELTAFsLLL yAHARSO Yy AHARL12yAHAR18y AHAR24y AHAR30)

CALL RMS(BRETAsLLL MUyAPRMS IL»DELTAOYMF yMOr W,V MO0 IFy
1KF»DELTAF)

IL=IL+DIL

CONTINUE

WRITE(7:300)L0yIF

FORMAT (07 95Xy 'LO="9»EL10.395Xy "IF="yE10.3)
WRITE(7,203)

FORMAT (‘07 +5Xy "ILs IFRMSy6THs 12THy 18TH,BETAY MU )

no 201 KK=1,17

WRITE(7,202)AFPIL(KK) »APRMS(KK) r AHARS (KK) r AHAR1 2 (KK) »
1AHAR18 (KK) y APRETA (KK) y APMU (KK)

CONTINUE

FORMAT( " 92XyF74192XyF7.392XyE10.392XyE10.3+2X>»
1E10.392X9F7.192X9F5.2)

STOF

END
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DIMENSION FD(S)sF(Ss1)9FF(5,5) yMUS(50) yRMSIF (50)
1XRMS(50) yALIF(21)» TBETAC21) y TMU(21) yFF1(474)+sF1(4r1)>»
1FD1(4) rILS(S50) yBETAS(50) » IFS(50) yAPIL (50) yAPRETA(S0) »
1APMU(50) y APIF (50) y AHAR6 (50) » AHAR12(50) y AHAR18(50) »
1AHAR24 (50) » AHAR30(50) » AFRMS(50) yHAR6 (50) yHAR12(50) »

1HAR18(50) yHAR24 (50) yHAR30(50) y ALO(21) » XHAR6 (21) » XHAR12(50) »

1XHAR18(21) y XHAR24(21) y XHAR30(21) yAIQ(40) yAIDR(L0) »AIF (60)
1AIK(60) » THETA(K0)
REAL%4 MOsMOOYyMU» IF»ILyK1oLDyLFoMFosMFDyLAByLOYMDyKQy
1NN1 s NF2, OMEGAY LAYMUF yMUF yKFOyKAByKODy ILSy» IFS»MUS»KF »KD
INFPUT MACHINE PARAMETERS
LF=0.12E 01
1.D=0.82E-07
MF=0.,79E-02
MI=0.38E-095
MFD=0.192E-03
LAR=0.15E~-03
LO0=0,3E-03
LO=LLA AND LAB=MA
K1=1.0
UL=6760.0
IL=1420.0
OMEGA=2513.27
FREQ=400.0
KF=(MFXLD-MDXMFD) / (LFXLD-(MFD) %X%x2)
KD=(MOXLF-MFXMFD) / (LFXLD-(MFD) X%X2)
KQ=MD/LD
MOO=MDX%X2/LD
MO=MOO
DELTAF=MO+MO00
DELTAO=(1.333%x(LO+LAB))-DELTAF
KFO=MF/SQRT (LFXLO)
KABR=LAR/L.0
KOLD=MD/SAQRT (L.OXLI)
DLO=0.0
H6M=99992.0
Do 200 L=1,21
LO=L0+DLO
KKK=0
MF=KFOXSQART (LLFXLO)
LLABR=KABXL O
MO=KODXSQRT (LOXL )
MOO=MDXX2/L.D
MO=M00
NELTAF=MO04M00
DELTAO=(1.,3333%(LO+LAR))-DELTAF
KF=(MFXLD~-MDXMFD) / (LFXLD-(MFD)%X%2)
CALL NEWTON(MUYBETA»IFyWsVsFREQsDELTAO» IL VL MOO»K1»
1MF » MOy OMEGAYy DELTAF » ZETA)
NLO=0,03E£-03
IF=1.,1%IF
CALL FHACONCIFyMFyBETA/MOsWsVyIL MUsDELTAO» OMEGA» VL »M0O0)
CALL FS(MU'BETAYOMEGAYILyIFyMOYDELTAOYMFsUWsVL.OsLARY
1DELTAF 7Ly AHARG6 y AHAR12 y AHAR 18y AHAR24»y AHAR30)
CALL RMS(EBETAsLyMUsAPRMSy ILyDELTAOYMFsMO»WrVsMOOy IF »
1KF »DEL.TAF)
WRITE(7+302)L.O0yAHARG6 (L) y APRMS (L)
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302

200

JOo1

300

FORMATC 0" 92Xy "LA = "»yE10.3+5X» 6 TH HARMONIC OF VO =

1E10.3,5Xy “IF RMS = ‘»E10.3)
IF (H6M.LT.AHARG (L)) GO TO 200
Hé6M=AHARG (L)
BLA=LO

BAFRMS=AFRMS (L)

CONTINUE
WRITE(7,301)

FORMAT (0 y5Xy “THIS IS THE OPTIMUM ARMATURE

WRITE(7»300)EBLAYH6My BAPRMS

‘
’

INDUCTANCE “)

FORMAT ("0’ 92Xy "BREST LA ="9E10.3,5Xy "FPEAK 6TH HARM. OF

1E10.3,1Xs "PEAK IF RMS=',E10.3)
LO=RLA

MF=KFOXSQRT (LFXLO)

LAB=KAEXL O

MD=KODXSQRT (LOXLI))

LAR=KARXLO

MD=KODXSQRT (LLOXLI)
MOO=MIxMD/LD

MO=MOO

DELTAF=MO+MO0O
DELTAO=(1.3333%(LLO+LAR) ) -DNELTAF

KF = (MFXLD-MIKMFL) / (LFXLD-MFIKMFD)

RETURN
END

il 8

Vo

-
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c MASTER OPTOMIZATION OF L-C FILTER DESIGN
REALX4 K1,K2yILFMAX» IFyMUsLAsLAEB/LF LDy MDyMFsMFDy
1ILyMOyLWTYLENsN1yLO
21 CONTINUE
WRITE(7v+1)
WRITE(7,104)
104 FORMAT( 0’ »5Xr ‘ALL INPUTS HAVE FORMAT = F7.2 UNLESS
1 OTHERWISE SPECIFIED’)
1 FORMAT (0’ 91Xy "WRITE THE FOLLOWING PARAMETERS FOR THE FILTER’)
WRITE(7,2)
2 FORMAT (0’ +s1Xs ‘CAP. ENERGY DENSITY (JOULES/LB.) =)
100 FORMAT(F7.2)
103 FORMAT( 0’ ¢+5Xy ‘FORMAT=I2’)
101 FORMAT (12)
READ(5,100)DC
WRITE(7,4)
4 FORMAT(“0’y1Xy ‘CURRENT DENSITY FOR L WIRE (CIR MIL/AMP) =‘)
READ(S5,100)CMA
WRITE(7:+6)
é6 FORMAT(’0“r1Xs 'MAX. RMS VALUE OF 6TH HARM. OF VO (VOLTS) =)
READ(S5,100)V2
WRITE(Z7,7)
7 FORMAT( 01Xy "ALLOWABLE PEAK FAULT CURRENT (AMFS) =)
READ(S,100) ILFMAX
I11L=1420.0
VLL.=6760.0
LF=1.2
LD=0.82E-07
MFD=0.,19E-03
OMEGA=2513.27
N0 50 I1Z=1,2

C IZ=1 IS FOR LA NORMAL
C 12=2 1S OR LA OFTIMUM
IF(IZ.EQ.2) GO TO 51
IF=275.0
BETA=2.,12
MU=0.307

LA=0.,300E-03
LAE=0,15E-03

C LAB=MA
MD=0.38E-05
MF=0,79E-02
W=144.0
V=-138.0
DELTAO=0.24BE-03
MO=0,176E-03
V1=0.120E 04
WRITE(7,53)LA

93 FORMAT (07 »2Xy ‘THE FOLLOWING VALUES ARE BASED ON NORMAL
1ILA =" 9E10.392Xr»'H. ")
GO TO 52

91 CONTINUE
IL=1420.0
IF=239.0
RETA=2.208
MU=0.604
LA=0,720E-03
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~
L.

300

305

995

345

16

14

J

LAR=0,360E-03
LAB=MA
MD=0,58%9E-05
MF=0.,122E-01
W=164.0
U='34000
DELTA0=0,.395E-03
M0=0.423E-03
V1=620.0
WRITE(7,354)LA
FORMAT(’0’+2Xy “THE FOLLOWING VALUES ARE BASED ON
10FTIMUM LA =/5E10.3+2Xy ‘H. )
WRITE(7+300)IF»RETAsMU
FORMAT(’ 92Xy ‘IF="yE10.395Xy» "BETA="yE10.3+5X» ‘MU="»E10.3)
WRITE(7,305)ILsVL V1
FORMAT(* 92Xy "IL="yE10.395X» ‘VL="»E10.3¢5Xr ‘V1="yE10.3)
K1=V2/V1
FIND CONDUCTOR AREA IN CIR MILS & SQ. CM.
CM=CMAXIL
Al16=(1+Ki) /(K1 X36XOMEGAXXZ)
AM=CMX5.07E-10
FW=AM
F=0.,7
DW=5937.8
A2=(VLXFW)XX2X(K141)/(DCXS1,1E-O7XK1%X36X (OMEGAXX2) XF XF)
A3=3%3.1416XFxDW
A=(SXA2/(3XA3) ) X%X0.125
N=AXX2XF/FW
LO=(25,SE-07)X((F/FW)XX2) X (A)XXS
CO=A16/L0
RES=NX3%k3,1416X%A%(2.83E-08)/FW
WRITE(7»55)LO+COyRES
FORMAT(’0’ 91Xy 'OPT.VALUES BEFORE FAULT TEST
1 ARE LO="9E10.391Xy»’Hsr CO=’yE10.3+1Xy FD. 91Xy 'RES=’yE10,3)
K=1
RES=NX3%3,1416%A%(2.83E~-08)/FW
CALL FAULT2(IFyBETAYMUyLAYLAByLF LD/ MOy MFyMFLsWsVy Il »
10MEGA»DELTAOYMO»VLsLO» ILFMAX»RES)
WRITE(7,345)IL
FORMAT(“ 92Xy 'MAX LOAD CURRENT FROM FAULT =‘,E10.3)
IFCIL.LTLILFMAX) GO TO 14
K=K+1
LO=L0Ox%x1.1
CO=A16/1L0
A=((LOX(FW/F)%X%X2)/25,3E-07)%%0.2
N=(AXX2) % /FW
IF(K.GT.100) GO TO 14
IL=1420.0
IF(K.GT,2) GO TO 15
WRITE(7916)
FORMAT(’0’»1Xy ‘FAULT CURRENT TOO LARGE» LO INCREASED’)
GO TO 15
CONTINUE
LWT=A3XAXX3
CWT=A2/ (AXXS)
WT=LWT+CWT
WRITE(7+17)1.0sCO»IL/RES
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1

