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SECTION I

INTRODUCTION

This is the final report for work on the project Dynamic Simulation of

Airborne High Power Systems for the period of August 15, 1979 through

June 30, 1982.

Models were developed for three phase generators, three phase trans-

formers, SCR's and resonant charging circuits. The models were developed

in sufficient detail to represent operating conditions outside the range of

the usual models.

The three phase ac generator model includes sufficient detail to

allow inclusion of the effects of speed variation and field saturation. This

allows simulations of start up and severe faults, balanced or unbalanced.

Data are included for a specific machine and results are included for simula-

tion of severe fault conditions. Methods for measuring required machine

data are included.

The transformer model developed is for a three phase bank and can be

used with SCEPTRE to simulate a bank of three single phase transformers or a

three phase transformer. Wye-wye or delta-wye connections can be represented.

The model allows inclusion of magnetic saturation and also allows inclusion

of coupling between phases for the three phase transformer case.

Simulations include a composite system of generator and transforme r.

The ac and dc resonant charging modeling and simulation consisted of

determining an appropriate SCR model and conducting simulations using the

SCR models in ac and dc resonant charging circuit configurations supplied

by the Air Force.

Existing SCR models were inadequate at the specified power levels and

in the resonant charging configurations. The "Hu-Ki model" was chosen as

1



the best existing model. Starting with the "Hu-Ki model," simulation on

SPICE 2 assisted in arriving at a "modified Hu-Ki" model appropriate for

this application. A SCEPTRE model was developed from the SPICE 2 model. A

method of determining SCEPTRE SCR model parameters from manufacturers data

is given.

The work also addresses the problems of system variable selection in

nonlinear simulation, stiff differential equations and system simulation

using SPICE 2 and SCEPTRE CAD programs.

Lp -

.
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SECTION II

THE GENERATOR MODEL

2.1 OBJECTIVE
U This part of the project was to develop a mathematical and computer

model of a three phase ac generator. The model is to be adequate for in-

cluding effects of unbalanced transient loads, startup transient, speed

variation, field excitation variation and saturation of the field.

Most of the models'existing in the literature (Referencus 1,5,6) were

developed for representing generators in power system stability studies.

In power system applications the generator is usually connected to a large

system and the generator is constrained to operation in a narrow range or it

is removed from the system by protective devices. In the airborne high power

system one has a single generator supplying an isolated load and the machine

may be subject to more severe transients of a wider range.

Further, in a power system the concerns of the modeling for stability

studies are sustained overload currents and the synchronising of the genera-

tor with the system. In this airborne high power system the operation is

asynchronous and there is need to consider short duration transient pulses

that may affect the operation of the electronics in the associated load.

In order to have a model sensitive to these concerns, more detail is

included than is usual in power system stability studies. The model used

has these additional features: direct and quadrature damping effects;

variable speed; saturation effects including both variation in inductance

and variation in 3L/ai; more accurate developed torque formulation; formula-

tion in a form such that the prime mover model and the field control model

may be added if these become available at some later time.

2.2 GENERATOR MATHEMATICAL MODEL

Appendix A shows the generator equivalent circuit and establishes the

notation and time and space references used in the modeling.

In vector and matrix form the equation for the circuit model is given

either by Equation (43) or (46) and repeated here as Equations (1) or (2).

3



dx
V = RI + (1)

S(LI) (2)

The torque equations relating electrical to mechanical variables is

given by Equations (55) and (56) and here as Equations (3), (4), and (5).

d 2e 1de
de= [Tm- Te -B -] (3)

where the Te term represents the so called electrical torque and corresponds
power converted from mechanical form to electrical form, Pe

Pe Te (4)

Concordia (Reference 7) shows that the Te is defined by

T =1 [] 8 (5)

Equations (1) through (5) basically define the generator model. These

equations are standard forms in the literature (References [1,3,5,6,7]). The

model used in this work differs from others in the choice of system variables

and in the details of defining the inductance coefficients. These points are

discussed in Appendix A and in subsequent sections of this report.

2.3 CHOICE OF GENERATOR VARIABLES

Choices of generator state variables were made in two areas. First, the

direct phase variables were chosen over the more traditional direct and quadra-

ture axis variables. Secondly, the current variables were chosen over the

flux linkage variables.

The direct phase variables were chosen over the traditional direct and

quadrature variables for three reasons. First, while Parks (Reference 1)

transformation does significantly simplify the generator model equations and

hence aid in their solution, it is necessary at each numerical integration

step to transform the variables back to direct-phase variables for compatability

44



with the external load made up of electronic components and resonant charging

elements. Any expected gain would be greatly diminished by this transforma-

tion.

*Secondly, additional logic would need developing to represent the effect

of direct-phase open and short circuits on d-q variables.

" Thirdly, the application of Parks transformation and the resulting

simplified equations depend on certain simplifying assumptions which don't

really apply if saturation effects and L/ai effects are significant.

The choice of the current variables over the flux linkage variables was
dictated not by generator model considerations bit by limitations imposed by

models of the electronic components of the load (resonant charging circuit).

The developments in Section V and VI of this report indicate that for

. appropriate numerical integration methods, use of the X variable gives less

-- propagated error for non-linear inductances. Further, Nakra (Reference 8)

" and Manly (Reference 9) cite inaccuracies that may arise due to noise in the

3L/ai terms which appear in the current variable formulation.

However, available data and existing models for diodes, transistors and

SCR's are given in terms of current and voltage variables instead of flux

linkages and charge variables. This and the need to use a program such as

SPICE or SCEPTRE for the electronic component modeling dictated the use of

current variables for modeling the generator. SCEPTRE normally requires

that currents be the state variables in inductor elements.

2.4 FORMULATION FOR NON-LINEAR INDUCTANCE

Saturation effects cause the inductance coefficients to be nun-linear

functions of the machine currents. The circuit model equations for direct-

phase current formulation with saturation effects are now developed. The

terms arising due to dependence of inductance on the currents are illustrated.

The generator circuit model equations for direct-phase current formula-

tion and inductance as a function of current are

V= RI + L at + dt/0) (6)

5



In the second term on the right-hand side of the equation the induc-

tances are those defined in Lhe appendix by Equation (50) except that the

L and M coefficients are modified by saturation. The third term involving

dL/dt will be treated subsequently.

The assumptions made on the effect of saturation on the inductance terms

are discussed in Appendix A. Equation (53), repeated here, illustrates how

one of the inductance terms is affected by saturation.

Laas = CaaLs + CaaLm cos 2e (53)

=C Laa aa

Implied here is that the shape of the inductance curve as a function of

rotor position is not changed by saturation, (the validity of this assump-

tion is discussed in Appendix A). This form further implies that saturated

inductance measurements can be made on the direct axis as a function of net

excitation contributed by the various currents. The net excitation current

in terms of equivalent main field current is

2wfix = iF + NFDiD + NFa P a cos(e) + ib cos(e---)

+ i cos(e 2w (7)

To determine the Caa, the rotor Is aligned with the "a" phase axis and

Laa is measured as Ix is varied over an appropriate range giving a curve as

shown in Figure 1.

The equation for Laa as a function of ix is obtained by appropriate

polynomial curve matching techniques and results in the following form.

i: Laa L 0a~ + a, ix + a 1 + a31 + "' 1 (8)Laas Laola 1  x 2 3x

-LaoCaa

Thus Caa Is the normalized polynomial of the variation of the inductance

Laas with ix .

0 6
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a1+

x

FIGURE 1. VARIATION OF L WITH i (SATURATION EFFECTS)
ad~ x

C terms are required for each of the equations listed in Equation (50).

Measurements are needed to determine the following C polynomials: C aas CaFe
CaDl ~CaQ CFF1 C FD. CDD. These requirements are listed in more detail in

a later section.

These saturation coefficients are associated with the inductance terms

as shown below in Equation (9) where the ssubscript is dropped

IL aa Caa (Ls + Lm Cos(20)

t.7r

L ab = Caa - + Lm Cos(2e -2r =Lba

ILa = Ca (-M + Lm Cos(2e + 2w,) = Lc

LaF = C aF (MaF Cos(e)) = LFa

LaD = aD (aD Co~) Da

F..7



LaQ - CaQ(MaQ Sin(e)) =La

LbbCaa(L + L Cos2 2+
bb (2e+-S-

Lbc 0 Caa (-Ms + Lm Cos(26)) = Lcb

1bF = CaF(MaF Co~ w= LFb

LbD = CaD(MaD Cos) - 2

L ( Si~e w ) = Lb
LbQ = CaQ(MaQ SiQb-2

L Caa(Ls + Lm Cos(2e- )

Lc C aF(MaF Cos(e + Tw LFc

D CaD(MaD Cos(e + 2wc

LcQ C CaQ(MaQ Si~ Qc

LFF = CFFLF

1FD = FDMR = DF

LFQ =0 =LQF

LDD = DDLD

LQ =0 L (9)

L L1QQ Q

Next consider the third term on the right hand side of Equation (6),

(dL/dt)(I).

q 8
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Consider, for example, the first row of the matrix product (dL/dt)(I).

QtL + L +
(~ aa a + d )ib + (.1- ac 1c Tt Q' aF)IF

+ (d L)i + (t L )i (10)at-aD'D (-1aQ Q

now noting that the inductances are functions of the net excitation, ix, and

i x is given by Equation (7), the derivative in the first term of Equation (10)

expanded becomes.

d aLaa aix +aLaa x()

a-a LaIF5 a

3L aa-N N(-)Cos(e) N i Sin(e)
a t FD t + Fa at - Fa a S

aib  2 2w ae
+ N F(ab(-)Cos(e - 1 - NFab Sln(e -

al 2r 2f a + aLaa ae
+ NFa(- tCcos(e + Y) NFa Sin(e + + ae at

(12)

The expressions f'r the other terms after expanding the derivative terms
14 of Equation (10):

dt ab;' L ac; f aF; U" aD;'Ut aQ;

will be the same as Equation (12) except for the quantities outside the

square brackets where the inductance in question will appear. When these

terms are all expanded and terms are collected, the first row of the

L -- + (dL I matrix becomes

9



" ~dxa  i
-- [AaNFa Cos(e) + LsCaa + LmCaa Cos(2e)) da

aNFa o(e ) aa db

(AN Cos - MC + LmCaa Cos(2e - -)]

+ [AaNa Cose +2w -MsCa + maaCos(2e 2 ) dica Fa (+) s aa Lm aa -t
di F i

+ [Aa + CaFMaF Cos (e)] di F

diD
+ [AaNFD + CaDMaD Cos(e)] -ar-

di
+ [CaQMaQ Sin(e)] at

- Q [B aa ~ +CaM ~ d
[AaB + 2CaaCaLm + (CaFMaFiF +CaDiD)Sin(e) aQaQ Cos()] de

(13)

where

Aa Laa Lab Lab LaF D aLaD+ Q
A a 517a T+ib aiTx+lc --i+i F Tx+iF aTx~ iD _---ix Q a

B = NFa[ia Sin(e) + ib Sin(e- + ic Sin(e + 2TI I

Ca = a Sin(2e) + ib Sin(2e - 2 + c 2

Similar expansions are required for each of the rows of the matrix terms

corresponding to the terms

" b c OXF axD ax@ k' -t- @ 9- and o •

The complete listing of these terms is included in Appendix B.

Further, one must note and include the saturation effects on the L

_.4 terms. Again using phase "a" terms as example

Laa Caa(Ls + Lm Cos(2e)) (14)

10



-I - i 

and noting from Equation (8)

Caa + ali x +a2i + a3i + ." (15)

-Laa (Ls + Lm Cos(2e))(al + 2a2ix + 3a31 + ".) (16)

xx
Again the derivative of the other inductance terms with respect to ix

may be written in a similar fashion.

Finally the derivatives of the inductance terms with respect to e are

obtained. The "a" phase terms are listed

3Laa-3L 
-a 2 CaaLm Sin(2e)

aLab 2 C Sin(2e - ff

38 ao m

a - - 2 CaaLm Sin(2 + -)

8L aF

36 0 CaFMaF Sin(e)

aLaD

30 = - CaDMaD Sin(e)

aLMa
= " CaQMaQ Cose) (17)

2.5 SCEPTRE EQUIVALENT CIRCUIT

The circuit model equations developed in previous sections are now in a

form from which the equivalent circuit may be readily discerned. An equivalent

phase "a" circuit that is easily analyzed by the SEPTRE program is shown in

Figure 2. Equations for the other circuits of Figure 20 are developed in a

similar manner and equivalent circuits built for them. A program in SCEPTRE

can then be written. Such a program is listed in Appendix C.

11
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(). -C., Cos. (- d) * L, -
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).- C.OQaQQ cCo) jo

14"1il Sin)s do
Sin(e) do

CaD~mIO inF )j

41

1C Lic Sin(20 + 2) do

31

2CaaLmib Sin(26 - do

21
2CaLu Sin(2s) f*~~' . 11 i " ,. ,co

[AANF&0 Coso() + Laos]

FIGURE 2. EQUIVALENT CIRCUIT FOR PIASE a OF SYNCHRONOUS MACHINE.



2.6 INCLUSION OF PRIME-MOVER AND EXCITATION CONTROL MODEL

While SCEPTRE was primarily developed to facilitate network analysis,

it can be used to analyse other dynamic systems. Particularly, it has the

ability to analyze systems for which transfer functions are available.

SCEPTRE requires that the transfer function be converted to state equations

and the state equations entered into the program. (The details of this

conversion procedure are given in the manual (Reference 2).) This capability

of SCEPTRE can be used to advantage in simulating the prime-,iover charac-

teristics of the system. The prime-mover model is converted to a suitable

program and the output quantity of interest is the mechanical torque, Tm-

This becomes an input for the synchronous machine model through Equation

(3), which is the equation for rotor angle acceleration.

Similarly, excitation control-system models may be added to the machine

simulation. Excitation control is generally based on monitoring the terminal

voltage of the generator and changing the excitation field voltage in some

fashion as the response. The control system, modeled either as a transfer

function or an electronic network, is easily added to the present machine

model, since in the program both the terminal voltage and the excitation

voltage are accessible variables. The present work has not been concerned

with modeling either the prime-mover or the excitation voltage control

scheme, and the above observations are offered only to show how these models

can be incorporated in the present simulation.

2.7 AN ALTERNATIVE GENERATOR MODEL

In this report in SECTION V and SECTION VI the discussion and develop-

ment lead to two conclusions. First, in solving differential equations with

nonlinear inductors, the flux linkages, x, should be taken as the variables

and not the currents, i. Secondly, in "stiff" differential equations an

13



implicit integration method such as the "Backward Euler" method should be

used. However, the complexity of the electronic circuit model and the

desirability of using existing models from the literature for the SCR lead

to the decision to use CAD programs SPICE 2 and SCEPTRE. Now, both CAD

programs allow use of implicit integration but both force use of current

and voltage variables.

This subsection developes a formulation for the generator model which

uses flux linkages, x, as the nonlinear inductor variable and is based on

the "Backward Euler" implicit integration.

2.7.1 Nodal Analysis Approach

Since for the "Backward Euler" representation of the generator at any

discrete time kA t the equivalent circuit will be shown to be dc dependent

*voltage sources and resistors, the following paragraph establish the methods

and notation for representing such as system in nodal form.

Consider the dc circuit of Figure 3

R0
R 1

El 0

FIGURE 3. DC CIRCUIT FOR NODAL ANALYSIS

Application of Kirchhoff's current law and Norton's equivalent yields

the equation

14



(.+k. -V (18)

The equation solved for V1

RL

V1  E k +L /

For a constant value (dc value) of voltage source E, a resulting value of

node voltage V1 may be determined.

Nodal analysis may also be applied to a circuit contain;ng time varying

voltage sources. Consider the above circuit in which E = Em cos(Wt). If

time (t) were to be considered at only discrete intervals, then the voltage

source would be a constant value at each of discrete time interval. For

discretized time,

t = kAt
and

E = Em cos(kwAt) k =01 .... (19)

At=fixed interval

As is observed in this equation, for a given small value of At, the

trajectory of E with time as k is increased becomes a sinusoid. A plot of

E-versus-time is a sinusoid. Solution of the nodal analysis equation for

each discrete value of time (kwAt) yields a sinusoidally varying node voltage

V1

Since a generator can be represented by its Thevenin equivalent circuit

4 of a voltage source in series with a resistance, one may suspect that nodal

analysis is applicable to generator modeling. Since electronic circuit com-

ponents can be described in terms of voltage sources, currents sources, and

passive circuit elements, nodal analysis may also be applied to electronic

circuit modeling.

15



2.7.2 Matrix Form of DC Nodal Analysis

A composite branch defines any circuit element which can be represented

in terms of a voltage source, current source, or resistor. As will be seen,

later any dc circuit element may be represented in this manner.

"TO" NODE

''v k + R

igkJ 4
+ E=Vgk

i k IgJ( "1FROM" NSODE

FIGURE 4. GENERAL DC NETWORK ELEMENT

Current is always assumed, by this convention, to enter the "from" node.

This convention defines orientation when directed graph theory is applied

to a circuit for the purpose of producing an incidence matrix. The incidence

matrix (A) is a rectanglar matrix whose elements have the following values:

aij = 1 if branch j is incident at node i and oriented away from it

O aij = -1 if branch j is incident at node i and oriented toward it

aij = 0 if branch j is not incident at node i.

In matrix form, the Kirchhoff Current Law equation becomes

Ai(t) = Aig(t) (20)

The following derivational steps are well known and offered without comment.

AI = AI9  (21)

A(YV) = AIg (22)

(AY)(ATvn) = A(I- YVg) (23)
Y V =J (4K-- Yn n n (24)

16



This derivation leads to the development of Yn and J directly from the circuit

without use of the incidence matrix.

(Yn)i= sum of all admittances connected to node i when i = j

(Yn)ij = negative sum of all admittances connected between nodes
i and j when i $ j.

(n)i= sum of all current sources and all Norton equivalents

of accompanied voltage sources connected to node i.

This analysis may be extended to include non-accompanied voltage sources.

Let NN be 1 plus the number of nodes in the circuit. For an independent

voltage source (no accompanying series resistance),

Yn)ij = + 1 if branch k is incident at node i and oriented away
from it (0 = NN)

= - 1 if branch k is incident at node i and oriented toward it
(J = NN)

= + 1 if branch k is incident at node j and oriented away
from it ( = NN)

= - 1 if branch k is incident at node j and oriented toward it
(i = NN)

(Jn)NN = value of independent voltage source.

The introduction of an additional row and column in the matrices has created

a new "node voltage". The calculated value of this "node voltage" is the

value of current flow through the independent voltage source.

The current dependent voltage source requires a similar formulation. In

this case, the voltage source value is Ej = rIk, where Ik is defined tG be

the current flow through an independent voltage source or through another

current dependent voltage source. In this case, Ik is a "node voltage" as

shown above. The formulation is similar to that for the independent voltage

source.

17



(Yn )ij = + 1 if branch k is incident to node i and oriented away
from it (j NN)

"-- 1 if branch k is incident to node i and oriented

toward it (j = NN)

=+ 1 (i = NN)

=-l (i = NN)

=- r (i = j = NN).

The new "node voltage" created by the addition of a row and column in the

matrices is the value of current flow through the current dependent voltage

source.

2.7.3 Application of Nodal Analysis to the Generator

As presented in the derivational work for the generator model, d [A]

is a voltage source. This voltage source is composed of both independent

d
and dependent terms. Another way of expressing Ut [X] is by the use of the

-* Backward Euler integration algorithm for X (flux-linkage).

Xn+l = An + hxn+ l  (25)

where, h = t2 - tI = &t the step size, n is the step number.

* After rearranging the equation, we obtain

d 1 1 (6dt__ n+l hl n~ A 1 = h An+l - W An • (26)

As with all implicit integration routines, xn+l and dt Xn+l are unknown

values. An iteration technique is used to calculate these values. [A]n+i

is approximated by a Taylor Series

[Xk+l 1n+1 = [Xk 1n+l + [k n+l [AIn+l (27)

where J is the Jacobian

j (XaXkbXcXFXDXQ)
a(ia ,ibic"AF"AD3Q)

at the n + 1 step and the k iteration and [AI]n+ l is the difference between

the column matrics 18



Fk,1 k
EMni= _k IJ1[In+l Ln+l nJ

In applying the proceedure to phase A qt'anties, the derivational steps are

obtained
0

xan+l = xan + h xan+ l  (28)

Ean+l = xan+l = xa n -WXan+l (29)

-k
= >xan -xan+l

k/

F M n+l n+l " ian+l)

K k T i-'" nl nl"ib+

1xa (ik+l k

- Ti n+lbn+i b n+1

'iln+ l - ~~

k nk+l klaxa *k+ *

"FoT,7in- l  n+l in+l

jn30)

1 axa F n+ iF 5+
h iF jn+li kF n1

k /
1 axa (i Dk+l iD k
hW3iDn+i n+1 n+1,

7ia a + (Qk+l - k~ (30)

This equation may be realized into circuit elements represented by composite

branches, independent voltage sources and current dependent voltage sources.

This phase A circuit is shown in Figure 5.
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++

+ 1 k

k 1 k +kb bk k k
n n+1 n+1 n+1 anlin

+ 1k k+1
+ tLaa li a~~

n+1
kL~ k+1

-~ 1k .k+1

+ ~~ - ~, 4 1 k+l

+ 1k k+1

+ 1k k+1

4-k+1

FIGURE 5. PHASE A BACKWARD EULER NODAL CIRCUIT
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k+l
One realizes from the circuit, that -xan+l is equivalent to node voltage

k+l

v (1). The value of Aan+l is obtained by solving the set of node equationsn l

evaluated in terms of values determined during the kth iteration. All terms

are updated at the end of each iteration until no change in node voltage

(or current, or x) is observed.

2.7.4 Step Size Selection

d
All terms in the equation for t [x] are dependent upon step size.

The Backward Euler formula approximates the true solution but introduces a

local error

0(h2 ) - 2  (X(t*))h2  (31)
dt

where t1 < t* < t1 + h = t2 and where t* represents the value of time within
d2

the interval which results in the largest error. - Ex(t)J is approximated

numerically by

d 2 1 1h (hl + h2)
dt 2 2 hh2

X2
X 0

X 0

I I I

to tI t2

hI  h2

Total error is derived to be

Err h X;§ () (33)
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During the integration process, step size is determined based upon previously

detemined values.

s' a) Accept step size (h2) if Er;- < maximum error error

b) reject step size (h2 y h2 ) if Err > maximum error

c) increase step size (h2 = 2h2) if Err < I maximum error.

Results of all calculations are saved for plotting, by a digital plotting

routine.

This program has been written and is in the "debugging" stage. No

* results are as yet available for publication.

22
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- SECTION III

THE TRANSFORMER MODEL

3.1 OBJECTIVE

A model was developed and tested which will represent a three phase

transformation. The transformation may be made using three single phase trans-

formers in a three phase array or may be made using a three phase transformer.

The use of SCEPTRE allows consideration of the wye-wye and delta-wye systems

of the ac and dc charging systems.

Further the model developed allows for operation of the transformer

in the non-linear range of the magnetization curve and/or variation in

coupling between phases of the three phase transformer during unbalanced

operation.

Allowance for hysteresis effects are not included in the model.

3.2 THE TRANSFORMER MODEL

The equation which defines the electric-magnetic circuit relationship

for the transformer is:

[V] = [R][I] + dt ] (34)

where V = the set.of six terminal voltages

R = a matrix containing the six winding resistance

I = the set of six phase currents

x = the set of six flux-linkages

and
[ ] = [Ll[I].

Equation 34 expanded becomes
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Val IRa1  0 0 0 0 0 Ia1  ka1

Yb1  0 Rb1  0 0 0 0 lb1  ALb1

Vc, 0 0 Rc, 0 0 0 Ic1  d AC

Va2  0 0 0 Ra 2  0 Ia2  dt

Vb2  0 0 0 0 Rb 2  0 lb2  Al,2

Vc2  0 0 0 0 0 Rc2  Ic2  AC2 ,

axa, axa, axal aia1  3,a1  axa1

Ti1 aa a Wb1  acl al 2  a ' 2  7' c2  a

Xbaxbl axbl axb1  axb1  axb1  axb1  i

axc1  axc1  axc1  axc1  aAC1  3Xc1
Ac1  7i1  aib 1  6i1  a 71b i(36

a2  a~2  a~2  2 2 B~ B~2
Xa aa1  -,, Ib -a 1  l za2  BibT2  Tic2  ia2

axb2  90b aAb 2  Bab axb2  axb2

a2  a~ 2  A 2  BX2  A 2  BA 2

AC2 2 DA.- D2 M2 ac I c
a 2b 1 lc Blaa, 7, I 2  a ib2  a1c 2i 2

The inductance matrix [L] is composed of a set of partial derivative terms of

the general form

L - e-g., Laic2= 2 )7
-k alk a1 -c

The inductance matrix terms are defined as incremental inductances.

A sketch illustrating winding and current relationships is shown in

Figure 6.
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SalC
ai

+t C
a -- b > c2

Va2

FIGURE 6. THREE LEG THREE PHASE TRANSFORMER CORE CURRENTS AND VOLTAGES

In general, flux linkage of any winding is a non-linear function of all

the winding currents.

= xj(ia l, ia2 , ibl, ib2, icl, ic2) . (38)

This nonlinear relationship is further complicated by the presence of

hysteresis. Allowance for hysteresis effects is not included in the model

developed here. Hysteresis effects may be neglected without significant

error for low core loss grades of transformer core steel. Unreasonable

amounts of data and a cumbersome model would be required to include these

effects.

4 The magnetization curve can be measured by standard means. The effect

of this nonlinear curve is not considered to be negligible. The partial

derivative of the magnetization curve, Ljk, is also a non-linear function

of current. Each inductance can be expressed as a function of six currents.
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Lk = L (ial, ibl, ic1, 182, lb2, ic2)

Ljk = L [a0 + all ia +a2 ia + ia

.2 .3
+a21 ib1 + a22 ib1 + a23 ib1

+ a31 icI + a32 iI + a33 ic

2 3 (39)

+41 2 42 82 +4318a2

2 .3+ a51 ib2 + a52 ib2 + a53 ib2

+ 861 Ic2 + a62 ic2 + 863 ic2]

This expression requires a different set of constants (ai.) for each of the

36 inductance terms. By assumption of constant turns ratio, the expression

can be simplified.

I = ia + N ia2

iy = ibI + N ib2

iz = icl + N ic2

-- L L L [b  + b I  i x  + b i x2 + b i x3

aik Ljk 0 1 2 bl32 3

b21 iy + b22 i 2 + b23 iy (40)

+ b3k iz + b32  z +b33 i

Equation (40) is the form used In the SCEPTRE model.

Nakra and Barton (Reference 8) computed inductance coefficients for

each ijk state using a simplified magnetic circuit calculation.

The inductance coefficients could be determined by using "finite element"

analysis of the transformer electrical and magnetic circuit.
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However, the assumption in the model used here is that with modern

digital instrumentation and an existing transformer, the required data would

be measured. A multiple regression analysis then would be used to determine

the aij coefficients for storage.

Since

- [I~ [II (41)

and

d 31
Ttr LVJ

[ L (42)

The [L] matrix is considered constant incremental inductance evaluated

at each [I] state. Expanded Equation 34 becomes

Val RaI  0 0 0 0 0 ia -

VbI  0 RbI  0 0 0 0 ib

Vc1  0 0 Rc1  0 0 0 icl

Va2  0 0 0 Ra2  0 0 i a2

Vb2  0 0 0 0 Rb2  0 i b 2

Vc2  0 0 0 0 0 Rc2  ic2J

La1a1  La1bI  Lalc l  Lala 2  Lalb 2  Lalc 2"  iai"

Lbla1  Lb bI  Lblc l  Lbla 2  Lblb 2  LblC 2  ibl

Lclal Lclbl Lclcl Lcla 2  Lclb 2  Lcc 2  d ic+ 1 1 1 1 1 2 1.

La2aI  La2bI  L LaI Ll La2a2  La2b2  La2c 2  ia 2

Lb2aI  Lb2bI  Lb2cI  Lb2a2  Lb2b2  Lb2c2  ib2

Lc2aI  Lc2bI  Lc2c1  Lc2a2  Lc2b2  Lc2c2  ic2

4 (43)
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3.3 SCEPTRE MODELING

R2

-- 0L22 + VM Cos (t

L I RAL

FIGURE 7. SCEPTRE EQUIVALENT CIRCUIT FOR PHASE A

Implementation of the three phase transformer requires the use of

all 36 terms of the inductance matrix. These are computed in a FORTRAN

subroutine for each current state in terms of stored aij data. Implementa-

tion of a bank of three single phase transformers requires the exclusion

of all mutual inductance (off-diagonal) terms with the exception of mutual

inductances between primary and secondary windings of each transformer.

A listing of a SCEPTRE program in which a three phase transformer is

modeled is included in Appendix (D ). This model has been successfully

developed and implemented for the data used. This data does not represent

any known transformer. In the generator and transformer results section

plots of several parameters are shown as an illustration of operating

characteristics of the model.

The generator and transformer models have been successfully linked to

form a small isolated power system. A listing of the SCEPTRE program for

28



this system is shown in Appendix (D). It should be noted that this trans-

former does not match the generator terminal characteristics. In addition,

the transformer data do not represent a Known transformer.

No attempt has been made to model the generator, transformer, and

electronic circuit since compatible data were not available.

2

I
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SECTION IV

THE RESONANT CHARGING CIRCUITS

4.1 OBJECTIVE

This part of the project was the development of computer program models

of the ac and the dc resonant charging circuit which are to be the possible

alternative loads on the generator and transformer discussed in earlier

sections. The characteristics of the series RLC resonant circuit are well

known (Reference 22) and the sequence of switching events are defined by

prior knowledge of the particular application. Thus, the work reported here

involved developing an SCR model that would adequately represent turn on and

turn off characteristics in resonant charging circuits, using the SCR models

in both ac and dc charging circuits and extending the range of the models using

compensation and series and/or parallel operation of the device models.

The final model is in SCEPTRE since it must be compatible with the

generator and transformer models. Further, the practical feature of obtaining

model parameters from manufacturers data sheets is maintained.

The developments are based on previous work done in SPICE 2 with neces-

sary modifications and conversions to SCEPTRE. Much of the preliminary

development work was done in SPICE 2 since it is more efficient in electronic

circuit applications. It was necessary to modify existing SCR models and to

include snubber circuits to assure proper model performance in this high

power resonant charging application.

4.2 THE SCR MODEL IN SPICE 2

The SCR model was developed starting with the SPICE 2 model shown in

Figure 8. Figure 9 shows the SPICE 2 SCR model equivalent circuit. Some

parameters not shown are given SPICE 2 built in default values.
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Q1anode

Ql
• '. (P IP) DFOR_

.. Gate (D-i
I Q2

(NP N)(NPN)

Rshunt

cathode

FIGURE 8. A SPICE 2 SCR MODEL BASED ON THE TWO BJT MODEL
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anode

re

Ic, B, +iLCBE1

CBC1  *~1
IDFOR

gate CBC2
~R

0cathode

FIGURE 9.THE SPICE 2 SCR MODEL EQUIVALENT CKT
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When using the SPICE 2 BJT and DIODE MODELS, there are a large number

of parameters that may be specified (28 for the BJT, 14 for the Diode).

W. Ki and C. Hu have developed a method of determining 11 of these parame-

ters from SCR specification sheet data (Reference 34). A summary of this

method is given later along with modifications to the method of Ki and Hu.

The 10 circuit components of Figure 9 are described by the following

equations in which any SPICE 2 default values used in the model have been

applied to the equations. (e = Einstein's Relation = 0.9259 V at 300 0K)

r r (44)

e 1r1B re1  (46)

Il1e 1 e (45)

I I -S- -e 1EB A )+ -I , \e I/ (46)

1 R1

TR Is VEB /e
J CBEI  f16S e eB (47)

1 1 e 1 (48)

~BC e

_____/e diode
IDFOR 1 vCBl6 6 (49)

-V- 1 2+

IC I1 S (eVB 2/ ~2 eC 2/ +1) (50)F2 2

~4g 33



0

I2e 2 -1+I 2

( e 2 _ 1J ( 5 1 )B2  f 2

5 (I -V (52)
C c BC~l

Rshunt Rshunt 
(53)

From these 10 equations, one develops the following list of parameters that

must be provided in order for the SPICE 2 model to function. These are

shown in Table 1

1. re

2. 1

3. Bf

fl

I 14. 
OR1

5.

6. T R

7 diode

8. VBO

9. 1

10. Of

11. Cjc 2

12. Rshunt

TABLE 1. Parameters to be determined for the "Hu-Ki Method" in
implementing the two transistor SCR Model in SPICE 2.
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Table 2 lists the model elements, the critical model parameters required

by Equations (44-53), and the manufacturers specifications from which these

can be calculated. Table 3 lists numerical values for a particular SCR.

Critical Obtainable FromC r i t i c a ld v
Model Model IH IGT tr (ton) VT Ron VBO dv- t(
Element Parameters

R R = Rshunt x

D BV =VBO x

al = Rl x x

c- 1F1

I Sl x X X

REl X
REI x

TRl x

Q2 IS2 x x x

Cjc2 x (x)

a2 = 0.9

TABLE 2. Model Elements and Critical Parameters for the "Hu-Ki Model"

Note: $ S SIdiode

Each of the critical model parameters may be calculated from one or a combina-

tion of the thyrsitor specifications as shown. All other model parameters may

be left unspecified. IH: holding current, IGT: gate trigger current, tr:
rise time, ton: turn-on time, VT and Ron are from the on-state I-V charac-

teristics: V = VT + IR forward break-over voltage, al: current gain

of transistor 1, REl: emitter resistance of transistor, TF: forward transit
qVBE/kT

time, Cc: collector junction capacitance, I: C I e , etc. (Table 2

is taken from Reference 35 p. 175).
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From the same reference the "Hu-Ki" nine step procedure for calculating

these parameters not defaulted is given below

Part I: "normal model" characteristics:

Step 1. Given IGT, find R from R = 0.75(V)/IGT

Step 2. Set a2 = 0.9 or 0.95

Step 3. Given IH and IGT, find a, from

1GT

a1 = 1 - a2 + 02IH

If a, > 0.9, set a, = 0.9. Find aRl from aRI = a .

Step 4. Given tr and a,, a2 from Steps 1, 3, find TFl from

TFl = (0102 - l)tr/(l.8 a,)

Step 5. Given VT, find Is1, IS2 from

-(VT + 0.74)/0.11

Isl = IS2 = 10 (A)

Step 6. Given Ron, find REl from REl = Ron

Part II. "failure mode" characteristics:

Step 7. Given tq, find TRI from TRI = 9tq

Step 8. Given IH, dv/dt, ton (if only tr given, assume

ton = 3tr/2) find C. from

(! dVCjc2(f) = 0 41 H(A) ton/Pt

Step 9. Given VBO, find diode BV from BV = VBO-
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Data sheet Model
specifications parameters

1H 100 mA R = 9.375a

IGT - 80 mA following a2 = 0.9
proposed

tr = 3.6 s procedure '1 = "lR = 0.9

VT = l.IV TFl = 17.8 us

Ron = 0.005 z 'Si = IS2 = 01665A

VBO 2700V - = 0.005n

dV 500V/us 'Ri 1125 us
-tI

tq -125 us Cjc2 = 4000 pF

BV = 2700V

TABLE 3. Values for the GE C602 LM SCR Model Using the
"Hu-Ki Method".

4.3 THE MODIFIED HU-KI MODEL OF THE SCR FOR SPICE 2

Using the "Hu-Ki Model" for SPICE 2 a simulation of an ac resonant

charging simulation was run using parameters for a GE C602 LM SCR. The

circuit of Figure 10 was used and the results are shown in Figure 12. The

results show a proper triggering and normal operation until the turn off or

commutation interval. Here erratic high amplitude oscillations are noted

in the SCR current instead of the expected low amplitude oscillations which

are quickly damped out. Further noted is the enormously high base-emitter

voltage of the NPN transistor. This voltage was also erratic in behavior

indicating that nearly all the primary current was being carried by RSHUNT

during periods of reverse current.
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The problems noted in this simulation appeared centered on the "Hu-Ki

Method" SCR model's ability to simulate the SCR's turn-off transient behavior.

This conclusion was supported by the results given by Hu (Reference 35) which

noted the models SCR turn-off transient simulation required additional de-

velopment.

Modifications to the Hu-Ki model were made to provide better simulation

of the reverse transient behavior. Modifications were limited to those

necessary to simulate gross behavior of the device with minor effects unsimu-

lated. The modified model is shown in Figure 12 and and the following

* paragraphs define the required changes. Also refer to Figure 13 for identi-

fying particular junctions. Since SPICE 2 has no capability to simulate a

junction breakdown in its transistor model, then a diode (for which breakdown

is modeled in SPICE 2) must be added in parallel with J3. J3 is the base-

emitter junction of Q2 in the "Hu-Ki Model". Addition of this diode is

illustrated in Figure 12 as DJCTN1.

SCR specification sheet data frequently specifies a maximum reverse gate

voltage. This limitation of -VG gives an indication of the breakdown

voltage. If this specification is given, then set the breakdown voltage of
DJCTN1 (VB ) equal to 1.1 x max{- otherwise use 0 = 5V.

Sl.O x max{-VGJ

VBO T = (54)
DJCTNl or 5V

[Reference 36, p. 87]

To minimize influence of the diode on forward biasing of the Q2 base-emitter

junction, set the saturation current of the diode (ISDJcTNl) to less than 10%

of the Q, saturation current (Ss of Table 2)
S2

<0.1 I2 (55)
DJcTN I2
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Two further corrections are needed in the model. Addjng a depletion

/
layer capacitance tern to Equation (47) will allow the in iuctive energy to

be stored in J1 without reaching excessive reverse VAK yn a properly de-

signed circuit. Equation (47) becomes /
. S I (VEB /e ) /1/2CElI 1 e -1l1+ C (1 - E . (56)

EB1 1 (e + CJE l  EB1

depletion
layer term

In the event that junction breakdown voltage should be exceeded, then a

diode ((DJCTN2) in Figure 12) may be added in parallel with the emitter-

base junction of Q,.

With this result, three more parameters must be supplied to the model.

> 0.5 CiC

CJE (57)

22where CiC 2 is that determined in Step 8 of the "Hu-Kt Method". Since J1 and

J are typically reasonably similar junctions [Reference 37]

ISD N < 0.1 Is (I S from Step 5 of the "Hu-Ki Method") (58)
DJCTN2 1 1

VBODJCTN2 z VBO (VBO from Step 9 of the "Hu-Ki Method"). (59)

As with DJCTN1 discussed earlier, care must be taken to avoid the diode in-

fluencing the forward characteristics of the Q, emitter-base junction.

Note: The addition of DJCTN2 is purely optional in that it only models a

failure of the SCR during a reverse transient.

For the final modification the saturation current through diode DFOR must be

adjusted. This diode provided in the "Hu-Ki Model" to simulate the high
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voltage turn-on of an SCR is conveniently in position to allow control of the

recombination interval of the commutation time while maintaining low values

of principal current. To do this, the saturation current of DFOR, IS ,

must be made much greater than the saturation currents of Q, and Q2

(IS1 and 1S2 respectively).

ISDo >> Il 1 ~ (60)IS S (0
OFOR 1 2

The "Hu-Ki Model" uses the SPICE 2 default value of 1014 for IS .

Since Step 5 of the "Hu-Ki Method" is used to determine Is and IS
1 2

it is evident that the condition of Equation (60) may not always hold

by the "Hu-Ki Method".

One way of improving the model would be to assign I SDFoR some arbitrarily

greater value than IS and 1s 2 For example, let IsDFoR = l03 x I Sl. Then

adjust the diffusion capacitance term (via TR of Equation 48) to meet the
1

commutation time criteria. An alternative method is to preset the diffusion

capacitance term then determine some method of selecting an appropriate

ISo. Since the "Hu-Ki Method" provides the diffusion capacitance term
OFOR

(i.e. )rR then the latter approach is selected here.

Using Figure 14 for illustration, the following discussion presents an

analytic method of determining an appropriate value for Is using two
DFOR

network constraints as apply to Figure 14.
:4

S + + VEB +VBC + VBE (61)
1 2 3 1 1 2

IDFOR = alIA - (l 2)(IA- IR) (62)

Noting that Il = IS2, e 0.0259V @ 300 0K then:
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FIGURE 14. SPICE2 SCR MODEL BASED ON "HU-KI METHOD".
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(V 'EEB V

IA ISe I s e (63)

gives:

VEB 1 eI (64)

Also:
BE, VBE,

gvIA- R) = IS  e ) ISe (65)
givyes :

VBE = e n A (66)
2S

Now:

IDFOR ISDFoR (e ISDFoR  e (67)

and Equation (62) gives

VBCl e i A I (68)

IlA G '

Referring to Figure 15 which gives the V-I characteristic of a SCR, the known

point (IH ,VH) available from the specification sheet data may be used to

develop the relation between Is AND Is *
DFOR

Using Equations (61), (64), (66), (68),

VAK, = H + tn +,n 0 Ln n I H
AK HSJ "aI H -(T- "2) ('H -R SR J

(69)

Now at 'A = 'H' IR 1GT a specification sheet value.
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Substitution into Equation (69) gives

1 DFOR expTVH_ [.u]- n [II + [Sn(ilIH . (1 a2)(IH-IGT)) (70)[.S ISFOR L S

With the development of Equation (70) the parameters ISDFoR may now be

provided to the SPICE 2 SCR model bringing the total to 17 parameters

(15 if DJCTN 2 is omitted).