FORMAT( 0 v1Xy 'LO="9E10.3¢5Xy» ‘CO="yE10.3¢5Xy ‘ILF='yE10.3+s1Xy "
1 RES=',E10.3)

WRITE(7,18)LWTCWT»WT

FORMAT ("0’ r1Xy ‘LWT="»E10.3¢5Xy ‘CWT="»E10.,3y5Xy ‘TOTAL WT =‘»E10.3)
RAD=2XA

WRITE(7s19)NyRADyA

FORMAT(’0’s1X»'NO. TURNS =’»14,5X»‘L RADIUS ="',
1E10.3» ‘M’ »5Xy 'L LENGTH =’»E10.3y'M’)

CONTINUE

WRITE(7,20)

FORMAT(“0’»1Xy “WRITE ®"0° TO ENDy OR "1° FOR ANOTHER RUN’)
WRITE(7,103)

READ(S,101)KEY

IF(KEY.GT.0) GO TO 21

STOP

END
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MAIN PLOTTER PROGRAM

DIMENSION FD(S)yF(Sy1)sFF(S5y5)yMUS(S0) yRMSIF (50)»
IXRMS(S0)sALIF(21)TRETA(21) vy TMU(21)»FF1(454)5F1(451)y
1IFD1(4)»ILS(SO)yRETAS(S0) v IFS(S0)»yAPIL(S50) yAPERETA(S0) »
1APMU(SO0) vAFIF (50) y AHARS (S0) yAHAR12(50) yAHARL1B(S50) »
1AHAR24(50) y AHAR30(50) y AFRMS (S50) yHARG (50) yHAR12(50) »
1HAR18(50) yHAR24(50) yHAR30(S0)yALO(21) y XHARL(21) s XHAK12(50) »
1XHAR18(21) ¢ XHAR24(21) ¢y XHAR3O0(21)rAIQ(60)sAID(H0) rAIF (60) »
1AIK(60) » THETA(A0)

REALX4 MOyMOOYMU» IFy ILyK1oLDyLFoyMFoeMFDyLAByLOYyMDOKQ>y
INN1NF2yOMEGAYy LAYMUF yMUF ¢t KFO» KARYKODy ILS» IFSyMUS »KF » KD
INFUT MACHINE PARAMETERS

LLF=0,12E 01

LD=0.82E-07

MF=0.79E-02

MD=0.,38BE-05

MFD=0.,19E-03

LAE=0,15E-03

1.0=0. 3E"'03

LO=LA AND LAER=MA

K1=1.0

UL=6760.0

IL=1420.0

OMEGA=2513.27

FREQ=400.0

KF=(MFRLD-MDXMFD) / (LFXLD~(MFD) %%X2)
KD=(MDXLF-MFXMFD) / (LFXLD~(MFD) %x%X2)

KQ=MD/LD

MOO=MDXX2/LD

MO=MOO

DELTAF=MO+MOO

DELTAO=(1.333%x(LO+LAB))-DELTAF

DIL=2130.0/50.0

CALL NEWTON(MU»BETA»IFs»WsyVyFREQ»DELTAOy ILVLsyMOOrK1 >y
1MF yMOyOMEGA DELTAF »ZETA)

CALL LITLICDELTAOYMF2IFsBRETAYMOsWy
1MOOsVyILDELTAFyMUAID»AIQ»AIF ,AIKy THETA'KQ»KF »KD)
KFO=MF/SQRT (LFXLO)

KAB=LAR/LO

KOD=MD/SAQRT (LOXLD)

pie=0.0

1L=1420.0

DO 200 L=1,21

LO=L.0+DLO

KKK=0

MF=KFOXSORT (LFXLO)

LAB=KABXLO

MD=KODXSART (LLOXLD)

MOO=MDX%X2/L0

MO=MOO

DEL.TAF=MO+MOO

DELTAO=(1.,3335%(LO+LAB))-DELTAF
KF=(MFXLD-MDXMFD) / (LFXLD-(MFD) %X%2)

CALL NEWTONCMUYBETA»IF»WyV/FREQ/DELTAO,IL VL MOO»K1»
1MF yMO» OMEGA Y DELTAF » ZETA)

IF=1,1%1IF

CALL PHACONCIFsMFsBETA»MOyWyVy IL MU DELTAO» OMEGA» VL » MOO)
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2800
2801

100

ALO(L)=LO

CALL FS(MUYBETA'OMEGA» IL» IFyMO»DELTAOYMFrWrVLOvLAEY
1DELTAF sL » XHAR6 y XHAR12 » XHAR18 » XHAR24 » XHAR30)

CALL RMS(BETAsL MUy XRMSyILDELTAOYMFsMO»WsVyMOOy IF»
1KF»DELTAF)

ALIF(L)=IF

TRETA(L)=BETAX180./3.1416

TMUCL)=MU%X180,/3.1416

nLO=0,03E-03

CONTINUE

WRITE(7,201)

no 202 L=1,21
WRITE(7y203)ALOCL) » XRMS (L) » XHARG (L) y XHAR12(L ) » XHAR18(L ) »
1TRETACL) »y TMUCL)

CONTINUE

FORMAT(’ “»5Xs’LO’ 910Xy “IF’9v10Xy "6TH 910Xy “12TH' »10X» ‘18TH’ »
112Xy 'BETA’ 212Xy 'MU’)

FORMAT(’ ‘y1Xv7E13.4)

LO=0.3E-03

LAB=0,15E-03

MD=0.38E-05

MOO=MDXMD/LD

MO=MOO

MF=0.79E-02

KF=(MFXLD-MDXMFD) / (LFXLD-MFDXMFD)

DELTAF=MO+MO0

DELTAO=(1.3333x(LO+LAB))-DELTAF

IL=0.0

WRITE(7,2800)

D0 100 LLL=1,50

KKK=0

CALL NEWTON(MU+BETAYIF»WyVyFREQ,DELTAO» IL VL MOOsK1
1MF s MOyOMEGAYDELTAF yZETA)

ILSLLL)=IL

BETAS(LLL)=BETA%X180.0/3.1416

MUS(LLLL)=MU%X180.0/3.1416

IFS(LLL)=IF

FORMATC(’ ‘34X "IL 98Xy "BETA»7X» ‘MU’ »8X» ' 1IF’)

FORMAT (0" 92XsF74194XrFb6:.2vAX9F6.3v4X9Fb.194XsFb6.194X9Fb6.1)
CALL FS(MUYBETAYyOMEGAYIL»IFyMOyDELTAO/MFrW»VsLOrLABy
1DELTAFLLLYHAR6HAR12/HAR18/HAR24)»HAR3O0)

CALL RMS(BETAYLLLYMUYRMSIF»ILyDELTAOYMFoMO»WsVyMOO» IF»
1KF s DELTAF)

IF=1.1%IF

CALL PHACONCIFyMFyBETAYMOyWsVyIL MU»DELTAO» OMEGA VL » MOO)
APIL(LLL)=IL

AFBETAC(LLL)=RETA

APMU (LLL)=MU

AFIF(LLL)=IF

CALL FS(MUYBETAYOMEGA» IL»IF yMOYDELTAOYMFoWrVLOYLARY
1DELTAFyLLL yAHARG Yy AHARL1 2y AHAR18AHAR24 »y AHAR30)

CALL RMS(EBETAsLLL Y MUyAPRMSy IL»DELTAOYMFsyMO»WsVyMOOs IFy
1KF y DELTAF)

IL=IL4DIL

IFCLLLJEQ.1) IL=35.0

CONTINUE

Do 101 LLL=1,50
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101

2802
102

2803
103

104

105

110

107
106

WRITE(7,2801)ILS(LLL) frBETASC(LLL) »MUSCLLL) »IFSC(LLL)

CONTINUE

DO 102 LLL=1,»50
WRITE(7,2802)LLLyHARSG(LLL) yHARL12(LLL) rHARLIB(LLL) yHARZ24C(LLL) y

1HAR3O0 (LLL)

FORMAT(’ “+21X»13,5E13.4)

CONTINUE

DO 103 LLL=1,50

WRITE(7,2803)LLLsRMSIF (LLL)

FORMAT (" “»1X,14,E20.5)

CONTINUE

DO 104 L=1,50
WRITE(7,2802)LyAHARG (L) s AHAR12(L) » AHAR18 (L) » AHAR24 (L) y AHAR3O (L)
CONTINUE

DO 105 L=1,50

WRITE(7,2803)LyAPRMS (L)

CONTINUE

WRITE(7,110)

FORMAT(’0’ 91Xy "ILyBRETAYMU» IF-—-WITH PHASE CONT’)
DO 106 L=1»50
WRITE(7y107)APIL(L) yAPRETA(L) »APMU(L) »APIF (L)
FORMAT(“ 0" »1Xr4E13.4)

CONTINUE

STOFP

END
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C TEST PROGRAM FOR NEWTON SENSITIVITY ANALYSIS
DIMENSION FD(5)sF(5»1)9FF(5,5)»AIF(11),ARETA(11),AMU(11)
1AW(11),AV(11),A2(11),AMO(11),AMOO(11)ALAMD(11)
REALX4 MOyMOOsMUrIF» IL K1 yLDyLFoMFoMFDsLABR)LO»MD'yKQr ILFMAX»
1LAYKFOsKAByKOD Y KF y KDy IKyMAy IFT» IQyLAMQy LAMD» ILO» ILC» IKO» IKC
DO 34 I1=1,7
LF=0.12E 01
LD=0.82E-07
MF=0.79E-02
MD=0.38E-05
MFD=0.19E-03
LAR=0.15E-03

1L.0O=0.,3E-03

C LO=LA AND LABR=MA
CAF=MF/SQRT (LLOXLF)
CAB=LAR/L0O

CAD=MD/SQRT (L.OXLD)
CFD=MFLDV/SQRT (LLFXLD)
no 35 12=1,11
IF(I1.6T.6) GO TO 36
IF(I1.GT.S5) GO TO 37
IF(I1.6T7.4) GO 70 38
IF(I1.67.3) GO TO 39
IF(I11.G7.2) GO TO 40
IF(I1.6T7.1) GO TO 41
LF=0.640.12%(I2-1?
MF=CAFXSQRT (LOXLF)
MFD=CFDXSQRT(LFXLD)
A1(I2)=LF
GO TO 42

41 L[=0.41E-07+(0.082E-07)%(12-1)
MD=CADXSQRT (LOXLD)
MFD=CFDXSQRT (LFXLD)
A1(12)=LD
GO TO 42

40 MF=0,395E-02+(0,079E-02)%(I2-1)
A1 (I2)=MF
GO TO 42

39 MFD=0.,095E-034+(0.,019E-03)%(12-1)
AL(I2)=MFD
GO TO 42

38 MD=0,19E-054(0.03BE-05)%(12-1)
A1(I2)=MD
GO TO 42

37 LAB=0,075SE~-03+(0.015E-03)%(12-1)
A1 (I2)=LAB
GO TO 42

36 LO=0,15E-034(0.03E-03)%(12~-1)
MF=CAFXSQRT (LLOXLF)
MD=CADXSQRT (LOXLD)
LAB=CABXLO
AL(TI2)=L.0

42 CONTINUE
Ki=1.0
UL=6760.0
IL=1420.0
OMEGA=2513,27
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FREQ=400.0
KF = (MFXLD-MDXMF L) / (LFXLD-MFDXMFD)
KD=(MDXLF-MFXMFD) / (LFXLD-MFDAMFD)
KQ=MD/LD
MOO=MDxXx2/LD
AMOO(I2)=MOO
AMO (12) =KF XMF +KDXMD
ALAMD(I2)=AMO(I2)-MOO
MO=MOO
NELTAF=M0+M00
DELTAO=(1.3333%x(LO+LAR))-DELTAF
CONTINUE
CALL NEW3ON(MU»BETA»IFyW»VyFREQyDELTAOY ILyVL yMOOYK1y
1MF »MO»OMEGA» DELTAF » ZETAYK)
IF(K.LT.200) GO TO 80
AIF(I2)=0.0
ABETA(I2)=0.0
AMU(I2)=0.0
AW(I2)=0.0
AV(I2)=0.0
GC TO0 35
CONTINUE
AIF(I2)=IF
ABETA(I2)=BETA
AMUCI2)=MU
AWCI2) =W
AV(I2)=V
CONTINUE
IF(I1.6T.6) GO TO 46
IF(I1.6T7.5) GO TO 47
IF(I1.67.4) GO TO 48
IF(I1.6T7.3) GO TO 49
IF(I1.67.2) GO TO 50
IF(I1.67.1) GO TO 51
WRITE(7,100)
FORMAT (0 »SXy 'LF VARIATION")
GO TO 52
WRITE(7»101)
FORMAT( "0’ »5Xy LD VARIATION’)
GO TO 52
WRITE(7,102)
FORMAT( "0’ »5X» 'MF VARIATION')
GO TO S2
WRITE(7»103)
FORMAT(’0’»5Xs "MFD VARIATION')
GO TO 52
WRITE(7+104)
FORMAT ("0’ »35X» "MD VARIATION’)
GO TO 52
WRITE(7,105)
FORMAT( 0’ »5X» 'LAR VARIATION’)
GO TO 52
WRITE(7,106)
FORMAT (0’ »SX» 'LO VARIATION')
CONTINUE
WRITE(7,120)
FORMAT( 0’ »7Xs "PARAMETER "8X» “IF " » 11Xy "BETA’ »11X» "MU" »

- ——




113Xy "W »13Xs‘V 911Xs MO0’ »12Xy ‘MO’ 511Xy ‘LAMD’)
DO 55 L=1s11
WRITE(7+,110)A1 (L) »yAIF(L) yABETACL) yAMUCL) yAW(L ) yAV (L) »
1AMOO (L) r AMO (L) rALAMD (L)

110 FORMAT(’ “+2X»9E14.4)

55 CONTINUE

34 CONTINUE
STOFP
END
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TABLE

FPROGRAM TABLE.FOR

MAIN PLOTTER PROGRAM

DIMENSION FID(S)sF(591)9FF(5+5) yMUS(S50) r RMSIF (50)»
1XRMS(S0) rALIF(21)»TRETA(21)» TMU(21)sFF1(4,4)yF1(451)
1FD1(4)» ILS(50) s BETAS(S50) » IFS(50) yAPIL(50) yAPBETA(S0) »
1APMU(SO0) »APIF (S50) y AHARL (50) y AHAR12(50) » AHAR18(50) »
1AHAR24(50) yAHAR30(50) » AFRMS (50) yHARS (50) yHAR12(50) »

1HAR18(50) yHAR24(50) yHAR30(50) »rALO(21) » XHARL (21 ) » XHAR12(50) »
1XHAR18(21) » XHAR24(21) » XHAR30(21) »AIQ(60) yAID(K0) yAIF (60) »

1AIK(60) » THETA(40)

REALX4 MOyMOO /MU IF»ILsK1sLDyLFoMFyMFIsLARYLOyMD,KQy
INN1 NP2y OMEGAs LAY MUF y MUF s KFOyKARy KOy ILS» IFSyMUSKF » KD
INFUT MACHINE FARAMETERS

LF=0.12E 01

LD=0.82E-07

MF=0.79E-02

MD=0,38E-05

MFD=0.,19E-03

LAR=0,15E-03

1.0=0.,3E-03

K1=1.0

VLL=6760.0

IL=1420.0

OMEGA=2513.,27

FREQ=400.0
KF=(MFXLD-MDXMFD) / (LFXLD~(MFD) X%X2)
KD=(MDXLF-MFXMFD) / (LFXLD~(MFD)%%2)
KQ=MD/LD

MOO=MDXx%x2/LD

MO=M0OO

DELTAF=MO+MO00
DELTAO=(1.333%(LO+LAR))-DELTAF
DIL=1420,0/15.0

KFO=MF/SQRT (LFXLO)

KAB=LAB/1L.O0

KOD=MD/SAQRT (LOXLD)

DLo=0.0

DO 200 L=1,21

IL=1420.0

LO=L0+DLO

KKK=0

MF=KFOXSART(LFxLO)

LAB=KABXLO

MD=KODXSQRT (LOXLD)

MOO=MDXX2/.D

MO=M00

DELTAF=MO+M0O0
DELTAO=(1.,3333%x(LO+LAB))~-DELTAF

KF = (MFXLD-MDXMFD) / (LFXLD~ (MFD) X%X2)
CALL NEWTON(MUSYBETA»IFsWyVyFREQsDELTAOY IL »VLyMOOsK1 >y
1MF y MOy OMESA - DEL TAF » ZETA)
DLO=0,03E~-03

IL=0.0

IF=1,1%IF

DO 100 LLL=1,17

KKK=0

CALL PHACONCIFsMFyBETAYMO»WsVyILyMU»DELTAO» OMEGA VL »yMOO)
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100

300

201
200

202

AFPIL (LLL)=IL
APBETA(LLL)=BETAX180.0/3.1416
AFMU(LLL)=MUX180.0/3.1416
CALL FS(MUyBETA»OMEGAYIL»IFsMOyDELTAOYMFsWsVsLOsLABY
1DELTAF sLLL »AHARS y AHAR12 AHAR18» AHAR24 » AHAR30)
CALL RMS(BETAsLLLMUsAPRMSy ILyDELTAOMFyMOsWrVyMOOy IF
1KF»DELTAF)
IL=IL+DIL
CONTINUE
WRITE(7y300)L.0yIF
FORMAT (‘0" »5Xy ’LO="yE10.,3+5Xy ' IF='»E10.3)
WRITE(7,203)
FORMAT (0’ »SXy "IL» IFRMS»6THy»12THy 18THYBETAYMU )
no 201 KK=1,17
WRITE(7+202)AFIL (KK) v AFRMS (KK) vy AHARS (KK) y AHAR1 2 (KK) »
1AHAR18(KK) y APBETA (KK) r AFMU (KK}
CONTINUE
CONTINUE
FORMAT (' " 92X9sF7.192XsF7.392XsE10.392X9E10.392X>
1E10.392XyF7.192X5F5.2)
STOF
END
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200

201

298
10

300

600

700

e

TEST PROGRAM FOR FAULT

DIMENSION FD(S»1)»F(Ss 1) 2FF(S5¢5)vA(494) yB(5y5) yRH(Sy1)yCIL(300),
1ICIK(300)yCWT (300)

REALX4 MOsMOO MU IF» ILoR1yLDsLF s MFyMFLsLAB,LOyMLKQr ILFMAX
1LA'KFO'KABs KON KF y KDy IKsMAY IFT»IQ»LAMAsLAMDs ILO» ILCy IKOy IKC
LF=0.12E 01

LD=0.82E-07

MF=0.79E-02

MD=0.38E-05

MFD=0.19E-03

LAE=0.15E-03

LO=0,3E-03

LA=LO

ILFMAX=0.1E 06

WRITE(7+200)

FORMAT (70’ +2Xy “TYPE THE VALUE OF RP DESIRED’)
READ(Sy201)RP

FORMAT(E20.10)

K1=1.0

UL=6760,0

IL=1420.0

OMEGA=2513.27

FREQ=400.0

KF=(MFXL.D-MDXMFD) / (LFXLD-MFDXMFD)
KD=(MDXLF-MFXMFD) / CLFXLD-MFIOXMFLD)

KQ=MD/LD

MOO=MDOXX2/LD

MO=M0OO

DELTAF=MO+M00

NELTAO=(1,3333%x(LO+LAR))-DELTAF

CALL NEWTON(MUSBETA IFsWr Vs FREQyDELTAO» IL»VLYyMOOYK1 »

1MF »MOs OMEGAYFELTAF » ZETA)

WRITE(7¢299)

FORMAT (0’ ¢s1Xy "ENTER VALUE OF LO DESIRED---FORMAT E10.37)
READ(S5,298)L0

FORMAT(E10.3)

FORMAT(’ “+1XySE13.4)

IL=1420.0

CALL FAULT2(IF»BETA'MUsLAYLABLFsLDyMDyMFsMFOsWsVs Il y
10MEGAYDELTAO/MO»VL»LOy ILFMAXRP)

WRITE(7y300)IL

FORMAT (0’ 93Xy "ILMAX FROM FAULT =’yE10.3)

WRITE(7+600)