This modified Hu-Ki model is used in the SPICE 2 simulations that follow

in later sections.

4.4 THE SCR MODEL IN SCEPTRE

SPICE 2 is a fast, efficient, user oriented circuit analysis program;

however, SCEPTRE provides additional versatility for non-linear network

simulation through its subprogram capabilities. Also, SPICE 2 has built in

models for transistors and diodes. The SCR model in SPICE 2 was constructed

to the constraints of those models. SCEPTRE does not have built in models,

but it does have programming constraints which should be observed to effect

good efficient modeling. To achieve the expanded versatility of SCEPTRE,

the SPICE 2 SCR model is reconfigured to a SCEPTRE SCR Model. The "modified

Hu-ki" parameter determination technique for SPICE 2 is adapted for use with

this SCEPTRE SCR Model.

4.4.1 Reconfiguration of the SPICE 2 SCR Model Into a SCEPTRE SCR Model

As mentioned previously SCEPTRE, while having no built in model con-

straints, does have programming constraints to which modeling must adhere.

The constraints of particular importance in converting the SPICE 2 SCR Model

configuration to a SCEPTRE SCR Model configuration are as follows.

1. Semiconductor PN junctions should be modeled as primary dependent

current sources using the DIODE EQUATION special value expression

4IQ. of the SCEPTRE input format. 48



2. Primary dependent current sources should have a capacitor in

parallel so that the independent variable, capacitor voltage, will

be a state variable.

3. All capacitors inserted in the model to satisfy 2 should be as

large as possible to avoid unnecessarily small time steps.

4. Injected, collected, or breakdown currents should be modeled as

secondary dependent current sources as defined in the SCEPTRE

input format.

Constraints 1 through 4 result in a substantially larger equivalent

circuit network for the SCR Model in SCEPTRE than for the model in SPICE 2.

Two transistor models, a PNP and a NPN, are connected in a regenerative

feedback configuration to effect the SCR switching action. In order to

satisfy the programming constraints 1 through 4, the transistor model is the

injection configuration of the modified Ebers-Moll model [Reference 37,38]

and the CBE of the NPN transistor may not be neglected as it was for SPICE 2.

Figure 16 shows the SCEPTRE equivalent circuit for the SCR. IDFOR which

reflects the diode DFOR's (of the SPICE 2 Model) forward conducting charac-

teristics, but provides no reverse breakdown simulation capability. Therefore,

to simulate SCR high-voltage break-over in SCEPTRE, the secondary dependent

current source I is added to the model. To simulate the reverse breakdownBDC
of the gate to cathode junction during turn-off, IBD is used instead of

K
.4 DJCTNl of the SPICE 2 SCR Model. The SCEPTRE SCR Model is functionally

complete at this point; however, to avoid computational delays, RA and RC

are high value resistors added to meet SCEPTRE programming requirements.

l~ Figure 16 give the SCEPTRE SCR equivalent circuit. Figure 17 and

Figure 18 put this circuit in SCEPTRE format and terminology and at the same

time reduces the numberof el.ements required. Table 4 summarizes the

4 49
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relationships in the three figures. The reduction in the number of elements

is achieved by parallel combinations of capacitors and parallel combinations

of current sources. The identities of the primary dependent current sources

are retained.

Note Figure 18 also includes a snubber circuit usually included to

protect SCR's from transients.

Table 5 lists all the elements of the SCEPTRE 3-Junction SCR Model of

Figure 18 with optional snubber. The elements are listed in appropriate

SCEPTRE input format, and are defined in generalized parameters. The method

of computing these generalized parameters is discussed in Section 4.4.2.

4.4.2 Determination of Parameters For The SCEPTRE 3-Junction SCR Model.

The procedure for determining parameters for the SCEPTRE 3-Junction

SCR Model of Figure 18 is an adaptation of the "Modified Hu-Ki" procedure

used for determining parameters for the SPICE 2 2-Transistor SCR Model

discussed in Section 4.2, 4.3 of this report. The adaptation consists

primarily of adjusting SPICE 2 model parameters to reflect the reconfigura-

tion of the SPICE 2 2-Transistor SCR Model into the SCEPTRE 3-Junction SCR

Model.

Table 6 summarizes the entire procedure for determining parameters for

the SCEPTRE 3-Junction SCR Model of Figure 18.

Using the procedure described in Table 6, the parameters for the GE C602

LM SCR are calculated and tabulated in Table 7.

The model description as entered in a SCEPTRE input deck is listed in

Figure 19. In order for the model to function properly as listed, two special

subroutines, FCJ and FBD must be provided in the input deck. These sub-

routines are listed in Figure 20 and Figure 21 respectively.
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TABLE 4. Symbol conversion Chart

Fig. 16 F~.17 Fig. 18

RER R

caR IR* P3*JC

I f JA JA

CBEI CA CA

RA RA RA

f- f Q f 3- J2

I R I + FUR + R 2C J C

1 2

f f2 f 23K 3

BDC 1JCJ34

RC RC RC

RSht RK RK

C BE2 CK CK

IfJK 3K

OR R2 R2  P3*3C 35

IBD P2 * K 36
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TABLE 5. SCEPTRE SCR Model Circuit Element Description For The
3-Junction Model of Figure 18.

RESISTORS

R,A-1 = R
RA,I-C - 1.D6RCC-6 

= 1.D6
RK,G-K = RK
PRIMARY DEPENDENT SOURCES (PN JUNCTIONS)
JA ,-C - DIODE Q(IAS,0)
JC ,G-C - DIODE Q(Ics,e)
JK ,G-K - DIODE Q(IKS,G)
SECONDARY DEPENDENT SOURCES (COLLECTED CURRENTS & REVERSE

BREAKDOWN CURRENTS)
J1 ,C-1 - P3 *JC
J2 ,C-G - afl*JA

J3 ,C-G - af2 *JK

34 ,C-G - P1*JC

J5 ,K-G - P3 *JC
36 ,K-G -- P2 *JK
CAPACITANCES (JUNCTION DEPLETION LAYER AND NEUTRAL REGION

EXCESS CHARGE STORAGE [DIFFUSIONJ)
CA,-C FCJ(Tf I .AS, 0, JA, VCA, CjAO, CMIN)
CC,G-C FCJ(rRI, ICS , e, JC, VCC, CjCO , CMIN)

4 CK,G-K CK

DEFINED PARAMETERS (REVERSE BREAKDOWN MULTIPLIERS)
P1 - FBD(VCC,VBOC)
P2 - FBD(VCK,VBOK)

* SNUBBER ELEMENTS (OPTIONAL)

RS ,A-2 = VALUE IN OHMS
CS ,2-K - VALUE IN FARADS
ALSO IF USING DIODE SNUBBER:

JD ,A-2 = DIODE Q(DIODE SAT. CURRENT, THERYAL VOLTAGE)

CD ,A-2 - VALUE IN FARADS
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TABLE 6. Procedure For Determining Parameters For The SCEPTRE
3-Junction SCR Model of Figure 18.

STEP 1. Obtain the following nine parameters from manu-

facturer's specifications data .sheets. 
[22]

IH - Holding current.

IGT - Gate trigger current.

tr(ton) - tr rise time: ton; turn-on time.

VT - Minimum on-state voltage.

R- On-state resistance (use inverse slope ofon iAK vs. VAR curve).

VBD - Break-over voltage.

dv/dt -,Maximum rate of rise of forward blocking
voltage.

tq - Circuit commutated turn-off time.

VGRM  - Maximum reverse gate voltage.

STEP 2.

RK .75V/IGT ohms.

STEP 3.
aR2 •.5

af2 .9 or .95 CT

afl min {.9 or 1 - af2 + }
aRI ' fl

STEP 4.

fI - (8182 - l)tr/l.80, seconds.
afI  a f2where: I 

=  f2

STEP 5.

0 = q/KT z 38.61 V-1 at 300 0K
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TABLE 6. (Continued)

Is 1 O-(VT + 74)/ 11 mps.

il i  IS = I/ fI Amps.
I AS= Is/af 2  Amps.

IKS IS/ctf2  Amps.

ICS = SI RI+IS/ R2 + e n

II + zn[QfllH - (1 -f 2
) (I

H - I G )

- iAmps.

= 1S/Ics

STEP 6.

R = Ron ohms.

STEP 7.
TRI = 9 tqP 3  seconds.

STEP 8.

CJCO = ,.41H(ton/(dV/dt)) farads.

where: ton = 1.5 tr

dV/dt is volts/second.

CjAo- {.5CjC0 s CJA0 s CJCO} farads.

CK < CJCO  farads.

STEP 9'.
VBOC = V BO volts.

VBOK = VGRM (or 5V if not given) volts.

STEP 10.

CMIN - CJCO/(VBO)4 farads.

or: 1.0-10

Note: This precedure adapted from that presented by Hu and Ki
in [Reference 34].
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TABLE 7. SCEPYRE 3-Junction SCR Model Parameters Obtained Using
The Procedure of Table 6 For a GE C602 LM SCR.

RK = 9.375' = 5.65D-15 AICS

=0.5 P3 = 4.4D-3

2
f= 0.9 R = 5.D-4
2

a = 0.9 TR = 4.95D-6 S
1
=0.9 C = 4.D-9 FR1 Cj0

Tf 1.780-5 S CJA = 4.D-9 F

e = 38.61 V"1  CK = l.D-9 F

SS = 2.239D-17 A VBOC = 2.7D3

= 2.488D-17 A VBOK = 5.

= 2.488D-17 A CMIN - l.D-10

TABLE 8. Manufacturer's Specifications For a GE C602 LM SCR And
SCEPTRE Computer Simulation Specification Predictions.

Manufacturer' s SCEPTRE
Quantity specifications simulation value

H lO0 ma 100 ma

I, 80 ma 87 ma

tr(ton) 3.6 us (5.4 us) 4 us (7 ps)

VT 1.lV 1 .1V

VBO 2700V 2700V

dv/dt G.T.500V/ps G.T.500V/ps

tq L.T.125 us L.T.125 us
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MODEL DESCRIPTION
MODEL SCR(A-G-K)

THIS MODEL IS CALLED THE 3-JUNCTION SCR MODEL FOR SCEPTRE. IT IS DEVEL-
OPED TO UTILIZE A PARAMETER DETERMINATION PROCEEDURE WHICH IS BASED ON
THE MODIFIED HU-KI PROCEEDURE OF PARAMETER DETERMINATION FOR THE 2-TRAN-
SISTOR SCR MODEL FOR SPICE2.

THIS MODEL IS REVERED TO AS THE THREE JUNCTION MODEL SINCE ALL SECOND-
ARY DEPENDENT CURRENT SOURCES ARE REFERENCED TO THREE PRIMARY DEPENDENT
CURRENT SOURCES (PN JUNCTIONS).
UNITS: OHMS, FARADS, HENRIES, SECONDS, AMPS, VOLTS
ELEMENTS
R,A-1=5. 0-3
RA,1-C=1.D6
RC,C-G=1 .D6
RK,G-K=9. 375
JA,1-C=DIODE Q(2.488D-17,38.61)
JC,G-C=DIODE Q(5.65D-15,38.61)
JK.C-K=DIODE Q(2.4880-17.3A.61L
J 1 , C- 1=4. 4D3'JU_
J2, C-G=. 9*JA
J3,C-G=.9*JK
JL4, C-G=P*JC
J5, K-Q4.4D-3*JC
J 6, K-G= P2*J K
CA.1-C=FCJ(1.78D-5,2.488D-17,38.61,JA,VCA,4.D-9,1.D-9)
CC,G-C=FCJC4.95D-6,5.650-15,38.61,JC,VCC,4.D-9,1.D-9)
CK,G-K=4.0-9
RS,A-2= 10.
CS, 2-K=. 10-6
DEFI NED PARAMETERS
P1=FBD(VCC,2.7D3,5.65D-15)
P2=FBD(VCK,5.,2.488D-17)
OUTPUTS
VCA,VCC,VCK, PLOT

FIGURE 19. SCEPTRE INPUT LISTING FOR A GE C602 LM SCR MODEL
USING THE PARAMETERS OF TABLE 7 IN THE MODEL
NETWORK OF FIGURE 18.
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DOUBLE PRECISION FUNCTION FCJ(TAU,ISTHT,J,VCCJO,CMIN)
C SUBROUTINE FCJ CALCULATES THE NON-LINEAR INCREMENTAL CAPACITANCE ASSOCIATED
C WITH THE CHARGE STORAGE OCCURRING ABOUT A PN JUNCTION. IF THE JUNCTION IS
C FORWARD BIASED THE DEPLETION LAYER TERM IS HELD CONSTANT WHILE THE DIFFUSION
C CALCULATED. CONVERSELY IF THE JUNCTION IS REVERSE BIASED ONLY A DEPLETION
C TERM IS CALCULATED. FOR A REVERSED BIASED JUNCTION THE CAPACITA:'CE IS LIMITED
C TO A MINIMUM VALUE, CMIW, TO AVOID UNREASONABLY SMALL TIME CONSTANTS IN THE
C CIRCUIT SIMULATION. PARAMETERS ARE; TAU = THE EXCESS CARRIER LIFETIME IN THE
C NEUTRAL REGIONS ABOUT THE JUNCTION, IS U JUNCTION SATURATION CURRENT, THT =

C EINSTEIN'S CONSTANT (Q/KT = 38.61 @ 300 DEG K.), J = CURRENT SOURCE SIMULATING
C THE PN JUNCTION FOR WHICH CAPACITANCE IS BEING CALCULATED, VC = VOLTAGE ACROSS
C CAPACITOR WHOSE VALUE IS BEING CALCULATED, CJQ = ZERO BIAS VALUE OF THE

C DEPLETION LAYER CAPACITANCE, CMIN = MINIMUM VALUE OF JUNCTION CAPACITANCE TO
C BE ALLOWED.

IMPLICIT REAL*8(A-Z)
IF(VC.GT.O.) GO TO 10
FCJ=CJO/(1.-VC)**.5
IF(FCJ.GE.CMIN) RETURN
FCJ=CMIN
RETURN

10 FCJ=TAU*THT*(J+IS)+CJO
RETURN

-mEND

FIGURE 20. SPECIAL SUBROUTINE FCJ USED
TO CALCULATE NON-LINEAR
JUNCTION CAPACITANCES OF THE
SCEPTRE 3-JUNCTION SCR MODEL.

DOUBLE PRECISION FUNCTION FOD(VJ,VBD, IS)
C FBD IS A SUBROUTINE TO DETERMINE IF THE REVERSE BREAKDOWN 

VOLTAGE OF A PN

C JUNCTION HAS BEEN EXCEEDED AND IF SO TO CALCULATE A 
MULTIPLIER TO REFLECT

C AVALANCHE CURRENTS IN THE PN JUNCTION. THIS MULTIPLIER IS 
USED AS THE

C COEFFICIENT OF A SECONDARY DEPENDENr CURRENT SOURCE IN PARALLEL WITH THE

C PRIMARY DEPENDENT CURRENT SOURCE WHICH SIMULATES THE PN 
JUNCTION. PARAMETERS

C ARE; VJ = THE VOLTAGE ACROSS THE JUNCTION, VBD = THE BREAKDOWN 
VOLTAGE

C OF THE JUNCTION, IS = JUNCTION SATURATION CURRENT.

C THE JUNCTION AVALANCHE BREAKDOWN MULTIPLIER IS THEORETICALLY ESPRESSED AS

C (-1/(1-(VJ/VBO)**6f)l HOWEVER,TO ACHIEVE SHORTER RUN TIMES, AN EXPONENTIAL

C MULTIPLIER,-DEXP(1OO.*(-VBD-VJ)), IS USED IN THIS CASE.

IMPLICIT REAL*8(A-Z)
IF(VJ.GT.(-VBD))GO TO 10
A=100.*(-VBD-VJ)-
IF(A.LE.40.) GO TO 30.
A=-40.

30 F3cD-DEXP(A)
O TO 20

10 FBD=0.O
20 RETURN

ENI)

4 FIGURE 21. SPECIAL SUBROUTINE FBD USED
TO CALCULATE JUNCTION BREAK-
DOWN CURRENTS FOR THE SCEPTRE
3-JUNCTION SCR MODEL.
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Computer simulation test verification of the model for a GE C602 LM

SCR is presented in Table 8. The parameters to be verified are listed in

the table along with the manufacturer's specified value and SCEPTRE simula-

tion results.

NOTE

Default accuracy requirements of SCEPTRE may not always be adequate

to insure proper simulation results. Erroneous results are most likely to

occur in simulating circuits with high dv/dt (either forward or reversed)

without a snubber circuit. Reducing error tolerance under Run Controls will

solve the problem; however, longer run times are to be expected for greater

accuracy criterion.

4.4.3 A SCEPTRE 3-Junction SCR Model With a Reduced Number of Current

Sources In The Model

Sections 4.4.1 and 4.4.2 presented the development of an SCR model for

use in SCEPTRE which is functionally equivalent to the SPICE 2 SCR Model is,

however, quite imposing with respect to the number of elements contained in

the network representation of the model as given by Figure 18.

A major objective of the research of this project was to simulate high

voltage resonant charging pulse power circuits. Since typical high power

SCR's have maximum blocking voltage ratings on the order of 3000V, high

voltage circuits are developed using a number of SCR's in series to meet

the voltage blocking requirements.

Also, pulse power circuits may have a number of parallel or anti-

parallel branches each having several SCR's. The basic controlled 3-

rectifier circuit is an example. In order to provide controlled rectifi-

cation of a 700V, 3- source, typically 18 SCR's of 3000V blocking capability

might be employed. 61



The problem presented to simulation of this type of circuit using the

SCR model of Figure 18 is that SCEPTRE internal limitations on the number

of sources the pr-cgram can accommodate may be exceeded.

This problem required some experimentation with SCEPTRE capabilities

before a satisfactory solution was achieved. Initially, attempts were made

to formulate each of the three junction currents as a mathematical equivalent

to the total of the sources in parallel representing each junction. This

approach was in violation of the SCEPTRE suggested programing constraints

listed in Section 4.4.1. Not only was the mathematical formulation rather

imposing, but, the end result was that an exact formulation of the model of

Figure 18 as three current sources resulted in the following.

1. Run times for identical problems increased in some cases as

much as 200% to 300%.

2. The failure to adhere to constraints I through 4 of Section 4.4.1

made initial conditions solutions available only through the

transient approach, i.e. using RUN IC VIA IMPLICIT. Without

special operator input, the effects of this on CPU time to

calculate initial conditions was drastic. Even small networks

were observed to require as much as 15 mins. CPU time to

complete initial conditions solutions. Long CPU times resulted

due to the extremely small time step required (less than 10 sec.)

to handle the steep transients of the nonlinear circuit elemEnts

such as junction capacitances and due to the large number of multiple

operations necessary in each iteration necessary to calculate

values of the junction current sources described by the long and

complex match expressions defining the sources.
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The primary and secondary dependent current source approach to defining

junction relationships as shown in Figure 18 is inherently more efficient.

The reason being that a ielatively simple non-linear expression defines the

primary dependent current source thereby minimizing the number of multiply

operations by the computer. Secondary dependent current sources are either

linear or simple non-linear multiples of the primary dependent current

sources. In the case of non-linear secondary dependence, SCEPTRE offers the

use of subroutines. Through this device, logic statements mdy be used to

test the need for non-linear versus linear secondary dependence before

initiating the calculation. For these reasons, the model of Figure 18

having a larger network was judged superior to a three current source model

using a mathematical equivalent formulation to the nine current source

model of Figure 18.

A second approach was then conceived to effect the goal of a reduced

number of sources in the model. This second approach was judged successful

and Is sumarized as follows:

1. The secondary dependent current sources, Jl and J5 are

equivalent to aR * IR and aR * IR of Figure 16. It is
1 1 2 2

most easily visualized through the 2-transistor basis of the

model of Figure 16 that these two current sources model third

quadrant operation of the PNP and NPN transistor respectively.

Since even at high currents, the SCR center junction (JC of

Figure 18) and IR + IDFOR + R of Figure 16 reaches a sub-
1l DO R2

stantially lower forward biased state than do the outer junctions

JA and JK, then it is reasonable to neglect the Jl and J5

secondary dependent current sources.
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2. The two secondary dependent current sources, J2 and J3, are

linearly dependent upon the primary dependent current sources

JA and JK respectively. Since the calculation of both JA and

JK must precede the calculation of J1 and J3 due to the SCEPTRE

calculation procedure, then a simple summation of JI and J2 into

a single source seemed reasonable although SCEPTRE literature

seemed to exclude this possibility [Reference 41 p.13] the

approach seemed feasible, however.

3. The secondary dependent current sources J4 and J6 used to model

junction breakdown were handled by a more novel approach. Con-

sidering the DIODE EQUATION (XI, X2) special value expression used

in SCEPTRE to define primary dependent current sources modeling

PN junctions, the parameters Xl and X2 are presented in SCEPTRE

users literature to be constants. Xl represents the diode

reverse saturation current, and X2 represents the junction

thermal voltage. Since classical PN junction theory expresses

the PN junction reverse saturation current as a function of the

junction voltage, then it was deemed desirable to express Xl as

a function of the junction voltage.

Again SCEPTRE's calculation heirarchy was used to effect

this result. Defined parameters are the first quantities calcu-

lated at the beginning of each time step and are then provided

to the network as constants. Also defined parameters may be

evaluated through the subroutine capability, thereby allowing a

logical test to be made before consuming CPU time to evaluate

functions.
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With this approach, J4 and J6 were eliminated from the model and

the PN Junction breakdown capability was developed by developing

a function relationship for Xl through the defined parameter

technique.

It is noted that the success of this approach will also admit the

possibility of semiconductor thermal behavior studies through developing a

functional relationship for the thermal voltage parameter X2. Also a

functional relationship for X2 would permit distinction between high level

and low level injection and B variations.

The result of the modifications just summarized is the model network

illustrated in Figure 22. It has four dependent current sources versus the

nine dependent sources of the model network shown in Figure 18.

Table 9 gives a generalized listing of the element descriptions in

SCEPTRE input format for the SCR model of Figure 22.

The parameters for the reduced 3-Junction SCR model of Figure 22 are

determined by the procedure of TABLE 6 in exactly the same manner as the

parameters for the 3-Junction SCR Model of Figure 18. The only difference

being that the QRl and (R2 parameters of step 3 and the P3 parameter of

step 5 are not required for the reduced 3-Junction model of Figure 22.

A SCEPTRE model description for a GE C602 LM SCR model is given in

Figure 23, a special subroutine FIS required to evaluate defined para-

meters PXl and PX3 of the reduced 3-Junction SCR Model is shown in Figure 24.

Model validation tests were done to verify computer prediction of

manufacturers specification data used to determine model parameters. Com-

puter simulation values for the reduced 3-Junction model were not dis-

tinguishable from those predicted for the 3-Junction model and tabulated in

Table 8.
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MODEL DESCRIPTION
MODEL SCR(A-G-K)

THIS IS A REDUCED ELEMENT VERSION OF THE 3-JUNCTION SCR MODEL DEVELOPED
FOR USE WITH SCEPTRE. THE PARAMETER DETERMINATION PROCEEDURE FOR THIS MODEL
IS THE SAME AS FOR THE 3-JUNCTION MODEL.
UNITS: OHMS, FARADS, HENRIES, SECONDS, AMPS, VOLTS
ELEMENTS
R,A-1=5.D-3
RA,1-C= 1.06
RC,C-G=1 .D6
RK,G-K=9. 375
JA,1-C=DIODE Q(2.a488D-17, 38.61)
JC,G-C=-DIODE Q(PX1,PX2)
JK,G-K=DIODE Q(PX3,PX2)
J2,C-G-Xl(.9*JA+.9*JK)
CA,1-C-FCJ(1.780-5,2.L488D-17,38 61,JA,VCA,4.D-9,1.D-1O)
CC,G-C=FCJ(4.950-6.5.65-15,38.1,JC,VCC,4.D-9,1 .D-10)
CK,G-K=1.D-9

* RS, A-2=1 00.
CS,2-K=. 10-6
DEFINED PARAMETERS
PX1=FIS( 5. 650-15, VCC, 2. 703

* PX2=34.61
PX3=FIS(2.a4880-17,VCK,5.)
OUTPUTS
VCA,VCC,VCK, PLOT

FIGURE 23. SCEPTRE MODEL DESCRIPTION
INPUT FOR A GE C602 LM

DOUBLE PRECISION FUNCTION FIS(IS,VJ,VBO)
C SUBROUTINE FIS IS USSD TO SIMULATE JUNCTION BREAKDOWN BY VARYING TIhE
C SATURATION CURRENT, IS, INPUT TO THE DIODE EQUATION FOR PRIMARY DEPEN-
C DENT CURRENT SOURCES. IS =JUNCTION REVERSE SATURATION CURRENT: VJ=
C CAPACITOR STATE VARIABLE VOLTAGE FOR JUNCTION: VBO =BREAKDOWN VOLTAGE:

IMPLICIT REAL*8(A-K,O-Z)
F IS= IS

4 IF(VJ.GE.-VBD) RETURN
A=100.*( -VBO-VJ)
IF(A.LE.140.) GO TO 10
A=40O.

10 FIS=IS*OEXP(A)
RETURN
END

FIGURE 24. SUBROUTINE FIS USED TO
CALCULATE PX1 & PX2 OF
TABLE 9
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TABLE 9. SCEPTRE SCR Model Circuit Element Description For The
3-Junction Huuel of Figure 24.

RESISTORS

*R,A-1 R
RA,1-C 1.D6
RC,C-6 1.D6
RK,G-K RK

PRIMARY DEPENDENT SOURCES (PN JUNCTIONS)

JA ,l-C - DIODE Q(IAs,e)

JC ,G-C - DIODE Q(PX1,PX2)
JK ,G-K = DIODE Q(PX3,PX2)

SECONDARY DEPENDENT SOURCES (COLLECTED CURRENTS & REVERSE
BREAKDOWN CURRENTS)

J2 - Xl(af 1 *JA + af2*JK)

* CAPACITANCES (JUNCTION DEPLETION LAYER AND NEUTRAL REGION

EXCESS CHARGE STORAGE [DIFFUSION])

CA,I-C - FCJ(rfl, IAS) e, JA, VCA, CJAO, CMIN)
CC,G-C - FCJ(TR, S e, JC, VCC, Cjco, CMIN)

CK,G-K - CK

DEFINED PARAMETERS (REVERSE BREAKDOWN MULTIPLIERS)

PX1 - FIS(ICS, VCC, VBOC)

PX2 -
PX3 - FIS(IKs, VCK, VBOK)

SNUBBER ELEMENTS (OPTIONAL)

RS ,A-2 = VALUE IN OHMS
CS ,2-K - VALUE IN FARADS

ALSO IF USING DIODE SNUBBER:

JD ,A-2 - DIODE Q(DIODE SAT. CURRENT, THERMAL VOLTAGE)

CD ,A-2 - VALUE IN FARADS
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The run times for the reduced 3-Junction model of Figure 22 were

observed to be approximately 5% to 10% shorter than those of the 3-Junction

model of Figure 18.
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SECTION V

CHOICE OF VARIABLES

5.1 OBJECTIVE

When solving systems of equations using numerical methods and in par-

ticular when the equations are non-linear, the choice of system variables

may have significant effect on the computation time and o the reliability

of the results. In this section the nature of these effects are examined

even though the decision to use CAD programs such as SPICE 2 and SCEPTRE

• may preclude such considerations.

5.2 CHOICE OF VARIABLES

Chua and Lin (Reference 11) have shown that the selection of a certain

set of state variables depends on the nature of the nonlinear elements. For

.: a nonlinear capacitor characterized by a nonmonotonic voltage-controlled q-v

curve, for example, the capacitor voltage must be chosen as the state-

variable. Similary, inductor current must be chosen as the state variable

for a nonlinear inductor characterized by a nonmonotonic current-controlled

X-i curve. However, if the capacitor and inductor characteristic curves are

- 'strictly monotonic, then either capacitor voltage or charge may be chosen as

the capacitor state variable, and for the inductor, the state variable may

be chosen as either inductor flux linkage or current.

However, it is shown (Reference 12) that it is advantageous to choose

capacitor charge and inductor flux linkage as the state variables when a

numerical integration algorithm is used because this particular choice of

state variables reduces the global error. Global error is the error accrued

over the finite time interval during which the numerical integration is

performed.

To see why this is so, consider a nonlinear system (Reference 12)

modeled by the equations

i =f(x , t) x(O) = o (71)

where the bar Implies the use of vectors or matrices.
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To estimate the growth of errors over some time interval, say time t= 0

to t = tf when solving Equation (71) numerically, consider the differential

equation which results when the initial c3ndition is perturbed so that
1(0) -*o + 6x(O) = o + 60. Then from Equation (34) the perturbed equa-

tions become

d
S(I(t) + tSx!t) VIfxMt + 6x(t), t) (72)

6x(o) =

Assuming 6x(t) is small and expanding the right side of Equation (72)

by a Taylor series gives

d (2(t) + 61(t)) f (x, t) + 6x(t) (73)

61(o) =

Subtracting Equation (73) from Equation (71) gives

af
i= (. ) 6x 6x(O) = 60 (74)

where the matrix (Bf/ax) is a time-varying Jacoblan matrix J x(t). Equation

(74) represents a linear time-varying system; thus no simple solution exists.

In the case where x and f are scalar quantities, the solution to Equation (74)

is
t
f J x(T)dT

6x(t) = 6 e0  (75)

Equation (75) indicates that whenever J x(T) > 0 , the error (accumulated

at time t in the exact solution to the scalar version of Equation (71), due

to an error 60 in the initial condition) actually decreases exponentially

with time. Since the concern is the accrued effects of errors made at all

time steps (and not just that due to an error in the initial condition),0, tf
proceed to determine the accrued error E , ie., the sum of errors from

time t = 0 to time t = tf. To this end it is assumed that the error per
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unit time (which is denoted by ct) is constant. Then the error made in an
interval of time dt, is e~t dtl. From Equation (75), the growth of error
for t < tis given by

t

6 =' C~ dt1 e1t (76)
0 I

so that the accrued error E at time tf is the sum of the error originating

for all times t < tf, so that

/" t

t fJX(T)d-r

Ot f t

E = t  f e (77)

To demonstrate error growth, Calahan (Reference 11) used the circuit of

Figure 25, where the nonlinear capacitance is strictly monotonic. If the

state equation is written in terms of the capacitor voltage we have
o v v. - v x

(CT+CO e xv) = " + - (e -1); x = 40 (78)

The Jacobian is given by

='XCO eXv( + Is(exv -l) ( + ev (:d sV=  (79)

(CT + CO eV)2  (CT+Co exv)

where x= 40.

During switching, when vs < 0 and v > 0, the first term shifts the

elgenvalue Jv toward the right half plane. Indeed if vs is made suffi-

ciently negative, the eigenvalue JV can be made as positive as desired.

Thus, during this time when Jv is positive, truncation errors introduced by
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4FIGURE 25. CALAHAN'S EXAMPLE CIRCUIT
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the integration formula used will be amplified according to Equation (40).

By choosing charge as the state variable, the resulting eigenvalue JF can

be shown to lie in the left half plane during switching, so that truncation

errors will decay according to Equation (40). Finally, it should be noted

- that in the case of linear capacitors or inductors, either q or v for a

* capacitor, or x or i for an inductor may be chosen as the state variable

(Reference 11).

5.3 SCEPTRE VARIABLES

In Section VII the decision to use the CAD system called SCEPTRE is dis-

cussed. Whether SCEPTRE or the other system considered SPICE 2, is used,

the system variables are capacitor voltages, inductor currents or other

variables determined by the CAD system. Thus, the decision to use a CAD

system represents a trade-off between ease of system formulation and some

control of integration error by judicious choice of system variables.

The state-variables used in SCEPTRE are capacitor voltage and inductor

current. Both nonlinear capacitors and nonlinear inductors are present in

the integrated system. The nonlinear inductors arise naturally in the

generator and transformer models, the nonlinear capacitors in the SCR model.

Further, the nonlinear capacitors in the SCR model are strictly monotonic

so that computationally the choice of capacitor voltage as the state variable

is desirable. Also, the nonlinear inductors in the transformer and generator

model are strictly monotonic so that inductor flux linkages are the preferred

state variables.

While it has been rigourously proven that for nonlinear dynamic networks

containing passive elements and independent sources it is desirable to choose

capacitor charges and inductor flux linkages as state variables, no one has

been yet able to prove that the same criterion applies for networks contain-

ing active elements and controlled sources, although it would seem to apply

(Reference 11). In a system as complex as the one in this project it is not

clear what the trade-off may have cost in terms of integration error.
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SECTION VI

NUMERICAL METHODS FOR STIFF DIFFERENTIAL EQUATIONS

6.1 INTRODUCTION

In this section suitable numerical methods for solving stiff differen-

tial equations are investigated. Stiff means that the magnitude of the

largest elgenvalue to the smallest eigenvalue of the system differs by many

orders of magnitude. Most standard methods, such as the Runga Kutta method,

or the forward Euler method, are not well suited for solving stiff differen-

tial equations (Reference 15). This is because the step size in the forward

Euler method, for example, is determined by the smallest time constant, but

the number of iterations required to reach the steady state is determined

by the largest time constant. Thus, if the time constants are widely sepa-

rated a small step size would necessarily be employed and a great deal of

computer time would be spent on determining the steady-state solution

(Reference 16).

6.2 INTEGRATION METHODS

It has been shown (Reference 16) that the widely separated time constant

problem can be eased by using implicit integration algorithms, such as the

backward Euler and trapezoidal algorithms. Typically, the use of the

trapezoidal algorithm is avoided because of the "ringing behavior" it ex-

hibits when implemented with a large step size. This is undesirable since

it may erroneously lead the designer to conclude the solution to the system

is oscillatory (Reference 16).

Gear (Reference 17) has proposed a family of methods of order p+ l which

have been shown to be extremely useful for solving stiff differential equa-

tions. These methods are based on the implicit formula

p

Yn+l E Ciynyl + djn+l (80)

For p = 0 the backward Euler method is obtained. The Gear methods possess

the property that Re{hx} < - a for some small positive a; that is, the
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method is stable where stability is the prime consideration. In addition,

when Re{hx} > a they are accurate (Reference 17, 18). In general there is

* a tradeoff between accuracy and stability for any numerical integration

method. Choosing a high-order Gear method, for example, increases the

* accuracy (ie, reduces truncation error) at the expense of decreasing the

stability (Reference 17). The maximum order must be limited to p+l = 5

because of stability considerations (Reference 17).

Gear's methods can be implemented in a fixed or variable step size

" mode, or in a variable step size and variable-order mode. While the latter

is difficult to implement there are several reasons why it is weil worth

the effort. First of all, since the computation is started with a low-

order rule and small step size the method is self-starting. The order and

the step size are adaptive in the sense that they are modified at each time

step so that the optimal order and step size are chosen, subject to certain

constraints. This leads to a very efficient and accurate solution over the

integration interval of interest. At the present time, stability theory in

variable step size, variable-order methods is not fully comprehended so

that decisions for determining step size are based on experimental evidence

(Reference 18).

Another advantage of using Gear's method is that it has an outstanding

error control feature (Reference 19). Calahan was the first to discuss how

to implement Gear's method in a nodal-based analysis program (Reference 20).

Gear's method is a vast improvement over previous techniques because

it is not troubled by the minimum time constant problem. However, if step

size is changed very rapidly, Gear's method could become numerically un-

stable. To overcome this deficiency in Gear's method, Brayton, Gustafson

and Hachtel (Reference 21) have proposed yet another method which is less

likely to become unstable when the step-size changes rapidly, as demonstrated

by numerical experiments. In the case where the step size is fixed, the

method of Brayton et al. can be shown to be equivalent to Gear's method

Reference 21).
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* 6.3 INTEGRATION METHODS OF SCEPTRE

SCEPTRE offers several options for integration methods including Gear's

(Reference 17) method in variable step size. SCEPTRE should be appropriate

for this project. The generator, transformer and SCR models in a composite

system with its stiff differential equations require the implicit integra-

tion capability. The program also allows specification of maximum and mini-

mum step size and error limits can be specified control the variable step

size feature.

However, even though implicit integration allows larger step size than

non-implicit methods there is no doubt that a step size appropriate for the

short time constants of the SCR model will still require long computer

times for the representation of the periodic swings of the electromechanical

equations of the generator.
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SECTION VII

SYSTEM INTEGRATION

In making the decision to use SCEPTRE as a modeling and simulation

program, system integration problems are sulved.

he original plan was to model the system by components and form the

system by integrating the components. This is in contrast to modeling the

system by elements (R, L, C and sources) and integration of the system with

network equation formulation.

As work began in the study of methods for solving "stiff" differential

equations several problems became apparent. First, small step sizes and

long computation times would be required to account for the effects of both

long and short time constants. Secondly, while implicit integration methods

for "stiff" differential equations allow larger step sizes, iteration is

required for convergence to a solution at each step. Finally, any further

iterations that may be required to find the equilibrium point for the com-

ponent interface variables make the component approach less attractive.

Three alternatives were considered.

1. write a network solving program

2. use CAD program SPICE 2

3. use CAD program SCEPTRE

The first alternative has the advantages of a much simpler and smallcr

program than SPICE 2 or SCEPTRE since they were written to do much more than

a simple transient network analysis. Also, system variables could be used

which would enhance the accuracy of the nonlinear systems. (Note Section V)

SPICE 2 and SCEPTRE normally use voltage and current as variables.

The disadvantage is an unpredictable amount of time in writing and

debugging such a program.
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While SPICE 2 is well recognized as a good computer aided design program

for electronic components, it has limited capability in representing nonlinear

time varying coefficients such as the inductance of the generator model.

SCEPTRE allows definition of such elements through functions and FORTRAN

function subprograms.

SPICE 2 has the capability of defining dependent sources as polynomial

functions of current variables, thus, some nonlinearities can be represented.

Possibly the time varying nonlinear generator inductances could be represented

in SPICE 2 but SCEPTRE is preferred since such manipulation is not required.

Both SPICE 2 and SCEPTRE have implicit integration options for "stiff"

differential equations. Both have variable step size with some external

control through error limit specifications. Also, both have the capability

of storing electronic component models.

In SPICE 2 the system elements are supplied to the program and the

programs integrates the elements into a system using a nodal formulation.

In SCEPTRE the system elements are supplied to the program in much the same

format as for the SPICE 2 program. SCEPTRE then integrates the elements

into a system by formulating state equations. It is well known that the

nodal formulation is generally more efficient.

The overriding features that resulted in the selection of SCEPTRE

over SPICE 2 was the limited capability of SPICE 2 in representing nonlinear

elements. Both generator and transformer model components not only ha'.e

nonlinear elements but these elements are subject to saturation effects.

SCEPTRE's ability to define elements in more general terms and to use

FORTRAN function subprograms for further flexibility were necessary in the

generator and transformer model.
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SECTION4 VIII

GENERATOR AND TRANSFORMER SIMULATION RESULTS

8.1 INTRODUCTION

Appendix D lists the SCEPTRE program models for the generator and the

transformers. Appendix C lists the data used in test and simulation runs

to illustrate the operation of the models. In this section the various

test runs which were made are listed and some of the plotted results are

given to demonstrate that the models are working properly.

Three generator models are included in the general model listed in

Appendix D. The appropriate model is selected by assigning appropriate

parameters in the SCEPTRE program.

First, the generator model without variation of the inductance due to

saturation (the unsaturated model) is obtained by setting terms of the form

of Aa equal to zero and terms of the form of Caa, CaF, CaD and CaQ equal to

unity. Secondly, the Aa type terms are set equal to zero and the Caa, CaF,

CaD and CaQ terms are computed by a subroutine for the "partially saturated"

case.

The third model is obtained when the Aa type terms are included. Note

that this includes the effects.

The transformer model also listed in Appendix D is for a wye-wye

connection. The delta-wye connection can be simulated by the proper listing

of circuit elements in the SCEPTRE program. No data were available to

represent a particular transformer or to include the effects of saturation

and coupling between phases. However, with proper data entered, the sub-

routine FINDI computes altered inductance coefficients as effected by

saturation.
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8.2 THE SIMULATION RUNS

Computer simulation runs were made on the generator alone, on the

transformer alone and on the combination of the transformer and generator.

These runs were made after all test runs assured all programs and models

were working properly. The results of all these runs are on file but only

selected results are presented here. The simulations runs are

I. Unsaturated Generator Model

1. determine steady state initial conditions

2. apply a symmetric three phase short circuit

3. apply an unsymmetric three phase short circuit.

II. Partially Saturated Model

1. determine steady state initial conditions

2. apply a symmetric three phase short circuit

3. apply an unsymmetric three phase short circuit. Three

runs were made. A run was made as each of the phases

were shoted to neutral separately.

III. Fully Saturated Model

1. determine steady state initial conditions

- 2. apply a symmetrical short circuit.

IV. The Transformer Model (linear)

1. balanced three phase operation.

V. The Transformer Model (interphase coupling and saturation)

Note: no valid saturation or coupling data were supplied.