FORMAT (0’ 93Xy "TYPE *0O" TO ENDs OR "1* FOR ANOTHER RUN")
READ(S,»700)KEY

FORMAT (14)

IF(KEY.GT.0) GO TO 500

STOP

END
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C

UNCONT

MAIN PLOTTER PROGRAM

DIMENSION FR(S)sF(Sy1)9FF(5,5) yMUS(50) yRMSIF (50) »
1XRMS(50) »ALIF(21)»TRETA(21)»TMU(21)vFF1(4y4)vF1(4,51)
1FD1(4)»ILS(S50) yBETAS(50) v IFS(S50) yAPIL(50) yAPRETA(S0) »
1APMU(S0) »APIF (50) » AHAR6(50) y AHAR12(50) » AHAR18(50) »
1AHAR24 (50) yAHAR30(50) » AFRMS (50) yHARS6 (50) yHAR12(50) »

1HAR18(50) yHAR24 (50) yHAR30(50) v ALO(21) » XHARS (21) » XHAR12(50) »

1XHAR1IB(21) » XHAR24(21)»XHAR30(21)yAIQ(60) yAIN(S0) yAIF (60)
1AIK(60)yTHETA(S0)

REALX4 MOyMOOsMUr IF s IL/K1yLDsLFoMFyMFDyLABsLOsMD/KQy
INNLsNP2yOHMEGAYLAYMUF s MUF yKFOyKAByKODIy ILSy IFSyMUS»KF y KDt
INFUT MACHINE FARAMETERS

WRITE(7,50)

FORMAT( 072Xy’ THIS IS THE DATA FOR THE UNCONTROLLED
1 BRIDGE RECTIFIER’)

LF=0.12E 01

LLD=0.82E-07

MF=0.79E-02

MD=0.38BE-05

MFD=0.19E-03

LABR=0,15E-03

LO=0.3E~-03

LLO=LLA AND LAE=MA

K1=1.0

VL=6760.0

1L=1420.0

OMEGA=2513.27

FREQ=400.0

KF=(MFXLD-MDXMFD) / (LFXLD-(MFD) %x%2)
KD=(MDELF -MFXMFLD) / (LFXLD-(MFD) X%2)

KQ=MD/LD

MOO=MDXx%x2/LD

MO=M0O0

DELTAF=MO+MOO0

DELTAO=(1.333%x(LO+LAR))-DELTAF

0IL=1420.0/15.0

KFO=MF/SAQRT (LLFXLO)

KAB=L.AB/L.O

KOD=MO/SQRT (LOXLI!)

nLo=0.0

IL=1420.0

KKK=0

MF=KFOXSQRT (LFxLO)

LAB=KABXL O

MO=KODXSAQRT (LLOXLI)

MOO=MDX%X2/L.D

MO=M0O0

DELTAF=MO+MO0O

DELTAO=(1,3333%x(LO+LAR))~-DELTAF

KF=(MFXLD-MDXMFLD) /(LFXLD-(MFD)X%X2)

IL=0,0

00 100 LLL=1y17

KKK=0

CALL NEWTON(MUYBETA»IFsyWyVyFREQyDELTAO» IL VL MOOyK1y
1MF y MOy OMEGAYDELTAF » ZETA)

AFTL(LLL) =1L
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AFIF(LLL)=IF
APRETA(LLL)=BETAX180.0/3.1416
AFMUCLLL)=MUX180.0/3.1416
CALL FS(MUyBETA»OMEGA» ILyIF MOy DELTAROMF WV LOYLABY
1DELTAFsLLL»AHARG yAHARL12 y AHAR1ByAHARZ24 y AHAR30)
CALL RMS(BETAsLLL yMUrAPRMS» ILsDELTAOyMF yMOsWsVyMOO s IF »
IKF»DELTAF)
IL=IL+DIL

100 CONTINUE
WRITE(7+300)L.0

300 FORMAT (0’ »S5Xy "LO="yE10.3)
WRITE(7,203)

203 FORMAT ('O’ ySXs "TLy IFRMS»6THy12TH» 18THy RETA s MU» IF 7))
[0 201 KK=1,17

WRITE(7y202)APIL(KK) s AFRMS (KK) y AHARG (KK) s AHARL1 2 (KK »

1AHAR18 (KK) r AFRETA (KK) y APMU(KK) y AP IF (KK)

201 CONTINUE

202 FORMAT( “92XyF7.192XsF7.392XvE104392XyEL10.392X>
1E10.3+92X9F7.192XyF5.293X0F6.2)
STOF
END
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APPENDIX IV. SUBROUTINES

The following subroutines for the main programs of Appendix III
are listed in alphabetical order. Subroutines GELG and ARSIN are not
included. GELG is a program for solving simultaneous equations that
is  part of the IBM Scientific Subroutine Package. ARSIN is a series
for the arcsin function. It should be noted that the notation in the

programs occasionally varies from that in the text:

Text Program
La Lo
Ma Lab
1. FS: Finds the harmonics of vo.
2. FAULT2: ‘ilculates the fault current.
3. JACOB: Calculates the Jacobian matrix for the uncontrolled

rectifier bridge.

4. JACOB4: Calculates the Jacobian matrix for the controlled

rectifier bridge.

w

LITLI: Calculates 145 lq, lf and 1, vs. 0.
6. NEWTON: Newton-Raphson algorithm for the uncontrolled
rectifier bridge.

7. NEW3ON: Same as NEWTON except variable K is included in
argument list to test for convergence. Used only
with SENSI3.

8. PHACON: Newton-Raphson algorithm for the controlled

rectifier bridge.
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RHS: Calculates right hand side vector for NEWTON.
RHSYB4: Calculates right hand side vector for PHACON.

RMS: Find rms value of if.

TERMA: Performs repetitive calculation for FS.
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SUBRROUTINE FS(MUsBETA»OMEGA» IL» IFyMOYDELTAOYMFsWsVsLOvLABY
1DELTAFsLLLYHAR6YHAR12yHAR18yHAR24yHAR30)
DIMENSION CN(S) »HAR6(S0) yHAR12(350) yHAR1B(50) yHAR24(50) y HAR30(50)
REALX4 MU»IL»IFyMOsMFsLOrLAER
A=-0OMEGAX (1. 732X IFXMF+2.865kMOXW) %1 .91
B=2,865%X0MEGAXMOXVX] .91
C=-2.865%0MEGAXILXMOX1.91
DID'=(OMEGA/DELTAO)Y %X (1 .5%MO0-LO~-LAB)
D=D0Dk(1,155%KMFXIF+1.91%xMO%XW) X1 .91
E=+1.21%XMOXVUXDDX1 .91
F=0.9255SXIL¥DELTAF¥DDXx1 .91

DO 10 K=1,95

R1=BETA+MU~-1.047

B2=RB1+1.047

N=K%é

CALL TERMA(NsA»2.094,B2yAN1yBN1)
AN=AN1

BN=BN1

CALL TERMA(NsA»2.094yB1rAN1sBN1)
AN=AN-AN1

EN=EN-BN1

CALL TERMA(N»B»0.524yB2sAN1sBN1)
AN=AN+AN1

BN=BN+BN1

CALL TERMA(N¢B»0.524,B1rAN1yBN1)
AN=AN-AN1

BN=BN-BN1

ANG=2.094-BETA-MU

CALL TERMA(NsCrANGYB2sAN1BN1)
AN=AN+AN1

BN=BN+BN1

CALL TERMA(NsCrANGsB1,AN1»EN1)
AN=AN-AN1

BN=BN-BEN1

B1=BETA

B2=BETA+MU

CALL TERMA(N»D»O0.0yB2yAN1sBN1)
AN=AN+AN1

BN=BN+BN1

CALL TERMA(N»D»O.OrB1yAN1+,BN1)
AN=AN-AN1

BN=BN-BN1

CALL TERMA(NsE»1.571+B27AN1yBN1)
AN=AN+AN1

BN=BN+BN1

CALL TERMA(NsE»1.571,B1,AN1,BN1)
AN=AN-AN1

BEN=BEN-BN1

ANG=-BETA-MU

CALL TERMA(NsF»ANG»B2yAN1/yBN1)
AN=AN+AN1

BN=EN+BN1

CALL TERMA(NsFsANGrE1yAN1sBN1)
AN=AN-AN1

EN=BN~BN1

CN(K)=SART (ANXX24+BNXX%X2)
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CONTINUE

HARS (LLL)=CN(1)
HAR12(LLL)=CN(2)
HAR18(LLL)=CN(3)
HAR24 (LLL)=CN(4)
HAR3O (LLL)=CN(5)
RETURN

END
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SUBROUTINE FAULT2(IF,BETAyMUrLA'LAB/LFoLIYMDyMFoMFDsWsVrILy
10MEGA» DELTAO»MO» VL »LO» ILFMAX»RP)

ROTOR FLUX LINKAGES ASSUMED CONSTANT
DIMENSION A(4r4)»B(5»5)yCIL(300)»CIK(300),CWT(300)
1ARH(4,1) yBRH(S»1)

REALX4 LOsKDsKFsKQy IKy IFsMUsLAYLAByLFsLDyMDyMFyMFDy IL s IFTy
1ID,IQsyLAMQy LAMF » LAMD» ILO» ILC» IKO» IKC»MO» ILFMAX
KK=0

JJI=0

SPECIFY INITIAL CONDITIONS FOR CONDUCTION PERIOD
WT=BETA+MU-1.047

LO0=0.1

K= (MDXLF-MFXMFD) / (LFXLD-MFDXMFD)
KF=(MFXL.D-MDXMFD) / (LFXL.LD-MFDXMFD)

KQ=MD/LD

IFT=1IF+1.732%kKFX((3/3.1416)%(W+ILX
1COS(RETA+MU) )~ (ILXCOS(WT+0.524)))
ID=CIFT-IF)XKD/KF
IQ=1,732%XKQ%((3/3.1416)%(V-ILXSIN(BETA+MU))
1+ILXSIN(WT+0.,524))

F1=1/(LFXLD-MFDXMFD)
LAMQR=-1.732%HDXILXSIN(WT+0.524)+LDXxIQ
LAMF=1.,732KILXMFXCOS(WT+0.524)+LFXIFTHMFDXID
LAMD=1.,732XILXMDXCOS(WT+0.524) +MFDXIFT+LDXID
SF=F1X(LAMFXLD-LAMDXMFD)

SD=F 1 X (LAMDXLF-LAMFXMFD)

SQ=LAMQ/LD

A(1,1)=LO0+2%(LAt+LAR)

A(2,2)=1.0

A(3,3)=1.,0

A(4,4)=1.0

A(2,3)=0.0

A(2+4)=0.0

A(3+2)=0.0

A(3+4)=0.0

A(4,2)=0.,0

A(4,3)=0.,0

B(1,1)=L0+2%(LA+LAR)

B(2,2)=1.0

B(3+3)=1.0

B(4y4)=1.0

B(293)=0.0

B(2+,4)=0.,0

B(3,2)=0.0

B(3+4)=0.0

B(4,2)=0.0

B(4,3)=0.0

B(Sy1)=-LA-LAB

B(S5+,5)=2%(LA+LAR)

B(1y5)=-LA-LAB

GO INTO CONDUCTION DO LOOP

DWT=3.1416/150

DT=DWT/2513.3

WT=WT+0.524

JUMP=0

WT=WT~1.047%JUMF

JUMFP=JUMP+1
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oL

N

10

301

IF (JUMF.GE.4) GO TO 99

RA=0.0164

DO 1 K=1,3000

KEY=0

ILO=IL

KEY=KEY+1

IF(KEY.GT.2) GO TO 71

FIND DY/DX AT O
AC1,2)=1.732XMFXCOS(WT)
A(1,3)=1,732XMDXCOS(WT)
A(19,4)=-1,732¥HDXSIN(WT)
A(2y1)=1.732%KFXCOS(WT)
A(3,1)=+1.732%KDXCOS(WT)
A(4,1)=-1,732XKQXSIN(WT)

CONTINUE

ARH(15 1) =~ (RP+2XRA) XIL+1.732KkMF XOMEGAXSIN(WT) %
1IFTH+1,.732¢MDXOMEGAXSIN(WT ) XID

141, 732%XMDXOMEGAXCOS (WT)H) XIQ
ARH(2y1)=1,732%KF XOMEGAXSIN(WT)XIL
ARH(3y1)=41.,732XKDXOMEGAXSIN(WT ) XIL
ARH(451)=1,732XKQ¥OMEGAXCOS(WT) XIL
ARH(15,1)=(ARH(1,1)-A(1s2)%ARH(2y1)-A(1+s3)XARH(3,1)
1-A(1,4)XARH(4,1))/(A(1,1)-A(1,2)XA(2¢1)
1-A(1,3)%A(351)-A(1y4)%XA(4y1))
ARH(2,1)=ARH(2,1)~-A(2s1)XARH(1,1)
ARH(3y1)=ARH(3,1)~-A(3y1)XARH(1+1)
ARH(4,1)=ARH(4,1)~-A(4,1)XARH(1+1)
ARH(1,1)=DIL/0DT AT O

IF(KEY.GT.1) GO 7O 2

WT=WT+DWT

IL=IL+ARH (1, 1) %XDT

ILC=IL

DILDT=ARH(1,1)

GO TO 3

CONTINUE
IL=ILO+((DILDT+ARH(1+1))XDT)/2
CONTINUE
IFT=8F-1,732%XILXCOS(WT)XKF
ID=SD~-1.732%xILXCOS(WT) XKD
I10=S0+1 . 732XKAXILXSIN(WT)
IF(KEY.LT.2) GO TO 12
IF(ABSC(IL-ILC).LE.1.0) GO TO 10
ILC=IL

IF(KEY.GT.50) GO TO 997

GO 70 12

CONTINUE

KK=KK+1

CIL(KK)=IL

IFC(IL.GT.ILFMAX) GO TO 997
CIK(KK)=0.0

IF(KK.BE.299) GO TO 997

CONTINUE

TEST FOR END OF CONDUCTION PERIOD

VBCT=RAXIL+(LAB+LA)XARH(1/+1)~-1,732XMFXSIN(NT-0.524)%ARH(2,1)

1-1,732%0MEGAXCOS(WT-0.524) X (MFXIFT+MDXID)

1-1,732xMDASIN(WT-0.524)XARH (35 1) -1, 732XMDXCOS(WT-0.524)XAFH(451)

141 . 732¥MDXOMEGAXSIN(WT~0.524)x1Q
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FAULT IS PRESENT FOR 1 CONDUCTION PERIOD PLUS 1
COMMUTATION PERIOD + 1 COMMUTATION FPERIOD WHERE NEXT SCRS
ARE ELANKED--PROGRAM ENDS WHEN PEAD IL IS PAST
IFC{JUMP.GE.2) ,AND. (IL.LT.CIL(KK-1))) GO TO 99
IF(JUMP.GE.2) GO TO 1
IF(VBCT.GT.0.0) GO TO 11
CONTINUE
WRITE(7,720)
FORMAT(’ ’»5Xy ‘CONDUCTION PERIOD DOES NOT END’)
GO TO 997
CONTINUE
CALCULLATE COMMUTATION INTERVAL
IK=0.0
DO 26 K=1,200
KEY=0
ILO=IL
IKO=IK
KEY=KEY+1
IF(KEY.GT.2) GO TO0 70
FIND DY/DX AT O
B(1,2)=1,732%MFXCOS(WT)
EB(1y3)=1.732xMDXCOS(WT)
B(1y4)=-1,732XMDESIN(NT)
B(2y1)=1.732%KFXCOS(WT)
B(2+5)=1.,732%XKFXSIN(WT-0,.524)
B(3,1)=41.732xKDXCOS(WT)
B(395)=41.732XKDXSIN(WT-0.524)
B(4,1)=-1,732¥KQXSIN(WT)
B(4,5)=1.732XKQXCOS(WT-0.524)
B(5,2)=1.732¢¥MFXSIN(WT~0.524)
B(5y3)=1.732%¥MDXSIN(WT-0,.524)
B(5,4)=1,732%MDXCOS(WT-0.524)
CONTINUE
BRH(151)=-(RP+2%XRA)XIL+RAXRIK+1.7328MFXOMEGAXSIN(WT)
1XIFT+1.732XMDXOMEGAXSIN(WT) XID
141.732xMDXOMEGAXCOS (WT) XIQ
BRH(2y1)=1.732kKFXOMEGAX(SIN(WT)XIL-IKXCOS(WNT-0.524))
BRH(351)=41,732XKDXOMEGAX (ILXSIN(WT)-IKXCOS(WT-0.524))
BRH(4,1)=1,732XKQ¥OMEGAX ( ILXCOS(WT)+IKXSIN(WT-0.524))
BRH(Sy 1 )=RAXIL-2XRAXIK-1.732XkMFXOMEGAXIFTX
1COS(WT-0,524)~-1.732xMDXOMEGAXKIDX
1COS(WT-0,.524)+1.732kMDXOMEGAXIQX
1SIN(WT-0.524)
H=B(1,1)~-B(1,2)%E(2,1)~B(1+3)%XB(3,1)-B(1+4)%R(4,1)
C=B(195)-E(1,2)XR(2y5)-RB(19y3)XR(3+5)~-B(1,4)XB(4,37)
D=BRH(1+1)~-E(1y2)XBRH(2,1)-B(1y3)XBRH(3y1)-B(1y4)%XERH(4,1)
E=B(5s1)-B(S5»2)%XB(2y1)-B(5,3)%XB(3»1)-B(5y4)XR(4r1)
F=B(S5s5)~B(2y5)XB(5,2)~RB(5¢s3)XB(3¢5)-B(5,4)%XRB(4,5)
G=BRH(5r,1)-B(Sy2)XBRH(2,1)-B(5»3)%BRH(3v1)-B(5,4)%XBRH(4,1)
BRH(1,y1)=(DXF-CXG)/ (HXF-CXE)
BRH(Sy1)=(HXG-DXE) / (H¥F -CXE)
BERH(1,1)=DIL/DT» BRH(S5,1)=DIK/DT AT O
IF(KEY.GT.1) GO TO 20
WT=WT+DWT
IL=IL+BRH(1/,1)%XDT
IK=IK+BRH(S5/,1)%XDT
ILC=IL
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100

300

86

145
144

IKC=IK

DILDT=BRH(1,1)

DIKDT=BRH(S5s1)

GO 70 30

CONTINUE

IL=ILO+((DILDT+BRMH(1,1))XDT)/2

IK=IKO+ ((DIKDT+BRH(S,1))XDT)/2

CONTINUE
IFT=SF—-1.,732XKFX(ILXCOS(WT)+IKXSIN(WT-0.524))
ID=SD-1.732%XKDX (ILXCOS(WT)+IKXSIN(WT-0.524))
IQ=SQ+1.732%XKAX (ILXSIN(UWT )~ IKXCOS(WT-0.524))
IF(KEY.LT.2) GO TO 120
IF((ABSCIL~ILC) .LE.1.0) .AND. (ABS(IK-IKC).LE.1.0)) GO TO 100
ILC=IL

IKC=IK

IF(KEY.GT.50) GO TO 997

GO 70O 120

CONTINUE

KK=KK+1

CIL(KK)=IL

CIK(KK)=IK

CONTINUE

IF(IL.GT.ILFMAX) GO TO 997

TEST FOR END OF COMMUTATION PERIOD
IF(IK.GE.IL) GO TO 110

CONTINUE

WRITE(75721)

FORMAT{(’ “»5X» "COMMUTATION PERIOD DOES NOT ENDO’)
Gl 7O 997

CONTINUE

DUM=BETA+MU~-1.047

N0 86 K=1,KK

HUM=DUM+DMWT

CWT(K)=DUM

CONTINUE

DO 144 L=1/yKK
WRITE(Z7y145)CIL(L)yCIK(L)»CWT (L)