VI. The Partially Saturated Generator and the Transformer Combined Model

1. steady state load run.
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8.3 RESULTS

The first three figures of this section Figures 26, 27 and 28 are the

phase A current, the direct axis damper curiant and the rotor speed. These

are for balanced steady state operation of the linear model. Since the

computer model is different from the steady state phasor diagram model of

the generator, a preliminary computer run is necessary to determine appro-

priate initial conditions for the various state variables. These runs were

made and initial conditions used in runs for the above mentioned figure. The

results show that correct initial conditions were used since phase A current

is immediately in steady state, the speed is constant and the direct axis

damper current is essentially zero.

Figures 29, 30 and 31 illustrate that previous runs have determined

appropriate initial conditions for the partially saturated model. For

constant load steady state runs t' phase A current is immediately in steady

state, the speed is constant and the direct axis damper current is essen-

tially zero.

The next five figures illustrate the operation of the generator and

model with a symmetrical three phase short circuit applied when the generator

is supplying 80% load. The generator is operated at steady state for three

cycles, the short is applied for three cycles then the fault is removed and

the load resistor restored to the pre fault value. The results include

Phase A current, the main field current the direct axis damper current, the

quadrature axis damper current and the speed during the above defined

sequence of events.

The results are classical, indicating that the model and program are

working properly. Data were not supplied by the Air Force for a particular

machine operating under conditions that would have tested the details of the

model.
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Computer simulation runs were made with single phase short circuit on

each phase. Some of the results for a line to ground fault on phase A are

included here to verify the operation of the model under severe unbalanced

conditions.

The computer simulation runs were made for 10 cycles of a 60 Hz fre-

quency. The longest CPU time was approximately 60 seconds for these ten

cycles and the most severe fault.

No results are given for the model which includes the A type terms.

For the particular machine saturation data used the sum of all of 
these

terms per phase was of the order of magnitude of 60 volts maximum 
compared

with 15,000 volts rating. SCEPTRE step size routine had trouble finding an

appropriate step size with this term included and long runs were 
encountered.

A different machine with more severe saturation problems may need these A a

terms.

4
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The transformer simulation results are illustrated by Figures 42, 43

and 44. These curves give the secondary current of phase A, IL11, the primary

K current of phase A, IL22, and the magnetizing current of phase A, due to ILll

I" and IL22, PIX.

The simulation was for wye-wye connection of three single phase trans-

formers. The data used was not for any specific transformer but does represent

transformers with high leakage reactances.

A reordering of the circuit elements in SCEPTRE readily models the delta-

wye transformer connection.

Saturation and coupling between phases of the delta-wye connected, three

leg core, three phase transformer can be accounted for by supplying the

K: appropriate transformer data to the subroutine FINDI. These data were to be

-. supplied by the Air Force but no valid data were availible at the end of

the contract time.
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SECTION IX

AC AND DC CHARCING CIRCUIT SIMULATION RESULTS

9.1 INTRODUCTION

Two types of simulations were conducted. Simulations were conducted

using SPICE 2 to test the "Modified Hu-Ki Model" in various circuit con-

figurations that may be encountered in ac and dc resonant charging applica-

tions. Next the SCEPTRE model of the SCR was used in SCEPTRE programs

*: simulating ac and dc resonant charging.

The SPICE 2 simulations runs included: (all using "modified Hu-Ki

Model").

1. Single Loop AC Resonant Charging.

a. Without snubber.

b. With snubber.

2. Resonant Charging on Both Positive and Negative Half Loops.

a. Without snubber.

b. With snubber.

3. Single Loop Resonant Charging With Two Parallel SCR's.

a. Without balancing resistors.

b. With balancing resistors.

4. Single Loop Resonant Charging With Two Series SCR's.

a. With balancing resistors.

The SCEPTRE simulation runs using the "Reduced 3-Junction Model"

included:

1. Single Phase Single Loop With 3 SCR's and a Diode in Series For

6465.85 Volts at 400 Hertz.

2. Three Phase AC Resonant Charging Scaled to 1000 Volts and 1000 Hertz.
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3. DC Resonant Charging Scaled to 1000 Volts and 1000 Hertz on the

Three Phase AC Side.

9.2 SPICE 2 SINGLE LOOP SIMULATION

Section 4.3 presented the results of a simulation of an AC Resonant

Charging Circuit using the unmodified "Hu-Ki Model" Figure 10. A com-

parative example is given in Figure 46 which illustrates the results of

simulating the circuit of Figure 45 using the "Modified Hu-Ki Model"

developed in SECTION IV. Striking improvement is noted in the turn-off

simulation results during the period following start of SCR commutation at

approximately 500 us.

The circuit of Figure 47 (corresponding results are in Figure 48) has

a snubber added to demonstrate a means of suppressing the damped oscillatory

behavior following SCR commutation.

9.3 SPICE 2 SIMULATION OF A TWO LOOP AC RESONANT CHARGING CIRCUIT

A two loop AC Resonant Charging Circuit is shown in Figure 49. The

results of simulating this circuit without snubbers is shown in Figure 51.

As was indicated in Section 9.2, the oscillatory behavior of the SCR turn-off

transient in an inductive circuit can cause undesirable operation of some

circuits. The two loop circuit is such a circuit. The second branch SCR

is programmed (Figure 50) to receive a gate trigger pulse from IGI at 600 us.

SCR 2 begins conduction at 505 us (95 us prematurely). This occurs because

the Jl junction of SCR1 is supporting a rapidly rising reverse voltage which

is seen by SCR 2 as a rapidly rising forward voltage and therefore causes a

dv/dt turn-on of SCR 2.

The problem is corrected by adding snubber circuits. The desired opera-

tion is then obtained as is illustrated in Figure 53.
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9.4 SPICE 2 SIMULATION OF A SINGLE LOOP AC RESONANT CHARGING CIRCUIT

USING TWO SCR's IN PARALLEL

Figure 54 illustrates a basic circuit application of two SCR's in

*parallel. Such circuit applications occur when load current requirements

exceed the current rating of the chosen SCR type.

Problems with using SCR's in parallel occur mainly due to slight dif-

ferences in device characteristics among SCR's of the same type. This can

result in one SCR turning on faster than the other. The corresponding

principal voltage drop may then result in insufficient VAK of the other device

to insure turn on. This situation is illustrated in Figure 56 for which

SCRI and SCR2 have been programmed (Figure 55) to have slightly different

parameters. In Figure 56, it is seen that SCR 2 (I(VZERO 2)) begins to

conduct more quickly than SCR 1 (I(VZERO 1)). Since the series balancing

resistance (RSER) is essentially zero (actually 0.0001 ohms) then VAK for

SCRI drops in correspondence with VAK for SCR2 . VAK for SCR1 falls below

the required value for turn on before SCR1 primary current reaches the

holding current and therefore, the SCRI does not turn on.

This situation may be prevented (although at a loss of efficiency) by

inserting sufficient balancing resistance (RSER) in series with each SCR.

This was done (Figure 57 - RSERI = RSER2 = 0.5 ohms) and the results are

given in Figure 58. Both SCR's turn on since an increase in the current of

one SCR causes an increase in the voltage drop across the other and a

subsequent increase in its current.

9.5 SPICE 2 SIMULATION OF A SINGLE LOOP AC RESONANT CHARGING CIRCUIT
USING TWO SCR'S IN SERIES

Sometimes circuit applications call for SCR's to block voltages which

exceed the blocking voltage rating of the device (either forward or reverse).
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Such an application is illustrated in the AC Resonant Charging Circuit of

Figure 59 where the reverse voltage to be blocked may be as high as three

times the forward voltage of lO00V peak. The GE C602 LM SCR which has a

blocking voltage rating of only 2700V may not be able to block the peak

reverse voltage of this circuit which might reach 3000V. To insure adequate

blocking, two GE C602 LM SCR's are connected in series as shown in Figure 59.

As in the case of parallel SCR's, slight variations in device charac-

teristics may cause problems in circuit operation. In this case primary

concern is to insure sharing of the voltage to be blocked in such a manner

as to avoid exceeding the rating of either SCR. For this purpose, the

balancing network composed of RBALl , RBAL2 , for forward balancing and

CS1, CS2, RS1, and RS2, for reverse balancing is provided. 1,otice that

the reverse balancing network provides a snubber system in the forward

direction.

Simulation results for the circuit of Figure 59 are shown in Figure 60.

Prior to application of the gate trigger at 100 us both SCR's carry very

nearly equal voltages (V(4,7) and V(9,12) in Figure 60). During the on

period (100 us to 505 us), VAK for both SCR's is a very low forward value.

At the start of commutation (505 us) the charge stored in each SCR differs

due to slight parameter variations. As a result, the charge transferred to

the two equal valued capacitors in the reverse voltage balancing network is

different. The resulting unbalance in the reverse voltages is seen in the

VSCR and VSCR2 curves in Figure 60.

9.6 AC RESONANT CHARGING CIRCUIT SIMULATIONS IN SCEPTRE

An SCR model for use with SCEPTRE was presented in Section IV. Two

versions of the model were developed, one called the 3-Junction model and
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K
the other called the Reduced 3-Junction model. The simulation performance

of the two models was shown to be virtually identical through model verifi-

cations runs. Since the run times using the reduced 3-Junction model were

* observed to be slightly shorter than those for the 3-Junction model, and

*since the likelihood of exceeding a SCEPTRE capacity limit is less with the

reduced model it is selected for use in doing SCEPTRE simulations of resonant

charging circuits.

Circuits to be simulated in this research are adaptations of the AC

and DC resonant charging circuits developed by Lt. J. Silva at AFIT and re-

ported in Reference 42. Silva developed his circuits using diodes as

rectifier switches, however, the goal of this research is to develop a

computer simulation capability to simulate controlled rectifier (SCR) cir-

cuits. This simulation capability will then serve as a design aid in de-

velopment of the actual resonant charging circuits using SCRs. This report

presents the development of the computer simulation capability for simulating

the controlled rectifiers (SCRs) and other electronics of such circuits.

Magnetics are treated as linear elements in this report, however con-

current research is being conducted by Clemson University to enable treatment

of the non-linearities of the magnetics.

In order to do controlled rectifier (SCR) circuit simulations, facsimile

circuits substituting SCR's for some of the diodes in Silva's circuits were

devised. The plan being to compare simulation data of the facsimile circu-

its to Silva's charging system data. The considerable differences between

SCR circuits and Silva's diode circuits nakes direct substitution of SCR

rectifiers for diode rectifiers impossible. For this reason, careful con-

sideration had to be given to construction of proper facsimile circuits.

Significant considerations are summarized as follows:
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1. The line voltages in Silva's circuit greatly exceed any single

SCR's blocking voltage rating. Actual SCR circuits performing

at the voltage levels of Silve's circuits would require a large

number of SCR's to simulate a full three phase system.

Simulation of sufficient SCR's in series (seven) to provide

the needed values of blocking voltages was confronted by

SCEPTRE network programming limits (on the total number of sources

present in the network) when considering the total 3-€ system

(42 SCR's). While the SCR circuits may have been simulated,

review with Clemson revealed that the combined system simulation

would exceed SCEPTRE limits.

A prospect to assign arbitrarily high (and unrealistic)

values for device blocking voltage ratings was considered but was

deemed to limit the value of the research results in the end

result.

The solution was to design facsimile circuits having the

minimum number of SCR's necessary to obtain controlled rectifi-

cation in Silva's resonant charging circuits. This concept

involved use of SCR's to provide forward blocking prior to

triggering and Diodes to provide reverse blocking capability

in series with the SCR's reverse blocking to sustain the

4j substantially higher voltages in the reverse direction

presented by the resonantly charged load capacitor voltages in

series with the negative half-cycle source voltages.

Since magnetic elements are treated as linear, simulation

of more than one phase bank array in the AC system is merely

redundant, therefore a single phase system having a resonant
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charging load on one-half cycle of the source is presented in

Section 9.7.

2. The high LOSt of complete transient simulations of full scale

facsimiles of Silva's circuits made design and debug operations

cost prohibitive. The solution to this problem required develop-

ment of scaled circuits. Since the research objective was to

develop and validate a simulation capacity, then scaling is both

a valid and desirable approach. While a rigorous approach to

scaling [Reference 43] may be performed, absolute rigor is not

required in this case since the simulation is not to validate or

analyze an actual circuit, but to demonstrate a simulation

capability. The validity of the simulation is established by

the reasonableness of results as compared to the results obtained

in circuits of a similar nature. The circuits of similar nature

being Silva's diode switched resonant charging circuits. In the

case of ac resonant charging circuits, Silva did not obtain

final results for his circuits and therefore the validity of ac

resonant charging circuit simulations is established only by the

consistency of results with explanation of phenomena by engineering

analysis.

A scaled 3-phase ac resonant charging circuit simulation is presented

in Section 9.7. Scaled elements were as follows in Table 10.

9.7 AN AC RESONANT CHARGING CIRCUIT WITH THREE SCRS AND A DIODE IN SERIES

A single phase single loop AC resonant charging circuit is shown in

Figure 63. The circuit has 3-SCRs and a diode in series. Silva's circuits

used transformer secondary phase voltages of 6500V peak at 400 Hz. Simula-

tion of the required forty-two SCRs to develop a totally SCR 3¢ circuit of
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TABLE 10. DC Resonant Carging Scaling

Quality Silva's Diode Circuits SCR Facsimile Circuits

(unscaled) (scaled)

3-Phase AC System (section 6.2)

Source 6465.85V per phase lO00V per phase• Voltage

SourceFreSuecy 400 hertz 1000 hertz..> Frequency

Resonant load 0.327 henries 0.05897 henries

inductance

Resonant load 0.43 micro-farads 0.43 micro-farads
capacitance

DC Resonant Load on 3-phase Source (section 7.1)

Source 6465.85V per phase IO00V
voltage

Source
frequency 400 hertz. 1000 hertz.

Resonant load 2.58 henries 0.173 henries~inductance

Resonant load 2.58 micro-farads 0.586 micro-farads
capacitance
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,* "  this nature exceeds SCEPTRE capacity, therefore a single phase simulation

is presented to illustrate tne series SCR configuration.

Seven GE C602 Li. SCR's with reverse blocking voltages of 2700 voltage

are required in a totally SCR circuit in order to block the reverse voltages

following resonant commutation of the SCR's. However, only three SCR's are

needed to block the forward voltages. As a result, the design was simpli-

fied to SCR's to provide forward blocking and controller rectification and

one diode (actual circuit may use several diodes) to provide additional

reverse blocking needed. Figure 64 gives simulation results for the circuit

of Figure 63. The extended oscillatory behavior following commutation is

due to snubber circuit resonant behavior with the large series inductor.

CAD can be a useful tool in optimizing snubber design in this type o.

* circuit.

The SCR's, SI, S2, and S3 of Figure 63 had simulation parameters per-

turbed varying amounts within a 25% limit of deviation. Simulation results

clearly showed the results of the perturbations. This provides a design

aid to the balancing network requirements. CPU time for the simulation was

41.28 seconds for the 2.5 ms transient simulation of one complete cycle of

the 400 Hz source. It was observed that the 3-SCR series configuration

required only slightly more CPU time than that for a single SCR in the same

circuit configuration. This suggests that time step and not circuit size

is the dominant factor in CPU time for a simulation.

9.8 A THREE PHASE AC RESONANT CHARGING CIRCUIT

As mentioned previously, simulating Silva's circuit design requiring

42 SCR's in a 3-phase system exceeds SCEPTRE capacities using the reduced

SCR model of Section IV. Even an SCR/Diode conination such as that of
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DOUBLE PRECISION FUNCTION FGEN(HIGH,LOW,TD,TON,TPTIME, MNEG)
C FGEN IS A PULSE GENERATOR SUBROUTINE. THE PARAMETERS ARE AS FOLLOWS;
C HIGH = MAXIMUM VALUE OF FUNCTION , LOW = MINIMUM VALUE OF FUNC-
C TD = TIME DELAY UNTIL START OF FIRST PULSE, TON = TIME OF PULSE DURA-
C TION , TP = TIME OF PULSE CYCLE PERIOD, TIME = TIME POINT 3F CIR-
C CUlT BEING SIMULATED. PULSE VALUE IS SET TO LOW FOR TIME LESS THAN
C OR EQUAL TO ZERO IF MNEG IS NOT EQUAL TO 1. MNEG = 1 IF tPULSE MAY HAVE
C NON-ZERO VALUE AT OR PRIOR TO TIME EQUAL ZERO.

IMPLICIT REAL*8(A-LN-Z)
FGEN=LOW
IF(TIME.LE.O..AND.MNEG.NE.1) GO TO 20
N=(TIME-TD)/TP
IF(N.LT.O.O) GO TO 2a
M=IDINT(N)
P=(N-M)*TP
IF(P.GT.TON) GO TO 10
FGEN=HIGH
GO TO 20

10 FGEN=LOW
20 RETURN

END

FIGURE 61. SUBROUTINE FGEN IS A PULSE GENERATOR SUBROUTINE
USED IN CIRCUIT SIMULATIONS TO SIMULATE GATE
DRIVES AND CAPACITOR DISCHARGE SWITCHES.
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MODELSCR1 (A-G-K)
T I SI SAREDUCEDELEMENTVERS IONOFTHE3-JUNCT IONSCR?400ELDEVELOPE
FORUSEWI THSCEPTRE.THEPARAMETERSDETERMINEDFORTHISMODELBYTHE
SCEPTRE3-JCTNSCRMODELPARAMETERDETERMI NAT IONPROCEEDUREHAVEBEEN
PERTURBEDSLIGHTLYTOSIMULATEBATCHPARAMETERVAR IAT ION.

* UNITS:Ui',,FARADS,HENRIES,SECONOS,AMPS,VOLTS
ELEMENTS
R,A-1=5.D-3
RA, 1-C=1 .D6
RC,C-G= 1.06
RK,G-K=9. 375
JA, 1-C=DIOOEQ( 2. L88D-17, 38. 61)
JC,G-C=-DIODEQ( PX1, PX2)
JK,G-K=DIODEQ( PX3, PX2)
J2,C-G=-Xl(.9*JA4.9*JK)

(a) CA,1-C=FCJ(1.7aD-5,2.1J8aD-17,38.61,JA,VCA,Zi.D-9,1.D-10)
CCG-C=FCJ(*4.95D-6,5.65D-15,38.61,JC,VCC,4.0-9,1.D-10)
CKO-K=1 . -9
RS, A-2= 100.
CS,2-K=. 1D-6
DEF INEOPARAMETERS
PX1=FIS(5.65O-15,VCC,2. 703)
PX2=38.61
PX3=FIS(2.L488D-17,VCK,5.)
OUTPUTS
VCC,VCK, PLOT

MODELSCR3( A-G-k)
rH(S ISAREDUCEOELEMENTVERSI1ONOFTHE3-JUNCT IONSCRMODELDEVELOPE
FORUSEWI THSCEPTRE. THEPARAMETERSOETERMI NEDFORTH ISMODELBYTHE
SCEPTRE3-JCTNSCRMODELPARAMETERDETERMI NAT IONPROCEEDUREHAVEBEEN
PERTURBEDSLI ONTLYTOS IMULATEBATCHPARAMETERVAR IAT ION.
UNITS:OHMS, FARADS,HENRIES,SECONOS,At4PS,VOLTS

* ELEMENTS
* R,A-1=5.D-3

RA,1-C= 1.06
RC,C-G= 1.06
RK, G- K=9. 375
JA. 1-C=0IOOEQ(2. 3880-17,38.61)

(b) JK,G-KDIOEQ(PX3,PX2)

J2,C-G=Xl(.9*JA+.9*JK)
CA,1-C=FCJ(1.880-5,2.388D-17,38.61,JA,VCA,5.D-9,1.0-10)
CC,G-C=FC.J(I4.85D-65.65D-15,38.61,JC,VCC,4.5D-9,1.D-1O)
CK,G-K=1.D-9
RS,A-2=1 ,)0.
CS,2-K=. 10-6
0E I NEDPARAMETERS
PX1=FI S( 5.65D-15,VCC,2. 703)
PX2=38. 61
PX3=FlSC2.1488D-17,VCK,5.)