FORMAT(’ “ 92Xy IL="»E10.395X» "IK="»E10.3¢5Xy ‘WT="»E10.3)
CONTINUE

RETURN

END
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SUBROUTINE JACOR(MF»BETArIFsWsVyILMOyMU»DELTAO»OMEGAYFFrA»B»C)
DIMENSION FF(5,5)
REAL%X4 MO,MOO»MUsMF»IL»IFyK1»OMEGA
PAIF=1.155kMFXSIN(EETA)
PRIF=1.155%MF
PABETA=1,155XIFXMFXCOS(BETA)+1.21%xMOX(WXCOS(BETA)-VXSIN(BETA))
PBBETA=~1,91XMOXILXSIN(RETA+MU)
PCBETA=-1.91%XMOXILXCOS (BETA+MU)
FAMU=-1 .21 XMOXILXCOS (MU)
PWMU=0.0
FVMU=0.0
PEMU=-1 .21 XMOXILXSIN(BETA+MU)
PCMU=-1.91%xMOXILXCOS(BETA+MU)
PAW=1,21%XMOXSIN(RETA)
PBW=1.91%MO
PAV=1.91%XMOXCOS (BETA)
PCVU=1,91%xMO0
FF(1»1)=(COS(BETA+MU)-COS(BETA) ) XPAIF
140,25%(2xMU-SIN(2X (BETA+MU) ) +SIN(2XBETA) ) XPRIF
FF(1,2)=(COS(BETA+MU)-COS(BETA) )XPABETA
1-AX(SIN(BETA+MU)-SIN(BETA) )-0.25% (2%XMU
1-SIN(2X(BETA+MU) ) +SIN(2XRETA) ) ¥PBRETA
1+0.5%kBX(~-COS(2%(BETA+MU) ) +COS(2%XBETA))
1+0. 5% ((SINC(BETA+MU) ) Xx2-(SIN(BETA) ) x%x2)
1XPCBETA+CX (SIN(BETA+MU) XCOS(BETA+MU)~-SIN(BETA)XCOS(BETA))
FF(1y3)=PAMUX(COS(BETA+MU)-COS(BETA))-AXSIN(BETA+MU)
1+0.25% (2XMU~-SIN(2%X (BETA+MU) ) +SIN(2XBETA) )%
1PEMU+(B/2)%(1-COS(2X(BETA+MU) ) ) +0 .Sk ((SIN(BETA+MU) ) X%X2
1-(SIN(BETA) ) x%x2) XPCMU+CX (SIN(BETA+MU)XCOS(BETA+MU))
FF(154)=PAVX(COS(BETA+MU)-COS(BETA))+0.5X( (SIN(BETA+MU) ) X%x2
1-(SINC(BETA) ) XX2)XFCV
FF(1,5)=DELTAO+FAWX(COS(BETA+MU)~-COS(RETA))
140.25% (2XMU-SIN(2X (BETA+MU) ) +SIN(2XBETA) ) XPBW
FF(2y1)=PAIFX(SIN(BETA)-SIN(EBETA+MU))
140. 5% ((SIN(BETA+MU) ) x%2-(SIN(BETA) ) Xx%2) XPBIF
FF(2y2)=PABETAX(SIN(BETA)-SIN(BETA+MU))
1+AX (COS(BETA)~COS(BETA+MU))
140. 5k ((SIN(BETA+MU) ) x%x2-(SIN(BETA) ) X%2)XPEBETA
1+BX(SIN(BETA+MU) XCOS(BETA+MU)~-SIN(BETA) XCOS(RETA))
140.25%PCBETAX (2XMU+SIN(2X (BETA+MU) )-SIN(2%XBETA))
1+0.5%Ck (COS(2%x(BETA+MU) )-COS (2%XBETA))
FF(2y3)=PAMUX(SIN(RETA)-SIN(BETA+MU))
1-AXCOS(BETA+MU) +0.5XPBMUX ( (SIN(BETA+MU) ) X%2
1-(SINCBETA) ) *%x2)+BX(SIN(BETA+MU)XCOS(BETA+MU) )
140, 25%PCHUX (2XMU4+SIN(2%X (BETA+MU) )-SIN(2%BETA) )
140.5%Ck(14+COS (2% (BETA+MU) ))
FF(2/4)=DELTAO+PAVX(SIN(BETA)-SIN(BRETA+MU))
140, 25%FCVUX (2XMU+SIN(2%X (BETA+MU) )-SIN(2%XBETA) )
FF(2y5)=PAWX(SIN(BETA)-SIN(BETA+MU))
140.5SkPBWX( (SIN(BETA+MU) ) Xx2-(SIN(BETA) ) XX2)
FF(3y1)=(3.X0MEGA/3.1416)%(1.732XkMFXSIN(BETA+MU))
FF(3,2)=(3.%0MEGA/3.1416)%((1.732KIFXMFXCOS(BETA+MU))
14((9.%M0/3.1416)% (WXCOS(BETA+MU)-VXSIN(BETA+MU))))
FF(3y3)=(3,%0MEGA/3.1416)%((1.732%IFXMFXCOS (BETA+MU))
14((92.%M0/3.1416)%(WXCOS(BETA+MU)-VXSIN(BETA+MU))))
FF(3,4)=27 . XOMEGASMOXCOS (BETA+MU) /((3.1416)%%2)
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FF(3,5)=27 . XOMEGAXMOXSIN(BETA+MU) /((3.1416)%%2)
FF(4,1)=MFXCOS(BETA)/1.732
FF(4,2)=(-IFXMFXSIN(BETA)/1.732)

1+ ( (3., %xM0/3.1416) %X (-WXSIN(RETA) -VXCOS(BETA)))
FF(4y3)=-3, XkMOXILXSIN(MU)/3.1416
FF(4,4)=-3,XMOXSIN(BETA)/3.141¢6
FF(4,5)=3,%MOXCOS(RETAR)/3.1416
FF(5s1)=-4,XMFXCOS(BETA+MU/2)XSIN(MU/2)/1.732
FF(S»2)=(4 ., XIFXMFXSIN(BETA+MU/2)XSIN(MU/2)/1.732)
1+ ( (6. XM0/3.1416)%(WX(COS(BETA)-COS(RETA+MU))
1-UX(SIN(BETA)-SIN(EBETA+MU))))

FF(Sy3)=(-4 ., XIFXMF/1.732)%(-0.5XkSIN(BETA+MU/2)XSIN(MU/2)
1+0.5%COS(BETA+MU/2) XCOS(MU/2))
1+(6.XM0/3,1416) % (~WXCOS(BETA+MU) +VXSIN(EBETA+MU) )
1-6.XILXMOXCOS(MU) /33,1416
FF(S5y4)=6,%XMOX(COS(BETA) -COS(BETA+MU))/3.1416
FF(5,5)=6.XMOX(SIN(RETA)-SIN(BETA+MU) ) /3.1416
DO 2 II=1,5

FF(1,I1)=FF(1,I1)%1.0E 04

CONTINUE

DO 3 II=1,5

FF(2,I1)=FR(2,I1)%1.0E 04

CONTINUE

DO 4 II=1,3

FF(4,I1)=FF(4,11)%1.0E 04

CONTINUE

DO S I1I=1+5

FF(S,I1)=FF(5,I1)%1.0E 04

CONTINUE

RETURN

END
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SUBROUTINE JACOB4(MF»BETAyIF WV IL»MO»MU»DELTAO»OMEGAYFF »
1A¥ByC)

DIMENSION FF(4y4)

REAL X4 MOrMOOyMUsMF»IL,»IF,K1yOMEGA
FAIF=1,155XMFXSIN(RETA)

FRIF=1.155kMF
FABETA=1,155%IFXMFXCOS(BETA) +1 .91 %XMOX (WXCOS{BETA)-VXSIN(BETA))
PBRETA=-1,91XMOXILXSIN(BETA+MU)
FCRBETA=-1,921%XMOXIL%COS(BETA+MU)

FAMU=-1.21XMOXILXCOS (MU)

PWMU=0.0

FUMU=0.0

FEMU=-1 .21 %XMOXILXSIN(BETA+MU)
FCMU=~1,21XMOXILXCOS(BETA+MU)

PAW=1,91kMOXSIN(BETA)

FPEW=1.91XM0

PAV=1.91%XMOXCOS(BETA)

FCVU=1.91%M0

FF(1,1)=(COS(BETA+MU)-COS(BETA) )XFPABETA
1-AX(SIN(BETA+MU) -SIN(BETA))-0.25% (2. %XMU
1-SIN(2.%x(BETA+MU) ) +SIN(2.XBETA) ) XPBBETA

1+0 . 5S%BX(-COS(2., %X (BETA+MU) )+COS(2.%XBETA))

140 . Sk C(SINC(RETA+MU) ) %X%2- (SIN(RETA) ) XX2)

1%PCBETA+CX (SIN(BETA+MU) XCOS(BETA+MU) -SIN(BETA)XCOS(BETA))
FF(1+,2)=PAMUX(COS(BETA+MU)~-COS(BRETA) )-AXSIN(BETA+MU)
140,25% (2, XMU-SIN(2 . X (BETA+MU) )+SIN(2,.XRETA) ) X
IFBMU+(B/2.) % (1-COS(2. X (BETA+MU) ) ) +0 . SX((SIN(BETA+MU) ) X%x2
1-(SINCBETA) ) %X%x2)XPCMU+CX(SIN(BETA+MU)XCOS(BETA+MU))
FF(1,3)=PAVX(COS(BETA+MU)-COS(BETA))+0.5%X((SIN(BETA+MU) ) xXx2
1-(SINCRETA) ) XX%X2)%XPCV
FF(1,4)=DELTAO+PAWX(COS(BETA+MU)~-COS(BETA))

140.29% (2, XMU-SIN(2 ., X (BETA+MU) ) +SIN(2.XBETA) ) XPEMW
FF(2y,1)=PABETAX(SIN(BETA)-SIN(BETA+MU))

1+AX (COS(BETA)-COS(BETA+MU))
1+0.SX((SIN(BETA+MU) ) Xx2-(SIN(BETA) ) %x%x2)XFPBBETA
1+EX(SIN(BETA+MU) XCOS(BETA+MU) -SIN(BETA)XCOS(BETA))

140 . 25%PCBETAX (2 . kMU+SIN(2 ., X (BETA+MU) ) -SIN(2.XBETA))
1+0.5%Cx(COS(2. X (BRETA+MU) ) -COS(2.%BETA))
FF(2y2)=PAMUX(SIN(BETA)-SIN(BETA+MU))
1-AXCOS(RETA+MU) 40 . SXPBMUX ( (SIN(BETA+MU) ) x%2

1-(SINCBETA) ) xXx2)+BX(SIN(BETA+MU)XCOS(BETA+MU) )
140.25%FPCHUX (2 . XMU+SIN(2 . X (RETA+MU) ) -SIN(2.XBETA))
1+0.5%Cx(14+4COS(2. X (BETA+MU) ))
FF(2,3)=DELTAO+FAVX(SIN(BETA)-SIN(BETA+MU))

140, 25%PCUX (2. XMU+SIN(2,. X (BETA+MU) )-SIN(2.XBETA))
FF(2,4)=PAWXK(SIN(RETA)-SIN(BETA+MU))

140 . 5SxPBWX ( (SIN(BETA+MU) ) %%2-(SIN(BETA) ) Xx%x2)
FF(3y1)=(3.X0MEGA/3.1416)%((1.732xIFXMFXCOS(EBETA+MU))
14((9.%M0/3,1416) % (WXCOS(BETA+MU) -VXSIN(BETA+MU))))
FF(3,2)=(3.%0MEGA/3.1416)%((1.732%xIFXMFXCOS(RETA+MU))
14((2.%M0/3.1416) % (XCOS(BETA+MU) -VXSIN(BETA+MU))))
FF(3,3)=27 XOMEGA¥MOXCOS(BETA+MU) /((3.1416)%%2)
FF(3,4)=27 . OMEGAXMOXSIN(BETA+MU) /((3.1416)%%2)
FF(4y1)=(4 ., XIFXMFXSIN(BETA+MU/2.)XSIN(MU/2.)/1.732)

140 (6., %M0/3.,1416)% (WX (COS(RETA)-COS(BETA+MU))
1-UX(SINCBETA)-SIN(BETA+MU))))

FF(4y2)=(~4 . XIFXMF/1.732)%(~-0.SXSIN(BETA+MU/2,)XSIN(MU/2.)
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140 . 5SXCOS(BETA+MU/2.)XCOS(MU/2.))