* OUTPUTS
VCC, VCK, PLOT

K.. FIGURE 62. INPUT LISTING FOR FIGURE 63. (2-PAGES)
* (a), (b), (c) ARE PERTURBED SCR MODELS

(d) CIRCUIT ELEMENT LISTING.
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FIGURE 62 (CONTINUED)

MOOELSCP?(A-G-K)
THIS ISAREDUCEDELEMENTVERS IONOFTHEL-JUNCT IONSCRMODELDEVELOPE
FORUSEWI THSCEPTRE. THEPARAMETERSDETERMI NEDFORTHI SMODELBYTHE
SCEPTRE3-JCTNSCRMODELPARAMETERDETERM INAT IONPROCEEDUREHAVEBEEN
PERTURBEDSLI GHTLYTOS IMULATEBATCHPARAMETERVAR IAT ION.
UN I S:OHMS, FARADS, HENR IES, SECONDS, AMPS, VOLTS
ELEMENTS
R,A-1=5.D-3
RA,1-C= 1.06
RC,C-G=1 .06
R K, G- K=9- 3 75
JA, 1-C=DIODEQ( 2. 5880-17, 38. 61)

C) JC,G-C=DIODEQ( PX1, PX2)
() JK,G-K=DIODO(PX3,PX2)

J2,C-G=Xl(.9*JA+.91*JK)
CAl-C=FCJ)(1.68D-5,2588D.17 38 61 JAVCA3D-9.9 D.lO)
CCG-C=FCJ(4.90D-6,5.650.15,38.6,C,VCC

3 .5 D-9,1D.O)CK,G-K=1 .0-9
RS,A-2= 100.
CS, 2-K=. 10-6
0E I NEOPARAMETERS
PX1=FIS( 5. 650-15, VCC,2. 703
PX2=38.61
PX3=FIS(2.488D-17,VCK5)
OUTPUTS
VCC,VCK, PLOT

CIRCUIT DESCRIPTION
THIS CIRCUIT IS A SINGLE PHASE AC CIRCUIT HAVING 3 SCRtS AND A DIODE
IN SERIES.
ELEMENTS
EAN, 0-1=Xl( 6465 .85*05 IN( 2513 . 2T IM.))
RA, 1-2=1.
LA, 2-3= .327
51, 3-4-5=MODEL SCRi
S2, 5-6-7=MODEL SCR2
S3, 7-8-9=MODEL SCR3
JD1,9-10=DIOOE Q(1.D-6,38.61)
CD1 ,9-1O=1 .0-8
CO. 10-O=.L43D-6
RB1 ,3-5=17.503
RB2,5-7=17.5D3
fRB3,7-9=17.5D3
R84,9-1O=1 .05

(di) JG1,5-a.=FGEN( .2 ,O.,l.D-4,5.D-5,2.5D-3,TIMEO)
JG2. 7-6= FGEN . 2, O.,l. -4, 5. -5, 2.50-3, TIME,O)
JG3D 9-8=FGEN( .2,0. 1. 0-L, 5. 0-5, 2. 50-3, TIME,O)
OUTPUTS
EAN,VRBI, ILA,VCO,PLOT1
VCAS1 ,VCAS2,VCAS3,VCDl, PLOT2
VCCS1 ,VCCS2,VCCS3, PLOT3
RUN CONTROLS
COMPUTER TIME LIMIT = 10.
INTEGRATION ROUTINE = IMPLICIT
PLOT INTERVAL = 1.5D-5
MAXIMUM PRINT POINTS=O
STOP TIME=2.5E-3
MINIMUM STEP SIZE = 1.E-30
END
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Figure 63 would require 18 SCR's which would again approach some SCEPTRE

capacity limits. For this reason, a 3-phase ac resonant charging circuit

was simulated using only six SCR's. This circuit is shown in Figure 65.

- Phase voltages were changed to lO00V - 1000 Hz to accommodate the reduced

number of SCR's and to have a shorter transient CPU time for one complete

cycle of the source.

Figure 65 shows two branches of each phase bank charging array. The

capacitors are discharged by the switches during alternate half-cycles of

the phase sources. The actual circuit used thyratron discharge switches,

but a non-linear resistor was simulated via subroutine FGEN. (Figure 61)

for this report.

Preliminary circuit design revealed that the conducting half-cycle

SCR would turn-off during discharge of the alternate half-cycle capacitor

in each phase bank array. CAD revealed that the problem was the discharge

current limiting resistors, RlA, R2A, ... , etc. These resistors were

originally inserted in series with the charging capacitors, ClA, C2A,

between RSWIA, RSW2A,...,. When fired, the line to neutral voltage dropped

suddently causing the conducting SCR to commutate.

The solution was to move the current limiting resistors to be in

series with the switches and neutral (as in Figure 65).

Simulation results are presented in Figure 68 for each phase bank array.

The usefulness of CAD is emphasized in the simulations of phases B and C.

The charging array is brought on line at time t = 0, but SCR firing is

synchronized to phase voltage zero crossing. Consequently, phase inductance/

snubber capacitor resonant behavior results in non-zero phase inductor

currents at the time of firing of the appropriate SCR.

CPU time for one cycle of the 1K Hz sources was 16 min., 8.9 seconds.
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CIRCUIT DESCRIPTION
ELEMIENTS
EAN,0-1=X1 (1.D3*DSIN(6285. 18*TIME))
RA, 1-4=1.
LA, 4-7=5. 897 E-2
EBN,0-2=X2(1.D3*DSIN(6285.18*TIME-2.O94))
RB, 2-5=1.
LB, 5-8=5. 897 E-2
ECNO-3=X3(l1.03*DSIN(6285. 18*TIME+2.o94))
RC, 3-6=1.
Ic, 6-9=5. 897 E-2
S1A,7-1O-11WMODEL SCR
S2A, 1L-13-7=MODEL SCR
CiA, 11-0=.430-6
C2A,O-14=.4Z3D-6
RiA, 12-0=11.
R2A, 15-0= 11.
JG1A,11-1O=FGEN(.2,0.,O..,l.04,1.D-3,TIME,0)
JG2A, 7-13= FGEN( .2, 0. , 5.0-14,1. -4,1. 0-3, TIME,0)
RSWlA,11-12=FGEN(l.D7,O.,-2.25D-4,9.75D-4,1.D-3,TIMEol)
RSW2A, 14-15= FGEN(1. 07, 0. ,-7. 25044, 9. 750-4,..D-3,T IME, 1)
S1B,8-16-17=MODEL SCR
S2B,20-19-8=MODEL SCR
CiB, 17-0=.430-6
C2B,0-20=.43D-6
RiB, 18-0=11.
R28, 21-0= 11.
*JG1B,17-16=FGEN( .2,0.,3.33D-4Ibl.D-4,1l.D-3,TIME,O)
JG2B, 8-19= VGEN( .2, 0. ,-1. 670-4, 1. 0-4, 1. D-3,T IMEO)
RSW1B, 17-18=FGEN( 1.07,0O. ,-8.920-4,9.750-4, 1.D-3.,TIME, 1)
RSW28,20-21=FGEN(1.D7,O.,-3.92D-4,9.75D-4,1.D-3,,TIME,1l)
SIC,9-22-23=I400EL SCR
S2C.26-25-9=MODEL SCR
ClC,23-0=.430-6
C2C, 0-26=.430-6
RlC,24-0=11.
R2C,27-0=11
J~lC, 23-22=FGEN 2, 0. ,6. 670-4, 1.D-4,1. 0-3, TIMEO
JG2C, 9-25= FGEN( .2, 0.,1. 670-4,1. 0-4,1. 0-3, TIME,O
RSWlC023-24=FGEN(I1.D7,0. ,-5.58D-4,9.75D-4, 1.D-3,TIME,l1)
RSW2C,26-27=FGEN(1.D7,0.,-.58D-4,9.75014,1l.D-3,TIME,1)
OUTPUTS
EAN,VC1A,VC2A, ILA, PLOTi
EBN,VC1B,VC2B, ILB, PLOT2
ECN,VClC,VC2C, ILC, PLOT3
RUN CONTROLS
INTEGRATION ROUTINE = IMPLICIT

6 PLOT INTERVAL = l.E-5
MAXIMUM PRINT POINTS=O
STOP TIME=1.E-3
MINIMUM STEP SIZE = 1.E-30
END

FIGURE 66. SCEPTRE INPUT CIRCUIT DESCRIPTION FOR THE
CIRCUIT OF FIGURE 65.
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AC RESONANT CHRRGING SY TM

TIMING DIAGRAM
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FIGURE 67. TIMING DIAGRAM FOR GATE SOURCES OF FIG. 65.
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9.9 A DC RESONANT CHARGING SYSTEM

Figure 69 shows a DC resonant charging system. A full-bridge con-

trolled rectifier circuit provides DC voltage to a resonant charging load

circuit. As for the 3¢ AC system discussed previously, Silva's circuit

source was 6465V/400 Hz whereas the simulation circuit is l00OV/lO00 Hz.

The switch SWl simulates a thyratron discharge switch.

One cycle of the source is simulated to demonstrate each rectifier

switch firing, then the charging capacitor is discharged. Simulation

results are shown in Figure 72.

CPU time for the simulation was 17 min., 33.84 seconds.
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MODEL DESCRIPTION
MODEL RLY1(1-2)
THIS MODEL REPRESENTS RELAY K2 IN JAM4IE SILVA'S CIRCUIT
ELEMENTS
R,1-2=TABLE 1
FUNCTIONS
TABLE 1
0.,1. E8, 2.SE-5, 1. E8, 2. 5E-5,O. ,2. E-3, 0.
MODEL DESCRIPTION
MODEL RLY2(1-2)

* THIS MODEL REPRESENTS SWITCH SWi IN JAMIE SILVA'S CIRCUIT
ELEMENTS
R,1-2=TABLE 1

* FUNCTIONS
* TABLE 1

O.,O.,2.OE-5,0.,2.5E-5,1.ES,1.E-3,1.E8,1.E-3,O.,1.02E-3,0.,1.02E-3,
1. ES,2. E-3, 1.E8
CIRCUIT DESCRIPTION
THIS CIRCUIT SIMULATES A 10OOV/1KHZ RESONANT CHARGING PULSE POWER
SYSTEM.

* ELEMENTS
EAN,1-A=Xl(1.3*DSIN(625.16*TIME-5.236D-1))
REA,A-2-1.
ESNI 1-8=X2(l1.D3*DSIN(6285. 18*TIME-2.618))
REB,B-3=1.
ECN, 1-C-X3(1. D3*DSIN(6285. 18TIME*1 .5706))
REC, C-4.1.
S1,2-5-11;MODEL SCR
S2,0-1O-I4-MODEL SCR
S3,3-6-11=MODEL SCR
S4,0-8-2uMODEL SCR
S5,4-7-11-MODEL SCR
S6. O-9-3=MODEL SCR
JG1, 11-5. FGEN(.2, 0..1. 67E-4 ,3.33 E-4,1. E-3, TIME, 1)
JG2,4-1O.VGEN(.2,0.,3.33E-L&,3.33E-4,1.E-3,TIME,1)
JG3, 11-6= FGEN( .2. 0.,5. OOE-4, 3. 33 E-4, 1. E-3,T INC, )
JG4 ,2-8= FGEN( .2, 0.,6. 67E-4,3. 33 E-4,1. E-3,TIME, 1)
JC5,11-7.FCEN(.2,0.,-1.67E-4,3.33E-4,1.E-3,TIME,1)
JG6,3-9-FGEN( .2,0.,O.,3.33E-4,1.E-3,TIME,1)
CF, 11-O=7.5E-9
K2,11-12=MODEL RLY1
JD1,12-13=DIODE Q(1.D-8,38.61)
CDl, 12-13=5.D-9
RD1,12-13ml.D4
L, 13-14-. 173
R, 14-15-..E-2
SW1,15-0=1MODEL RLY2

* CO,15-16=.586E-6
-4 RL,16-Oul.82

OUTPUTS
EAN, VC F, I RL, VCO, PLOT I
IREA, IREB, IREC, PLOT2

* - RUN CONTROLS
RUN INITIAL CONDITIONS
INTEGRATION ROUTINE a IMPLICIT
PLOT INTERVAL a l.E-5

a MAXIMUM PRINT POINTSwO
STOP TIMEal.02E-3
MINIMUM STEP SIZE a 1.E-30
END

FIGURE 71. SCEPTRE INPUT LISTING FOR THE DC RESONANT CHARGIN~G
SYSTEM OF FIG. 69.

4 145



g a V I to-3o.?0't
S0 -e t0:30

a.- a 00-3006
01" I 0 V • 0-3)0 '

I 01 I V 0O 300L 6
Ia to 010V0-009.6

I 301 00-11001 6

I. aI V 00-3loot0I

. ...... ..- ,---.............. ... ... ......... . . .-. - 0: 006
al 0 IV 0 -1006'6

* 10a 10 V 00v-3001"0

al 0 V 0o-loo',

[ • l !0 I v , I to- 3009'S
FiO OI, 0 vV 0o-.aoob 6

a20 V1 %OJOL ta •I 0 2-10111
10 V Ito- OW

SI I V 0I-3 0046
• vI NV 0-300 1 "L

a I a V 1 00-200L6
- I 2 --- V o-3009 L

I a a I I 0-3006 'L
I 2 o0 I I .0-30 I-i

* *0 0 f(V *O-30r5
I 2 j I V 00-300 L

I I I V 00-300o1'
10 10 3 I 0O-400L9 "

nI 1 I V 0-300*L9

I to I a V 00-300C9
4600I aol I I4 I -3009
* , .S . 1 I .Io-300r 9

I • I g n I j s o-jool., (-

.. - --- - - -. . . -0o--. ... 0-3000"9

SSI I I I ! 0-3006"9
0 1 3 I I 0-300t'9
I Zg M 110•300019I 0 IVI atv I o.-joo. ,,

IH! a VV 01 I 00 -006* LU

S1-0----------------------...... ... -0 ...v---!. ..... "..I.. .... ---°--J 19 "I i. ,+ -SI V I 1 I 0-300_6'
I I Io-300 D

IV•, 0 IV I0 -3209'0
. . 00-0040 " I

.o21• I 1 10-300 0
a1 1 0 0-3()0(,;0

* 0 V 1 00-lo060

* I v 1 I 0 00-3001 ".......}- .. V .............. It .................. 1-0 ............... ......... ..... . "0-1000"5
0-3000'v

' I V e •0 0-lool't CD

V 1 I 0I I16

I•V I1 . I 10• I 4NI

l" .. .....I ......... -- - - - - I-.............---........------..--I

IIO [ a -3009. 0
IVV I I0 00oo0

v10 • I 0 00-3005' I-3

IV V' = I:I0 0 "-

I I I 0f 00-3400

v I 3 • I- - - OIo-)oi"

V
- ---- ----------------------- 830

VI 63 1 0 0-3006:1 .

K IV U 0 I 0 • 0-10091l

2 V0300 1 W)0- 00o-

VI I 000 '3001 I -

V IV 1 0 ti0-30041

V V VI 14 -001 LU

1-- 00-3001

S...... ........... 0 0-3000".

I I I 1S • :i -)
m I a

I I 2V 0 60-30"009

to % • o±oL'V ea 20 430091
v a 0 0D-30 "J

SIv V 0 40-300 I I
0 0 V.. . ...... .......... . -- . .. .......... 0 ..- 0-V000"V 3 1 00-3000 L0

6030IV a0 3060 00%0 60 301 02 0 3 0 t

2 0 0 3 .00-,0 -

:.• • - . - -

IsI V 0 %0-30%'*

V a o Wo-30oooI '
I • ,O-300O*O'I

,,-. . ... I.. .............. 0 2 . ..... .... . ...... - 0 ""C

-. ~~~~~~~~~ SO 3000 1O4I f 0' 03 ' 010

"' 010II 0 H 00 0lIO "-, 0 0 0ll- l:9

t- l o ' to 310019 to 300418 to 0" 01- go 100 - l0 00I o,

146



v . . . . .. . .... . . . . . .
t o l o t t

o I 3 to-3o10"l
| v ( • V! | I0-)010o t
I v * I o ! I O-JOOC "i• I I II 3-oo '

v o I0-3006*
V0-3009*6

I V 3 -300L6No 300 6

I 3 0,-20506
I 010O30041

vI 0-200 .

Iv 0 * 300 1 , 3
6

. . ....... ...... ..... '-I .. 0- 00"
IV 3 I g10-3006.

a 00-3009*
IV 3O3009

"" I b0-3"001
I U V°0-200t
iv 0 o 00I ,I , -0 0,....

...... .... i- ......... I 0.....- . V030

|I ~ Iv o]'
IF 0 3;-3006*9

I 2 0 0-3000:L

II I I o| s '

IFI Iv .a 10306 "L

I-- --.- U Vf 0o206I

103 0-300%I 0 3 L

0 1o-300Lt L
.I ...... . .............. 00.-000 L

IA51 I I 0-3006"9
Il v I 30-loo '1 9
* .I 3 I V I 3 i~ 0-300'"9
I *t V I !I 0-3o09

F I W I 1l -30019

C SI V °0-01

v 2 tO-]OOt " 9

Sv a t I 300c"9

3 v 1300033

................. I ........... V .... to- 3000I --- ----- 009'

91 3 4 0-1009's-IVI v I 30 -20653 o-oe'
IV v ,I I I 0-2003;3 i
IV"• I I | I 3 I 0-3oo0' I5

VI g JO-300" CJ

':1 1 33 I"fl-'3°
I V I o a!IL"!I~

v •o ioto / 009*

vI I I 30 I

Iv I I 3I 0 I -o-l~a•I

Iv II II I - '

vII I I 0-30 0'3
................ 0-3001*6

I 3 ,* Ili

I aV' I ! Io.U09*

Sj

I I I 3I 11-3009"%

to. V j
I W-2009*

IVo Ict* "t 0.
................ I ... .-- .. . ....- ....... .- 330-00"

i v IV 33 1- 300"0

vI II 4 I -LA.

v I 3 10-300"l

I I 1-20009

Vi 3 10-20001

V to I 3 ! 10-3000"
I 3 I *o 00

v V - 0 I 10-30011

--------------------------------------------- --- %03000 f CL00 40-0w 000 201- . 3

;. I I vI o • I -loot'•
J I vI , •• I o-l " l:

I ~~ t o-loot a C

S I 2 - - 0 I0 40- 100 V

Iv 110 30I I I o Io
II 010 ion "I ,O]0"
Iv 110o• -3001"1

W.* ., .**- ! ................ . ...................** ..............".'. ..... .... . 000'

":0 *.*

10-30 147

. . -. : --------."----- "- - . .............. ..... .. .- . . .. . - , .. ..



SECTION X

CONCLUSIONS AND RECOIENDATIONS

.10.1 INTRODUCTION

In airborne high power systems, in order to achieve an optimum energy

to weight ratio, it may be necessary to design and operate system

components in variable ranges and under conditions not covered by

available models. For this reason more detailed models were developed for

three phase AC generator, three phase transformers and SCR's.

Circuit models and computer program models were developed and the

models tested by simulation of typical operating conditions and severe

faults.

Consideration was given to the problems of the simulation of the

composite system of short time constant electronic components and the long

time constants of the generator and transformer.

10.2 SYSTEM VARIABLES

Section V shows that for nonlinear inductors the flux linkages,),

should be chosen as variables instead of the inductor currents. Similarly

for nonlinear capacitors the charges, q, should be chosen as variables

instead of the capacitor voltages. However, in order to use the large

body of BJT and SCR modeling work already documented in the literature the

decision was made to use the CAD programs SPICE 2 and SCEPTRE.

The use of SPICE 2 and SCEPTRE dictate the use of network currents

* and voltages as mode or state variables. This choice of variables either

148
1,4°



implicitly or explicitly involves terms of the typeaL/ai orac/av.

Including the terms of the type aL/ai in the nonlinear inductors caused

problems in the generator model simulations by giving excessive run times.

In the generator simulation results reported the aL/ai type terms were

left out. The total of all aL/ai terms was only on the order of 60 volts

compared with 15,000 volts rating for the example machine used. However,

the large percentage variation of the aL/ai terms caused the variable step

size program in SCEPTRE to spend excessive time hunting for an appropriate

step size. In a different machine this effect may need to be included.

10.3 NUMERICAL METHODS FOR STIFF DIFFERENTIAL EQUATIONS

In Section VI integration methods best suited for systems of "stiff

differential equations" are considered. It was generally concluded in the

references cited therein that implicit integration methods are required.

Both SPICE 2 and SCEPTRE offer implicit methods as options.

Even with the larger step size permitted with implicit integration,

long run times are required when the step size is determined by the SCR

model and the run time is determined by the resonant charging circuit

period.

10.4 THE GENERATOR MODEL

The generator model developed uses "phase variables " in contrast to

"direct and quadrature axis variables."

The model includes direct and quadrature axis damper circuits which

may be important with the rapid fluctuation of the load in AC and DC

resonant charging applications. In the results section very large damper

currents were experienced during balanced ana unbalanced faults which were

simulated.
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The model will allow for consideration of saturation. In the

generator simulation runs made, no striking differences were evident in

*i the runs with and without saturation. However, the machine oata used was

for a typical electric power system generator and it is probable that in

an airborne system the equipment will be driven to more extreme limits and

saturation effects will be more significant.

No data were available on the prtme mover or the field control

apparatus, however the form of the model and the SCEPTRE CAD program allow

for adding these additional components.

For the results reported reasonable run times were required even for

severe faults on the unsaturated and partially saturated cases.

No compatible parameter data were received for generator, transformer

and AC and DC charging circuits so a simulation of the composite system

was not run. Data and results supplied were not in sufficient detail to

test the intricacies of the modeling work done.

10.5 THE TRANSFORMER MODEL

The transformer model is dependent on SCEPTRE to take into account

the transformer connections. Thus, the wye-wye or the delta-wye of the AC

and DC charging systems pose no problems. The coupling between primary

and secondary of a given phase or the coupling between phases are

accounted for by expressing the inductances as functions of magnetizing

currents. These inductances are computed in a subroutine which must

contain measurement or computed data relating inductance to currents.

Thus, a three phase bank of single phase transformers or a three phase

three leg core transformer can be represented.

,4 150



10.6 AC AND DC RESONANT CHARGING CIRCUITS

This report has presented research to develop SCR modeling techniques

for use with the CAD programs SPICE2 and SCEPTRE. The modeling techniques

. were employed in simulation of AC and DC resonant charging system load

banks.

Research using SPICE2 has examined a method of determining parameters

for the two transistor SCR model from SCR specification sheet data. The

methods is that developed by C. Hu and W. Ki at the University of

California at Berkeley. This "Hu-Ki Model" was developed for use with the

CAD program SPICE2 also developed at Berkeley by L. W. Nagel. The

conclusions resulting from this examination of the "Hu-Ki Model" are as

follows.

1. The "Hu-Ki Model" for the SCR provides good simulation of most

SCR terminal characteristics with one exception being the SCR

turn-off transient behavior. This model requires improvement to

be useful in computer simulation of AC Resonant Charging Circuits

during commutation.

2. An improved SCR model denoted as the "modified Hu-Ki Model" has

been developed in this report. It has been demonstrated to

perform satisfactorily through simulation of AC Resonant Charging

Circuits having one and two SCR's.

3. SPICE2 computer simulation of power electronic circuits such as

AC Resonant Charging Circuits may be performed with sufficient

accuracy to serve as a design aid when using the "modifie( Hu-Ki

model". The accuracy of such simulation has been demonstrated

through simulation of circuits using two GE C602 LM SCR's which

have parameters differing within the normal model mix range of

variation. These simulations are accurate enough to show the

distinct activity of each SCR and its effect on overall circuit

performance.
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While it is felt that an advance has been made in SCR modeiing to

*- facilitate computer simulation of AC Resonant Charging Cirits, important

areas of research remain to be explored. Some regions of interest

.. surfaced during the work of this research. The "mooified Hu-Ki model"

provides only a functional representation of the terminal characteristics

of an SCR. There are several deviations from the true physical activity

*- within an SCR. One of the more gross examples is the use of constant

forward current transfer ratio's (a) in the transistor models. Another is

*the use of a constant and extremely small saturation current for the

transistors. This latter leads to forward voltage drops in excess of 1V

for the J1 and J3 junctions: a substantial deviation from reality for a

pn junction. Still other examples exist but are left to the interested to

* explore.

The SCR model developed for use with SCEPTRE is called the 3-Junction

model. The method of parameter determination for this SCEPTRE SCR model

is an adaptation of the "modified Hu-Ki model" method used with SPICE2.

As modified for SCEPTRE, the procedure of parameter determination is an

easy to use ten-step procedure which requires only manufacturer's

m specification sheet data from which to calculate model parameters. The

following conclusions are made as a result of the research with SCEPTRE.

1. The SPICE2 two-transistor SCR model and the associated "modified

Hu-Ki" parameter determination procedure is adaptable for use

with a similar parameter determination procedure.

2. The three-junction SCR model and the associated parameter

-7 determination procedure provides an excellent CAD tool for

simulating resonant charging circuits for pulse power

applications.
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3. The SCEPTRE 3-Junction SCR model may be functional in a variety

of network configurations because of the flexibility of SCEPTRE

input format. This report presents two configurations called

the 3-Junction model and the reducea element count 3-Junction

model. The latter of these two was preferred in this research;

however, an optimal configuration was not determined.

4. The 3-Junction SCR model is an effective simulation tool for

SCEPTRE simulation of AC and DC resonant charging circuits.

5. SCEPTRE computer simulation CPU times are typically larger than

with SPICE2. One reason is that SCEPTRE internal subroutines do

not have overflow/underflow protection. Consequently, on IBM

machines using Fortran Gi, traceback routines may be activated

excessively.

6. Large signal circuit design such as resonant charging circuits is

difficult to say the least and typically requires a great deal of

experimenting to achieve the right combination of snubber

elements, gate drive times, etc. The work reported in this paper

provides a basis for use of the highly cost effective CAD for

preliminary design and debug of such circuits.

Excessive underflow and overflow has been determined to occu,,

frequently in SCEPTRE internal subroutines. The problem is therefore not

solvable through control of input network description. A solution would

entail writing alternative subroutines and incorporating overflow and

underflow protection in the subroutines.4
The most direct approach would seem to be to take the actual SCEPTRE

subroutines, copy them, develop overflow/underflow protection and then

input them as user subroutines. The actual Fortran coding of the

subroutines is is available only from the SCEPTRE program tape as received

from the Air Force.

l 153



APPENDIX A

THE GENERATOR MODEL

The purpose of this appendix is to establish the notation and address

the approximations and assumptions in the generator model.

A.1 EQUIVALENT CIRCUIT EQUATIONS

Figure 73 shows the three phase generator equivalent circuit. The

vector circuit equations are

RI + (82)

where

V -v a , V b , v c , V F , V D , V Q T (8 3 )

II= [i a' Ib ic, F i D i1Q] T  (84)

x=[AA T (5
at Xb' Xc' XF' AD' XQ1 (85)

-ra ra
rb

rc

rF (86)
r F

rD

rQ

,* and

Va, Vb, vc are the stator phase terminal voltages

vF is the rotor field terminal voltage

vD and VQ are the damper winding terminal voltages

ia, b , ic are the stator phase currents

iF is the rotor field current

ID and IQ are the direct and quadrature damper field currents

Xa' Ab' Xc XF, XD, XQ are the circuit flux linkages with the subscript5

a, b, c, F, D, Q referring to the same circuits as for V and I.
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Generator Model

F F

-
i a

!D

a

[4

4

r" FIGURE 73. IDEALIZED CIRCUIT MODEL OF A THREE-PHASE GENERATOR
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In terms of inductances Equation (82) can be written

dV = RI + Z (LI) (87)

with the flux linkages defined by

"al Laa Lab Lac LaF LaD LaQ ia

b ba Lbb Lbc LbF LbD LbQ b

c Lca Lcb cc LcF LcD cQ

AF =  Fa LFb LFc LFF LFD LFQ iF (88)

D Da LDb LDc LDF LDD LDQ D

D LQb LQc LQF LQD LQQ 1

Some approximations and assumptions are implied in the choice of the

inductance terms used. These involve the space distribution of the air gap

flux and the resulting variation of inductance with rotor position. The

inductances are given by the following:

Laa = Ls + L Cos(2e)

Lbb= Ls +LmCos2(e -X)

Lcc = L + L Cos 2(e +2)

Lab = - Lm Cos 2(e + ) = Lba

Lbc = -M -Lm Cos 2(e- ) =Lcb

Lca -M - Lm Cos 2(e+-) = Lac
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LaF = MF Cos(e) = LFa

LbF = MF Cos (b - 2- = LFb

LcF= MF Cos (e + -) = LFc

LaD = MD Cos(e) = LDa

LbD =MD Cos (e - -) = LDb

LCD = MD Cos (e + =Dc

LaQ MQ Sin(e) L
=M Qa

2w)LbQ = MQ Sin (e - = LQb

LcQ Q Sin (e+ ) =LQc

LFF = LF

LDD =LD

LQQ L Q

LFD = MR = LDF

LFQ=O =LQF

LDQ= = LQD (89)

Figure 74 defines the rotor angle, e used in the inductance expressions

e(t) = Wt (90)

A.2 SATURATION EFFECTS

References 3, 5, 6 show curves of the inductance variation with rotor

position, e, similar to the curves of Figure 75 Kimbark (Reference 5) and

Anderson (Reference 6) use the same equation form as used here in Equa-

tion (89). Smith (Reference 3) uses an Laa of the form

Laa Ls + Lm2 Cos(20) + Cm4 Cos(4e) (91)
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the fourth harmonic being due to a third harmonic in the space distrubution

of the air gap flux. Smith further states that this fourth harmonic is the

highest significant harmonic observed over many tests.

The simpler model of Equations (89) 4as used here for various reasons.

First, the inductance model of Equations (89) is a generally accepted model

and it is simpler than Smith (Reference 4). This becomes significant when
3L

the non-linear terms of are expanded.

Secondly, the third harmonic in the flux space distribution is

evidence of the peaks of the wave being flattened. This effect is due

to saturation effects or is at least analogous to saturation effects and

saturation effects in our model are being accounted for by direct measure-

ments.

In this work saturation is taken into account by assuming the shape

of the curve of inductance variation with e will not change but the in-

ductance coefficients in the equation change. For example the saturated

Laa becomes Laas

Laas =Caa Laa

=Caa Ls + Caa Lm Cos(2e) (92)

Where the Caa is obtained from a measured curve showing the variation

of Laa as a function of a net excitation, ix, of the magnetic circuit.

It is clear that more saturation gives a larger third harmonic in the

flux space distribution and hence also changes the shape of the induc-

tance curves of Figure 75. According to Smith (Reference 4) this changes

the relative amplitude of the fourth harmonic compared to the second.

Smith computes his saturated Laas as follows.

+K) Ld Caa -Lq Ld C + L

L Ls1 + (1 Cos(e)Kd aa Cos(4e) (93)Laas +0 i 22

wherewhe Ld  is the direct axis inductance

Lq is the quadrature axis inductance
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K is the decimal fraction of third harmonic to fundamental flux

L Ld Caa + Lq (4
Lsl = 2(4

Equation (93) assumes saturation effects on the direct axis and no

saturative effects on the quadrature axis which seems reasonable for a

l salient pole machine. Smith does not refer to the fact that K is a function

of saturation.

While the Smith formulation Equation (93) does address the fact that

saturation would affect the shape of the Laa(e) curve it is qiite complex

and it is not clear that it would give better results that Equation (92)

with measured Caa since it does include several assumptions and approxima-

tions.

This Is an area that may be worthy of further investigation if the com-

puter simulation results do not match observations adequately.

A.3 THE TORQUE EQUATION

The equation relating electrical circuit quantities to mechanical rota-

* tion quantities isd2e de [ -
A [Tm " Te " B de (95)
Jt2  J m e t

* where
J is the polar moment of inertia of the rotating parts

B represents rotational losses and may include viscous

damping and possibly core losses related to rotational

speed.

Tm is the mechanical torque input at the shaft

Te is the so called electric torque developed.

The electrical torque developed is given by the expression

Te I ( T[LJ[1] (96)

The circuit model and Equations (95) and (96) do not include any eddy

current or hysteresis loss effects.
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These losses are sometimes considered as rotational losses and the B

in Equation (95) is adjusted to include them. It is quite common to neg-

lect both the core losses and the viscuous damping and omit the B tem.

1
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APPENDIX B

SATURATED GENERATOR MODEL

B.1 SATURATED GENERATOR EQUATIONS

* .Section II of this report discusses the effects of saturation on the

network model. Equations (12) and (13) illustrate the phase "a" equation

* development. This section shows more detail in the phase "a" equation

and also lists the equations for the other phases.

This development is based on the expansion of Equation (82) and (87) of

Appendix A. From these we write

dx d (LI) (97)

or

dx dI dL (98)
= L ]t + (T I

The expansion of the matrix products gives as the first row of Equation (98)

dx a dia  dib dic  diF diD= L~aa +Lab T + Lac +LaF +Laat ____ ____-(t aD -

di d a dLab d c dL '

+ LaQ + daa + + i + d aF
aQ ~ ~ ;il-3ta T-b Tt Vt

•-dLaD (9
+ -at- i D + t Q (99)

Saturation effects on the first six terms on the right hand side of

Equation (99) are as shown in Appendix A Equation (92).
dLaa

The development of the on3 derivative term -d-t is shown in Equation (12)
saThe complete set of terms for F is now listed

a N cos(2)a a 2I -x a NLaa ib
H Fa 1a a Fa 'aat

IF+[ 3L[

+ cos (6+W ~ aIac a + Np La atal i
1Fa T aTax] -3,i + a~ ta FO a a ia] a t

163



[Na'a a ('a sine) 2bSn + IC Sin(e 2+

-+ ai aC Si n~ 2e a

1 a Caa m Si a2 t

+o~ei Lab 1 a + ~NaCse-27 Lab ]3 b

[NFa CO J~i at L~ Tos~ 1b 17

aixL
+lbCL +Sin(2NeL ] i

[N -r1-Fa ob e)1T at b ai FD IC aT~ i a

ab + iC Sin(e +

- NFa IC (' Sin(6)+ ib Sin(e - 2w 2

+1 c 2CaLm Sin(2e 2ff a

INaCos(0IF ' atc] F a A+ [NFa Cos(e - 2w- 3LaF 31

1a a L i

CO~ej La ac] 3a F + [NLaFc al+[NFa Fo~ 2- ic 7 ! -i-a] c+[lc aix] t [FD ax] a~F

-.- Na 1F 9  ~ Sin(e)+ 1b Sin(e T 2 c Sin(e +2

+ 'F 2Ca L Sin(0)] 2-f
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aL8D al 2w aLaD] aib
"a ai1a +_[N

I + N~aCos (6) i o  2w)xD ii
Fa Nat Fa(Cos 6- at

C LaDaL I N LaDl aiD
* Fa ~ D x1 at [ x]F a FD 'D aIx a

3L 2vL X LX

Na iC aTa (i Sin(e)+ i Sin(e-

+ iD CaDMaD Sin e

r aL 1 D [N 2w aL i

IN ~ 3_ 7o~~Q~( -) iQ-Q 31 t+ Fa Cos(e)i a Ix  t N Fa Cos(e x ] at

+ Na(Cos+e2 + + iQ 2aLw1 NFD iQ aix --

+FaCS+*~* a1, X. L 1 FD 'Q a at~

i[NFa iQ a (ia Sin(e)+ ib Sin(e - + _T Sin(e +-))

-Q i CaQMaQ Cos(a)] e

di dib di c  diF di D  di
+ Laa + Lab + Lac + LaF + LaD D+ LaQV (100)

To make the expression appear less formidable the following terms are defined,

aLaa + Lab aLac 3LaF LaD a
A a + b I F +IF +Di + x

ix b3-x- CYx Fa-x- x

Ba = NFa [ia Sin(e)+ ib Sin(e-2) + ic Sin(e + )] . (102)

and ca 2Ca [Ia Sin(26)+ 1b Sin(2e - w+ 1 Sin(e + 2w] (103)
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The voltage generated in phase "a" can now be written more compactly as

a a
t A a NFa Cos(e)+ Caa (Ls + Lm Cos(2e)]--

[A N 2, C (-M + Lm Cos(2e 2,]di
+ ~aFa Cos~o -a + S - Tt

+ Cos N + 2r+CM+ Lm Cos(26 + 2fjd
a LaFa Cos L) Caa(~ di c a

+ [Aa + C FMF Coso C) F + [AaNF + a'DCo eJdD
di

+ C aQMaQ Sin(e)- tl

* -.[BaAa + C a + (iFCaFMaF + 'D CaDOa) Sin(e) - iQ CaQMQ CosCe) d-o)

V For the other generator circuits the results are now listed

dx ANaCse-aas+ L Cs2-) di

b [AbN Cos(8 - CM+ C L C Cos2 2rr 1a
Lf b a a a S aa ni e-C-) t- -

* F di b
+LAbNFCos(e + Caa + CaaLm Cos(2e)-+

+ [AbN Co~ + C1 Lm Cos(e 2 di

+ [AbNF + CaMaD Cos(e 7 -211)

+ LCatQ Sln(e - 2'.)]

A 8Ab+ 2Cb CaaL + (CaMa 'F + CaDMD iD Sin(e 27-

-C ba M i Co F2,rideD

CaQaQ Q Cs(e-)oj (105)
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where

ICa ~b aLbc aLbF + . D aLb (06

C=Ia Sin(2e -L)+ 
1b Sin(2e + + i + Sin(2e) (107)

dlc rc o~) aMs + CaLm Cos(2e + 120)h di a
=1cFa Cs.) as am' t

+ [AN - 20)Lm Cs(2 dib
+[cFa Cos(G 10 - CaaMs + Caa~n Cs(0)] cf

+ [AcNa Cos(8 + 120) - CaaL + CaaL Cos(20 -120)] di

+ [A + aF~F Cs~e+ 120)] diF

+ [AcNF + CaMaD Cos(e -a 12)T'

+ CaQMa + Sin(e + 120)]-E

*-[AcBa+ 2 CcCaaLm + (C aFM aF 1 + C aDMaDiD) Si(e + 120)

4 Ma i~ Cos(e + 120)] de (18

aLca aLcb aL cc aLcF XLCD XL
Where A = -i- ++ i + 1 i~ +1 -~-L -~~a -1X- b -7 ac-1X F7" i1x- Q al x

C =i Sin(2e + 120) + 1b Sin(20)+ IC Sin (2e 120) (110)

arTt LAFNFa Cos (0)+ CaF aF Cos (0)] at

+ [A FNFa Cos(e -120) + CaFMaF Cos(e 120)] at
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+ [AFNFa Cos(O + 120) + CaFMaF Cos(e + 120)]

@iF

- [BaAF- C a (11)

where A F a aLFb aLFc aLFF + aLFD (112)

a-x +  
b 3 x +  lc  'x+ iF Dx + D-2

CF = a Sin(8)+ ib Sin(e - 120) + ic Sin(e + + 120) (113)

CF  di

dXD e di a
,.. L =[AD NFa Cos 6 + CaDMaD Cos(eJ -~-

+ [AD NFa Cos(' - 120) + CaDMaD Cos(O - 120) 'cb

+ [AD NFa Cos(e + 120) + CaDMaD Cos(e + 120) -t

+ AD + CFDMR

+ [NDAD + CDDLD] di'D

L.. [BaAD +CaDMaDCD] d (114)

aLa LbLc aLDF @D
where A D Da - + ib -- + LDc + iaLD B + iD LDx  (115)

AD=i a;I'x -i + Ix -a- 1 i ' D ai

CD = ia Sin ()+ ib Sin(e - 120) + ic Sin(e + 120) (116)

168



C M Sine)
dt LaQ aQ at

+ [c m Sin~e 120

LaQ aQ SWt~

+ [CQMaQ 3lot(17
where c =i Cos(e)+ iCos(e -120) + I Coe + 120) (118)Q aob e
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APPENDIX C

GENERATOR DATA USED

Considerable difficulty was encountered in obtaining data for the ma-

chine model. Data were needed to test the model performance. Some data were

supplied by the Air Force through technical publications AFAPL-TR-75-87 and

AFAPL-TR-77-31. In both publications the data were incomplete even for a

fairly standard model. In one of the publications the data purported to

have been used was inconsistant in the sense that it gave mutual inductance

with coefficients of coupling that were greater than unity. This problem

*was identified after spending considerable time and effort and having several

unsuccessful computer runs. Further, neither of the above reports contained

any useful saturation data. The needed data is not available currently.

C.1 UNSATURATED GENERATOR DATA

In order to have data for a real machine and move forward with the simu-

lation, data were taken for a machine from Reference 6. No usable satura-

tion data were available from this reference. Saturation conditions were

simulated using trend curves from Reference 3.

The machine data used are listed below. These are unsaturated values.

Balanced three phase 60 Hz Generator

Ls = 4.152 mH

* Lm = 0.074 mH

LF = 2.189 H

LD = 5.989 mH

L = 1.423 mHQ
M = 2.076 mH

MF =89.006 mH
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MD 4.721 mH

NQ = 2.269 mH

MR = 0.108994 H

Rated Power 160 MVA

Rated Voltage 15 KV (line to line)

Inertia Constant H = 2.37 sec.

Ra = 0.001542 Q

RF = 0.371 a

RD = 0.018421 a

R = 0.018969 (1

rated field excitation voltage = 375 volts

C.2 SATURATION DATA

The additional data required for the model are saturation data. It will

be necessary to measure or determine in some other manner this saturation

data for the specific machine being modeled. Measurement methods are dis-

cussed briefly in subsequent paragraphs.

For the purpose of obtaining numbers for the machine model used to test

the computer model, curve data were used from Smith and Snider (Reference 3,4).