1+ (6. XMO/3.1416) X (~WXCOS(RETAMU) 4VUXSINC(EBETA+MU) )
1-6.XMOXCOS (MU XIL/3,1416
FF(4y3)=6.XMOX(COS(BETA)-COS(BETA+MU) ) /3.1416
FF(4,4)=6 . XMOX(SIN(RETA)-SIN(RETA+MU))/3.1416
N0 2 11=1,4

FF(1,II)=FF(1,I1)%1.0E 04

CONTINUE

DO 3 II=1,4

FF(2yII)=FF(2,11)%1.0E 04

CONTINUE

DO 4 I1 = 1,4

FF(A,II)=FF(4,1]1)%x1.0E 04

CONTINUE

RETURN

END
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SUBROUTINE LITLICDELTAO'MF/»IFyBETA'MOrWry
1MOO»VrILYDELTAFyMUYAID»AIQYAIF»AIK» THETAYKQyKF ¢yKD)

DIMENSION AIF(40)rAIDCS60) yAIQ(60) yAIK(K0) »y THETA(S0)
REALX4 MFyIFsyMOyMOOyIL yMUyMDyKQyKDyKF
WRITE(7y10)KFsKQyKD
FORMAT(’ “#1Xy’KF =’9E15.39y’'KQ =’yE15.3y ‘KD =’»E15.3)
WRITE(7+11)IL
WRITE(7»12)BRETA
WRITE(7»13)MU
WRITE(7+14)IF
WRITE(7715)V
WRITE(7+16)W

FORMAT(’ “»1iXy’IL ="9F10.2)

FORMAT(” “s1Xy "BETA =’»F10.3)

FORMAT(’ 71Xy "MU ="9F10.3)

FORMAT (" “31Xs “IF ="9F10.3)

FORMAT (" “51Xy’V ='9F10.,3)

FORMAT(" “s1Xsy’W ="9F10.3)

WRITE(7:9)

FORMAT(" “39Xy "THETA 92Xy "IK »12Xy "IQ‘ v 12Xy "IN’ 912Xy " IF’)

ANG=BETA+MU~-1.0472

DO 100 L=1,60

X=ANG-BETA

Y=ANG- (BETA+MU)

Z=ANG-(BETA+1.0472)

IFCX) 2:293

IFCY) S+2+4

IFCZ)Y 2¢2¢9

AIK(L)=0.0

GO 70 &

AIK(L)=(1 . /DELTAO) X (1, 15SkMFXIFX(SIN(BETA)-SIN(ANG))
141 .91 XMOXWX(SINC(BETA)-SINC(ANG) ) +1.21XMO0XVX(COS(BETA)
1-COS(ANG) ) ~0.95SXILXDELTAFX(SIN(MU)+SIN(ANG-BETA-MU)))

AIQUL)=1.,732%KQX(0,.9255%x (V-ILXSIN(BETA+MU))
1+ (ILXSINCANG+0.524)-AIK(L)XCOS(ANG)))

AIDCL)=1,.732XKDX (0,955 (W+ILXCOS(BETA+MU))
1-(ILXCOS(ANG+0.524)+AIK(L)XSIN(ANG)))

AIF(L)=AID(L)XKF/KD

THETA(L)=ANGX180.0/3.1416

AIK(L)=-AIK (L)

ANG=ANG+0.01745

WRITE(7y200)THETA(L) yAIK(L) rAIQ(L) v AID(L) yAIF (L)

FORMAT(’ “»1XyF14,.2,4E14.3)

CONTINUE

RETURN
END
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SUBROUTINE NEWTON(MUSYBETA» IFyWyVyFREGYDELTAO» IL sVLYMOOsK1y
1MFyMO»OMEGAYDELTAFyZETA)
DIMENSION FD(S)sF(Sr1)vFF(S5:5)
REALX4 MOyMOO'MUs IF»ILK1MF
SLIGHT ERROR FOR IL.NE.O BUT.LT.3S
KAT=0
K=0
IF(IL.GE.35.0) GO TO S0
MU=0.0
RETA=3.1416/2.
IF=(1./(MFX1.732))%((4,17E-04)%XVL-0.75XILXDELTAO)
W=0.0
V=1L
GO TO 51
X=SART( (1B8XFREQXDELTAOXIL)/ (4AXVL+18XFREGXDELTAOXIL))
CALL ARCSIN(X)
MU=2%X
ZETA=SIN(MU/2)/(MU/2)
A=—-(((3.,1416XDELTAO) /(6% (1-COS(MU) )XMO00) )+ (1-K1)XSIN(MU)
1+ZETAXKIXSIN(MU/2)) /7 ((1-K1)XCOS(MU) +ZETAXK1XCOS(MU/2))
B=ATAN(A)
IF(B.GE.O.) GO TO 2
BRETA=3.1416+B
GO TO0 3
BETA = B
IF=(1/(1.,732%XMFXSIN(BETA+MU) ) )X ((VL/(6XFREQ) ) - (0. 7SXILXDELTAO) - (
14, SXILXZETAXK1XDELTAFXSIN(MU/2)/3.1416))
W = ILXK1%X(-COS(BETA+MU)+ZETARXCOS(BETA+MU/2))
U=ILXK1X(SIN(BETA+MU)-ZETAXSIN(BETA+MU/2))
WRITE(7+510)
FORMAT (0’ 95Xy ‘XXXXXFRANKLIN SOLUTIONXXXXXXXX ‘)
WRITE(7»300)KyBETAsMUs IF W,V
CONTINUE
Do 70 K=1,200
KK=0
A=1,155KIFXMFXSIN(BETA) +1 . 21 XMOX (WXSIN(BETA)
14UXCOS(BETA) )~1 .21 XMOXILXSIN(MUY)
B=1,1SSXIFXMF+1 .91 XMOXW+1 . Q1 XILXMOXCOS(BETA+MU)
C=1.21xMOX(V-ILXSIN(BETA+MU))
CALL RHS(IF'MFyBETAYMOsWyV»ILyMUYDELTAOF»OMEGAYAYByC»VL)
WRITE(7+486)F(191)9F(291)9F(391)sF(A451)yF(Ss1)
FORMAT(SE20.7)
DO 71 L=1,S
FD(L)==F(L+»1)
Y=ABS(FD(L))
IF(Y.GT7.0.001) KK=1
CONTINUE
IF(KK.GE.1) GO T0 72
GO TO 73
CONTINUE
CALL JACOB(MF/»BETAsIF WV IL MO/MUyDELTAO»OMEGAFFrAvByC)
IF(KAT.NE.O) GO TO 100
KAT=1
IEGN=5
IVEC=1
EPS=0.01
K10=0
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CALL GELG(FD+FFy»IEQNrIVECYEFS»K10)
BETA=BETA+FD(2)

MU=MU+FD(3)

IF=IF+FD(1)

VU=U+FD(4)

W=W+FD(5)

WRITE(7+300)KyBETA' MU IF s W»V

FORMAT(’ “9s1X2I14¢3X» BETA="9E14.793X» ‘MU='yE14.7,
13Xy “IF='9E14.793Xy ‘W='yE14.7+3Xy’'VU=’'yE14,7)
CONTINUE

WRITE(?7,78)

FORMAT(’ “»1Xy 'NEWTON-RHAPSON DOES NOT CONVERGE’)
CONTINUE

IF(K.EQ.1) WRITE(7»3500)

FORMAT(’ “»1Xy» 'NEWTON DID NOT ITTERATEy» K=1')
WRITE(7,487)

FORMAT ("0’ »2X» " XEXXKEXXXEFINAL SOLUTION XXXXXEXEKX‘)
WRITE(7+300)KyBETAMU» IF W,V

WRITE(7,488)

FORMAT(’0’+2Xy THIS IS THE RHS VECTOR FOR TEST’)
WRITE(7+48B9)F(191)sF(291)9F(391)9F(491)9F(Sr1)
FORMAT(SE20.7)

RETURN

END
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SUBROUTINE NEW3ON(MU'BETArIFsWyUsFREQsNELTAO IL +VLyMOOYK1y
1MF MOy OMEGAYDELTAF » ZETAK)
DIMENSION FD(S)yF(5,1)yFF(5,5)
REALX4 MOsMOOsMUr IF » IL K1y MF
SLIGHT ERROR FOR IL.NE.,O BUT.LT.35
KAT=0
IF(IL.GE.35.0) GO 70 S0
MU=0.,0
RETA=3.1416/2.
IF=(1./(MFX1,732))%((4,17E-04)%VL -0, 735%XILXDELTAO)
W=0.0
V=1L
GO 70 51
X=((4%X3,.1416%XVL-9%OMEGAXILXDELTAO)/(4%3.,.1416%XVL
1+2%0OMEGAXILXDELTAQ))
CALL ARCCOS(X)
MU=X
ZETA=SIN(MU/2)/(MU/2)
A==(((3.1416XDELTAO) /(46X (1-COS(MU) )XMO0) )+ (1~K1)XSIN(MUY)
14ZETAXKIXSIN(MU/2)) /((1-K1) XCOS (MU +ZETAXK1XCOS (MU/2))
B=ATAN(A)
IF(B.GE.O0.) GO TO 2
BETA=3.,1416+E
GO 70 3
BETA = B
IF=(1/(1.732XMFXSIN(BETA+MU) ) )X ((VL/(LXFREQ) )~ (0. 75SXILXDELTAO) - (
14,.5%ILXZETAXKIXDELTAFXSIN(MU/2)/3.1416))
W = ILXK1X(-COS(BETA+MU)+ZETAXCOS(BETA+MU/2))
U=ILXKIX(SIN(BETA+MU)-ZETAXSIN(RETA+MU/2))
CONTINUE
no 70 K=1,200
KK=0
A=1, 155K IFXMFXSIN(BETA> 41 . P1AMOR(WXSIN(RBETA)
1+UXCOS(BETA) ) -1 .21 XMOXILXSIN(MU)
B=1,155%IFXMF+1 .21 XMOXW+1 ., 21 XILXMOXCOS(RETA+MU)
C=1.21%kMOX(V-ILXSINCBETA+MU))
CALL RHS(IF'MFyBETAYMOyWyV, ILyMUDELTAOF»OMEGA»AsByC»VL)
WRITE(7+48B6)F (191)yF(291)sF(39v1)sF(491)»F{5,1)
FORMAT(SE20.7)
D0 71 L=1+5
FD(L)==-F(L»1)
Y=ABS(FD(L))
IF(Y.GT,0.,01) KK=1
CONTINUE
IF(KK.GE.1) GO TO 72
GO TO 75
CONTINUE
CALL JACOB(MF»BETArIFsWsV»IL MOYyMUyDELTAO»OMEGAYFFsA»B»C)
IEQN=S
IVEC=1
EFPS=0.01
K10=0
CALL GELG(FDsFF,»IEQNs» IVECYEPS,K10)
BETA=BETA+4FD(2)
MU=MU+FD(3)
IF=IF4FD(1)
V=U4+FD(4)
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W=W+FD(3)

WRITE(79»300)KyBETAsMUr IFyW»V

FORMAT(’ “»1XsI4»3Xy ‘BETA='9vE14.7»3Xy ‘MU='»E14.7>
13X "IF="9E14.,793Xy 'W="9E14,7+3X»'VU="'»E14,7)
CONTINUE

WRITE(7,78)

FORMAT (" “»1X» 'NEWTON-RHAPSON DOES NOT CONVERGE')
CONTINUE

IF(K.,EQ.1) WRITE(7,500)

FORMAT(’ “»1Xy» 'NEWTON DID NOT ITTERATE, K=1')
WRITE(7,487)

FORMAT ("0 92Xy "XXXXRKXKXKFINAL SOLUTION XXXXXXKXX‘)
WRITE(79300)KsBETAyMU» IF WV

WRITE(7,488)

FORMAT ("0’ y2X»“THIS IS THE RHS VECTOR FOR TEST')
WRITE(7»489)F(191)sF(291)9F(391)9sF(491)sF(5,1)
FORMAT (5E20.7)

RETURN

END
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SUBROUTINE PHACON(IFsMFsBETAyMOsW»V, IL yMU»DELTAOyOMEGA» VL »MO0)
REALXA IFyMFoMOr IL »MU,MO0yOMEGA
DIMENSION FD1(4),F1(4,1)FF1(4,4)
KAT=0
BETA=BETA+(5.,0%3.1416/180.0)
DO 100 K=1,70
KK=0
A=1,15SXIFXMFXSIN(BETA)+1 .21 XMOX(WXSIN(RETA)
14+VUXCOS(BETA) ) -1 .21 XMOXILXSIN(MU)
B=1.,155%IFxMF+1 .21 kMOXW+1 .21 %XILXMOXCOS (BETA+MU)
C=1.921XMOX(V~-ILXSIN(BETA+MU))
CALL RHS4ABA(IFyMF+BETA' MO W,V ILMUSDELTAOF1s0MEGAYA»ByCyVL)
N0 101 L=1,4
FDL(L)=~-F1(lL.»1)
Y=ABS(FD1(L))
IF(Y.GE,0.01) KK=1
CONTINUE
IF(KK.GE.1) GO TO 102
GO TO 105
CONTINUE |
CALL JACOBA(MF»BETA»IF W)V ILyMOyMU,DELTAOOMEGA'FF1,A»E»C) |
IF(KAT.NE.O) GO TO 300
KAT=1
IEQN=4
IVEC=1
EPS=0.01
K10=0
CALL GELG(FD1»FF1,IEQN,IVECYEPSYK10)
BETA=BETA+FD1(1)
MU=MU+FD1(2)
VU=V+FD1 (3}
W=W+FD1(4)
CONTINUE
WRITE(7,2000)
FORMAT(’ “y1Xy 'NEWT-RAF DNOESN T CONV FOR PHASE CONTROL ")
IF(K.EQ.1) WRITE(7,305)
FORMAT(’ “41Xy "FPHACON DIL NOT ITTERATEy K=17)
RETURN
END
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SURROUTINE RHS(IFyMFsBETAYMOsWyVyIL MU»DELTAOF»OMEGA»A»ByCrVL)
DIMENSION F(S5»1)

REALX4 MOsMUsMF»IL»IF»OMEGA
F(1»1)=DELTAOXW+AX(COS(BETA+MU)-COS(BETA))+(B/4.)X%
1(2.XMU-SIN(2.X(BETA+MU) )+SIN(2.%XBETA))

1+(C/2. )% ((SINCRETA+MU) ) xXx2-(SIN(BETA) ) %X%x2)
F(2:1)=DELTAOXV+AX(SIN(BETA)-SIN(BETA+MU))
1+(B/2)X((SIN(BETA+MU) ) x%x2-(SIN(BETA) ) %%2)

14 (C/4.)% (2. XMU4SIN(2. X(BETA+MU) )-SIN(2.XBETA))
F(3»1)==-VUL+0.9255%0MEGAX (0 .73 ILXDELTAO+1.732%xIFXMFX
1ISIN(BETA+MU) +2 .86 5XMOX (WESIN(BETA+MU)
1+UXCOS(BETA+MU)))
F(4y1)=(0.,5774%1IF)XMFXCOS(BETA)+(0,.955%xM0)

1% (WXCOS(BETA)-VXSIN(BETA))+0.955%xMOXCOS(MU) XIL
F(Sy1)=-DELTAOXIL-(2,3094%IF)XMFXCOS(BETA+MU/2)
1ASIN(MU/2)4(1 .21 XMO)X (WX (SIN(BETA)
1-SIN(BETA+MU) )+VUX (COS(BETA)-COS(BETA+MU)))
1-1.21%MOXSIN(MU) XIL

F(1»1)=F(1+1)%1,0E 04

F(2s1)=F(2+y1)%1.0E 04

F(4y1)=F(4,1)%1.0E 04

F(S5r1)=F(5»1)%1.0E 04

RETURN

END
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SUBROUTINE RHSABA(IF yMFyBETA MOsW Ve IL yMUSDELTAOYF yOMEGA»
1A»B+C»VL)

DIMENSION F(4,1)

REAL X4 MOMUsMF»IL s IF»OMEGA
F(191)=DELTAOXWH+AX(COS(RETA+MU)~COS(RETA))+(H/4,)X
1(2.XMU-SIN(2.X(BETA+MU) ) +SIN(2.XBETA))

14(C/2. )X ((SINC(RETA+MU) ) XXk2-(SIN(BETA) ) x%x2)
F(2y1)=DELTAOXKV+AX(SIN(EETA)-SIN(BETA+MU))

14 (B/2)X((SIN(RETA+MU) ) XX2~(SIN(BETA) ) ¥X%x2)
14(C/4.)%X(2 . XMU4SIN(2.X(BETA+MU) )-SIN(2 . XRETA))
F(3y1)==VUL+0.955%0MEGAX (O .75 ILADELTAO+1 . 732%1F xXMF x
1SIN(BETA+MU) +2 . B65SXMOX (WXSIN(BETA+MU)
1+VUXCOS(BETA+MU) ))
F(4y1)=-DELTAOXIL-(2,309%IF)XMFXCOS(BETA+MU/2.)
1XSIN(MU/2.)4 (1. 21 xMO)X(UWX(SINC(BETA)
1-SIN(BETA+MU) ) +VX(COS(BETA)-COS(RETA+MU)))
1-1.,21kMOXSIN(MU) XII

F(1y1)=F(1,y1)%1.0E 04

F(2y1)=F(2+1)%1.,.0E 04

F(4,1)=F(4,1)%x1.0E 04

RETURN

END
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SUBRROUTINE RMS(BETA'LLL MUYRMSIF¢ILsyDELTAOYMFsMO»W»VsMO0»IF
1KF»DELTAF)

DIMENSION RMSIF (50)

REALX4 IKyIF»IL »MU»MF»MOOyMOr»KF
THETA=BETA+MU-(3.1416/3.)

DTHETA=3.1416/300.

SIF=0.0

DO 1 K=1,50

THETA=THETA+DTHETA
IK=(1./DELTA0)X((2./1.732)XIFXMFX(SIN(BETA)-SIN(THETA))
14(6./3:.1416) X (MOXWX(SIN(BETA)-SIN(THETA) ) +MOOXVX (COS(BETA)
1-COS(THETA)))-(3,/3.1416)XILXDELTAFX(SIN(MU)+SIN(THETA-
1BETA-MU)))

IF(THETA.LT.BETA) IK=0.0
SIF=(1.732%XKFX((3./3.1416)%(W+ILXCOSC(BETA+MU))-(ILXCOS(
1THETA+3.1416/6.)+IKXSIN(THETA) ) ) )X%X24SIF
THETA=THETA+DTHETA

CONTINUE

RMSIF (LLL)=SQRT(SIF)/SART(30.)

RETURN

END
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SUBROUTINE TERMA(NsYsPHIsXrAN1sEN1)
AN1=YR(SINC(N+1>XX)XCOS(PHI)+COSC(N+1)XX)XSIN(PHI))
1/7(2%(N+1))
AN1=AN1+YX(SINC(N-1)kX)XCOS(PHI)-COS((N-1)%XX)XSIN(PHI))
1/(2%(N-1))
BN1=YX(-COS((N+1)XX)XCOS(PHI)+SINC(N+1)XX)XSIN(FHI))
1/(2%(N+1))
EN1=BN1-YX(COS((N-1)XX)XCOS(PHI)+SINC(N-1)XX)XSIN(PHI))
1/(2%(N-1))

RETURN

END
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