These curves were normalized and applied to the above machine data. The

premise in measurement of this saturation data is that saturation is dependent

on some net equivalent field excitation

Six =i F + NFD iD + NFa a Cos(e) + ib Cos(e -r-

+ , Cos(e + 2w (119)
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The excitation level can be obtained by varying only iF The incremental

inductances are obtained by perturbing the various other currents, say Ata,

for incremental Laa. Integrated incremental inductances give saturated

inductances. Thus a plot of Laa versus iF with e = 0 gives appropriate

saturation data for the "a" phase self inductance. Data for the plot of Laa

vs iF is normalized and put into an algebraic equation form using a least

* square regression analysis. The following form is obtained from the Laa

versus iF data

" al , 2 + al .3 (120)
Caa=alO+ a i 2 x 3 x

Saturation data must be determined for Laa, LaF, LDD, LaD, LFD. From

these the regression coefficients for the C's are found: Caa, CFF, LDD,

CaF, CAD, CaQ, CFD-

Table ll lists the coefficients used in the simulation. These were

obtained by reading data from curves given by Smith and Snider (Reference 3)

and are not necessarily correct or typical for the machine used here. The

ballistic method described in Snider and Smith (Reference 3,4) permits the

measurement of saturated incremental inductances. These are integrated into

the saturated inductance curves.

C.3 MEASUREMENT OF THE UNSATURATED INDUCTANCES

1. Ls and Lm

With the rotor locked into position (e = 0), measure the induc-

tance of phase A of the stator. The measured inductance is Ls + Lm. Rotate

the rotor and lock into position (e = 450). Measure the inductance of phase A

of the stator. The measured inductance is L

Rotate the rotor and lock into position (e = 900). Measure the

inductance of phase A of the stator. The measured value is Ls - Lm.

Compare all measured values.
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TABLE II. SATURATION COEFFICIENTS

ajo a a aJ3

- aa 0.98367 -2.9246 x 10 5  -1 .0771 x 10 7  2.0394 x 10-

FF 1.0088 -2.9867 x 10- 5  -1.0519 x 10- 7  1 .8699 x 10"11

DD 0.97827 -2.1569 x 10 5  -7.9586 x 10 8  1.5930 x 10"

AF 1.0000 -6.9202 x 105  -8.4819 x 10 8  1.6303 x 10 1 1

AD 0.9886 -8.0120 x 105  -6.1443 x 108  1.2983 x 01 1

AQ 0.99419 -2.6322 x 105  -5.5511 x 108  1.0182 x 10-11

DF 1.0007 -6.9355 x 10- 5  -6.6663 x 10-8  1.3054 x 10"11

" .2 + 3
xx= a + ajl i x + aj2  x j3 x

4
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2. L and M

With the rotor locked into position (e = 1050), connect a sinu-

soidal voltage source between phase A and neutral of the stator. Measure

the RMS current flow in phase A. Measure the resultant RMS voltage induced

between phase B and neutral. The mutual inductance between phase A and

Phase B is computed as

VbN(RMS)

s  w Ia

where w is the radian frequency of the phase A current. The quantity Ms

should be positive and should be smaller than Ls

With the rotor locked into position (e = 600), measure Vb.N and Ia as

before. The result yields Lm - Ms . With the rotor locked into position

(e = 150), measure VbN and Ia as before. Calculation results in -Ms -L m .

Compare values of Ms .

3. LF

Measure the field coil inductance directly.

4. MaF

With the rotor locked into position (e = 00), connect a sinusoidal

voltage source between the field terminal connections. Measure the RMS

current flow in the field coil. Measure the RMS voltage induced between

phase A and neutral of the stator. Calculate MaF.F Va.N(RMS)
MF (RMS)

5. LD, MR, RF. RD

As measured from the field coil terminals,

VF(RS R + JwLZF = VF(RMS) +
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z R "L DFZF = RF + JWLF RD + JwLD

RD + w LD) + W L

= RF + Re + Jw(LF + Le)

Measure the field coil resistance directly.

Re = R - RF

Le = L - LF

Assume a value of damper resistance RD

R (2 _ Re 2 + W2 L 2

RDF 2R2

e R+WLD

LLeRD
e

Note that MR and MFD are the same parameter.

6. R

As measured from phase A terminals,

Va(RMS)Za  aRS R + JwL Za  Ra + JwLa + Ma

Za ' Ra + a RQ + JwLQ

All measurements are taken with the rotor locked into position (e = 90)
w2R M 2 W3 2Q.z =qa R + MaqL

Z ( R + W.I L ) (R-Q

= Ra + Re + Jw(La + Le )

Measure the phase A resistance directly.

Re = R - Ra

Le = L - La
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Assume a value of quadrature damper resistance RQ (Reference 4)

Q ;Ie

2 2-2
Re(R + W2L 2)

aQ 2RQ

.J7.

7. M MaD

With the rotor locked into position (e ; 00) and the field coil open,

Va(RMS)Z aa,.. .°: "", a  I (RMS ) - R + L
a

22
aDZ a  R Ra + JwL a + RD  + jwL D

D+LD "\R + L/

- Ra + Re + Ju(La + Le)

Re = R Ra

Re = L- a

LeRD
LD = - - (compare values)

e

2 Re(RD + W2 LD
M aD 2
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APPENDIX D

USERS MANUAL

Computer Software/Computer Program/Computer Data Base Configuration Items

D.I. INTRODUCTION

This appendix is the Program Documentation or the User's Manual. It

contains a listing of the following SCEPTRE programs including necessary

subroutines.

1. The three phase AC generator program model

2. The three phase transformer program model

3. The AC resonant charging program

4. The DC resonant charging program

Data are also given for numerical examples so that simulations can be run

to test the operation of the models. The data are the samie as that used in

examples in the body of the report. The data are included in the card decks

and in the program listings as well as in line by line description of the

program statements in this User's Manual.

Sufficient detail is given in the description of the generator program so
6

that anyone with a minimum knowledge of SCEPTRE should be able to use it in

this application. Less detail is given in the documentation of the trans-

former, the AC resonant charging circuit and DC resonant charging circuit

where the detail would be a duplication.

D.2 THREE PHASE GENERATOR MODEL

0.2.1 Introduction

A three phase generator has been modeled using SCEPTRE. The generator
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model includes the three stator windings, the field winding, the quadrature

axis damper winding and the direct axis damper winding. Also included in the

model is variable speed representation. While not included, field voltage

control may be applied with small modifications to the existing program. All

discussion refers to the attached program listing and elements shown in Figure

78.

D.2.2 Job Control Cards

SCEPTRE requires the use of job control cards. Each computer

installation must determine the proper job control cards to be used. The job

* control cards required for use with the IBM 370-3033 installed at Clemson

University are included in the program listing.

The first card is for accounting purposes. The record card allows for

execution of the SUPERSCEPTRE program. The second card may be appended with

additional information to produce a listing of all function subprograms. As

listed, no listing of function subprograms is :-c vided. In order to obtain a

listing, the card should be changed to

//STEP 1 EXEC SUPERSEP, OUT=(SYSOUT=A)

The third card causes input data to be read into SCEPTRE.

Immedlately following the "END" card are the fourth and fifth job control

cards. the "/*" card denotes the end of program data in SCEPTRE format. If

no function subprograms are used, this is the last job control card. If

function subprograms are to be included, the fifth job control card must be

Included.

D.2.3 Header Cards

These cards must be included in the program in the sequence shown and

must be spelled correctly.. The header cards are listed.
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"CIRCUIT DESCRIPTION"

"ELEMENTS"

"DEFINED PARAMETERS"

"FUNCTIONS"

"OUTPUTS"

"INITIAL CONDITIONS"

"RUN CONTROLS"

"END"

While SCEPTRE allows the use of additional header cards, only those header

cards required for the generator model are included or discussed.

D.2.4 Description of Input Data

D.2.4.1 "ELEMENTS" Section

The "ELEMENTS" section contains all circuit element information required

in the generator model. The first character of each circuit element

identifies the element types.

"E": voltage source (e.g.. EFI)

"R": resistor (e.g., RAL)

"L": inductor (e.g., LII)

"C": capacitor (e.g., CI)

"J": current source (e.g., JFI)

"M": mutual inductance (e.g., M12)

Each circuit element must be identified by a unique alpha-numeric label.

The one or two character label is located adjacent to the element type.

Several examples are given for illustrative purposes.

EFI: element type = "E"

label = "FI"
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EFI = voltage source number "FI"

LII = inductor number "11"

RAL = resistor number "AL"

Each circuit element is connected to two nodes. Node connection information

is adjacent to the circuit element label. The circuit element label is always

separated from the node connection information by a comma. The node

connection information includes the "from" node and "to" node connections.

The "from" node and "to" node are each two character alpha numeric values and

are always separated by a dash.

EFI, 34-0: voltage source number "FI" is connected to

"from" node 34 and "to" node 0

RA, 1-11: resistor number "A" is connected to "from"

node 1 and "to" node 11.

Designation of "from" node and "to" node determines polarity of voltage across

the element and current through the element. SCEPTRE assumes that current

always enters the "from" node. Voltage polarity is assumed to be;

a) passive elements (resistor, inductor, capacitor)

"from" node is positive

"to" node is negative

"To(" "TO" "TO" "TO" "TO"

Ri Li C VC El V" J

"FROM" "FROM" "FROM" "FROM" "FROM"

FIGURE 76. SCEPTRE CIRCUIT ELEMENTS WITH VOLTAGE AND CURRENT DIRECTIONS
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b) active elements (voltage source, current source)

"from" node is negative

"to" node is positive

Voltage across a circuit element is determined by SCEPTRE by use of the label

"Vol and the labeled circuit element.

VRI a voltage across resistor number "1"

VL = voltage across inductor number "1"

VC1 = voltage across capacitor number "1"

VJ1 = voltage across current source number "i"

voltage across voltage source (El) is El.

Current through a circuit element is determined by SCEPTRE by use of the

label "I" and the labeled circuit element.

IRi = current through resistor number mils

ILl = current through inductor number "I"

IC1 = current through capdcitor number "1"

Mutual inductance elements do not have actual circuit connections and

consequently no "from" node and "to" node ddta is used. However, a mutual

* inductance does link two inductors. These two inductors (labeled circuit

elements) replace the "from" node and "to" node connections.

M12, L1l-L22: mutual inductance number "12" links

inductor number "11" (LII) to inductor

number "22" (L22)

The value of any circuit element nay be one of the following.

1) Double Precision Constant

EFI, 34-0 = 375.D

2) Defined Parameter

RA, 1-11 = PRA

(Defined parameters will be discussed later)

181



3) Taole

RAL, 31-0 = TI

(Table will be discussed later).

4) Expression

M45, L44-L55 = X13 (0.099 * PCFD)

"X" is the symbol used by SCEPTRE to denote an expression.

Each expression must have a unique expression number (e.g.,

X13). The value of an expression must be enclosed in

parentheses. The expression value is an arithmetic state-

ment. Variables used in an expression may be oauble preci-

sion constants, defined parameters, currents, or voltages.

It should be noted that any constant inclosed in parentheses

must be in double precision format. SCEPTRE in no case will

recognize integer values.

5) Double Precision Function

El, 11-21 = FM1 (IL1i, ILZZ,...,PCAQ, PCFD)

Elsewhere in the input data is included a double precision

function (e.g., FM1). Enclosed in parentheses is a calling

list of parameters. This list of parameters may include

double precision constants, defined parameters, currents, or

voltages. No integer values are allowed. The double preci-

sion function is discussed in detail later. It should be

noted that function subprograms return a single value.

However, if the value of any variable included in the calling

list of parameters Is replaced by a new value within the

function subprogram, then that variable will assumed its new

value outside the function subprogram. The function sub-

program may in this way be used to change many variable

values.
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6) Equation

M12, L11-L22 = Q2 (1.9D-3, PCAA)

"Q" is the symbol used by SCEPTRE to denote an equation.

Alternately, the symbol "EQUATION" may be used. Each

equation must have a unique equation number (e.g., q2). An

equation is defined elsewhere in the program and will be

discussea later. Enclosed in parentheses is a calling list

of parameters. This list may include aouble precision

constants, defined parameters, currents or voltages. No

integer values are allowed.

0.2.4.2 Defined Parameters

"P" is the symbol used by SCEPTRE to denote a defined parameter. A

defined parameter is determined only in the defined parameter section of the

program. Defined parameters are, in general, values or variables used in

several locations in a program. Two uses are of immediate concern.

A generator model uses many constants which are related to actual machine

construction and which are measurable. If SCEPTRE is used as a design tool,

the defined parameter value of a constant allows for changing of the constant

throughout the program by changing only one data entry.

An application may include the formulation of the same algebraic

expression many times. A defined parameter will allow for evaluation of that

expression once, and will save subsequent evaluations.

Also included under defined parameters is the solution of differential

equations.
DPS = X1 (FD2THT(ILll,...,PS))

PS = 376.988DO
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The solution of this differential equation is
t

PS -I DPS + constant
to

where: to = start time

t t = stop time

constant = initial value

OPS = time derivative of PS

PS = integrated value of DPS and initially contains the

initial value of PS.

"D" is the symbol used by SCEPTRE to denote a differential equation. Each

differential equation must have as its value an expression. This expression

must possess a unique statement number and must be followed in the data by an

accompanying defined parameter.

D.2.4.3 Functions

The Functions section defines both equations and tables. A description

of the calling procedure for equations and tables was presented earlier.

EQUATION 1 (A,B,C,D)=(D*(A+B*DCOS(2.DO*PT+C))

"Q" is the symbol used by SCEPTRE to denote an equation. Alternately, the

symbol "EQUATION" may be used. Each equation must have a unique equation

number (e.g., Q1). Enclosed in parentheses is the symbolic list of calling

parameters. To the right of the equality is the equation, enclosed in

parentheses, to be evaluated. All arithmetic statement functions and

constants must be expressed in double precision form.

Since an equation uses symbolic parameters, the user may use a given

equation many times in a program by providing different sets of calling para-

meters. Defined parameters are assigned to common statements internally to

SCEPTRE and consequently may be used in an equation.
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7 -- T . • . ,. .

TABLE 1

0.D0, O.D, 0.5DO, 1.dDO, 0.5Do, 2.ODO, 3.000, 3.0

"T" is the symbol used by SCEPTRE to denote a table. Alternately, the

symbol "TABLE" may be used. Each table must have a unique table number (e.g.,

TI). The data card immediately following a table identification card contains

the data necessary for construction of a table. A table describes a

piece-wise linear function as a function of time. Odd-numbered data are

values of time while even-numbered data are values of the described function.

The example given above may be plotted.

3T -
-

0 0.5 1.0 2.0 3.0

TIME

FIGURE 77. ILLUSTRATION OF SCEPTRE TABLE OF VALUES

At any given time (tlme-t), SCEPTRE will use linear interpolation to determine

the value of table.

D.2.4.4 Outputs

Plots of any variable -vs- time may be obtained. In order to obtain a

plot of a single variable, the statement "PLOT" is used

IL11, IL22, IL33, PLOT
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This statement will provide a separate plot of each variable. Plots of

more than one variable may be obtained as well as plots of one variable -vs- a

second variable.

D.2.4.5 Run Controls

-' SCEPTRE may be controlled by use of input data for any allowable control

function. Included in the listing are a few of the allowed controls.

INTEGRATION ROUTINES = IMPLICIT

* SCEPTRE allows numerical integration by the Backward Euler Algorithm

(IMPLICIT), the Forward Euler Algorithm (XPO), and the Trapezoidal Algorithm

(TRAP). Because of numerical stability consideration, the implicit algorithm

is used in generator modeling.

MINIMUM ABSOLUTE ERROR =I.D-8

This statement controls relative error (local truncation error) and is the

relative error tolerance.

STOP TIME = 0.4950D

This statement must be included with an appropriate value of stop time.

D.2.4.6 Generator Model Element Values

In the elements section of the program data, several resistors, voltage

sources, current sources, inductors and mutual inductances are defined. A

detailed explanation of each element follows. Since an explanation of "from"

node, "to" node, and assumed voltage and current polarities has been

previously presented and since a sketch illustrating the connections of each

element has also been presented, no further discussion will be made of circuit

connections.

EFi - 375.D0

The external field voltage in this model is 375 volts (D.C.).
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-E1D E1X

RAL PHASE "All

0 0
2 +"-12 + 2 + 32

RBL PHASE "B"

0 0
3 + -1 3 + 23 + 33

RCL PEASE etc:!

00

0

L44 EFI. FIELD

IL44+

ES _QUDIRTUR AXIS DAMPER

0 0

FIGURE 18. SCEPTRE NODE NUMBERING THREE PHASE GENERATOR ELEMENTS
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RAL = TI This model uses resistors to provide a load to each phase of

RBL = TI the generator. The value of the load resistors is provided

RCL = T1 by table T1. These resistors are, therefore, a function of

time and can be manipulated to provide various short circuit,

or open circuit tests.

RA = 1.5420-3 These resistors represent the stator winding resistance of

• RB = 1.5420-3 each phase.

RC = 1.5420-3

RF = 0.610 The field winding resistance plus any external field

resistance is represented by RF.

RD = 18.421D-3 The direct axis damper winding resistance is represented by

RD.

RQ = 18.9690-3 RQ is the quadrature axis damper winding resistance.

El = FM1 (ILl1, IL22, IL33, LL44, IL55, IL66, PS, PT, PCAA, PCFF, PCDO, PCAF,

PCAO, PCAQ, PCFD)

El is the speed voltage term of the phase "A" circuit. Since El

is a complicated expression, function subprogram FML is used to

determine its value. The required list of parameters is defined.

ILll - current through inductance L11

(Phase "A" current)

IL22 - current through inductance L22 (Phase "B")

IL33 - current through inductance L33 (Phase "C")

IL44 - current through inductance L44 (field current)

IL55 -current through inductance L55

(direct axis damper current)

IL66 - current through inductance Lbb

(quadrature axis damper current)
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PS -rotor speed in radians/second

1.' PT - rotor angle in radians

PCAA - saturation multiplier of inductance Li1 (Phase "A")

All saturation multipliers will be further defined In

defined parameter section.

PCFF - saturation multiplier of inductance L44. (field)

PCDD - saturation multiplier of inductance L55. (direct axis

damper)

PCAF - saturation multiplier of mutual inductance M14.

(mutual inductance between field and phase "A")

PCAD - saturation multiplier of mutual inductance M15.

(mutual inductance between direct axis damper and phase "A")

PCAQ - saturation multiplier of mutual inductance M16.

(mutual inductance between quadrature axis damper and phase

"A")

PCFD - saturation multiplier of mutual inductance M45.

(mutual inductance between field and direct axis damper)

The remaining speed voltage terms follow In the data. The calling list of

parameters in each voltage term is identical to that for El.

E2 = speed voltage term of phase "B" circuit

E3 = speed voltage term of phase "C" circuit

E4 = speed voltage term of phase field circuit

E5 = speed voltage term of direct axis damper circuit

E6 = speed voltage term of quadrature axis damper circuit

Each of the function subprograms used In calculation of each of the six speed

voltage terms will be described in detail later.
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E1X = FM1X (ILil, IL22, IL33, IL44, IL55, IL66, PS, PT, PCEq, PDEQ)

E1X is the saturation voltage term of phase "A" circuit which contains

saturation effects involving terms. Since E1X is a complicated expression,

function subprogram FIX is used to determino its value. The required list of

• -parameters is defined.

IL11 - current through inductance L11 (phase "A" current)

IL22 - current through inductance L22 (phase "B" current)

IL33 - current through inductance L33 (phase "C" current)

IL44 - current through inductance L44 (field current)

IL55 - current through inductance L55 (direct axis damper current)

1L66 - current through inductance L66 (quadrature axis damper

current)

PS - rotor speed in radians/second

PT - rotor angle in radians

PCEQ - equivalent direct axis current. This term will be defined

in detail later

PDEQ - time derivative of equivalent direct axis current. This

term will be defined in detail later

The remaining saturation voltage terms follow in the data. The calling list of

parameters in each voltage term is identical to that for EX.

E2X - saturation voltage term of phase "B"

E3X - saturation voltage term of phase "C"

E4X - saturation voltage term of field circuit

E5X - saturation voltage term of direct axis damper circuit

E6X - saturation voltage term of quadrature axis damper circuit

Each of the function subprograms used in the calculation of each of the six

saturation voltage terms will be described in detail later.
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NOTE: In any study in which the full effects of sdturation are not required,

the user may set each of the six saturation voltage terms to zero.

(e.g., E1X = O.D0)

This must be done for both linear model and the partially saturated

model. Significant improvement in computation time with minimal loss of

accuracy may be obtained.

M12, Lil-L22 = EQUATION 2 (MS, LM, PCAA, PM2P3)

M12 is the mutual inductance between inductance Lii and L22. Since M12 is

an expression, its value is determined by an equation. M12 is defined to be

PCAA * (-MS + Lm * cos (2e - 2?r/3 )).

The constants Ms and Lm are measured unsaturated machine inductance values as

described by Anderson and Fouad.

The calling list of parameters is defined.

MS - the value of Ms

LM - the value of Lin

PCAA - the normalized saturation multiplier applicable to stator

inductances. PCAA will be defined in detail later.

PM2P3 - the defined parameter constant equalid to -2,r/ 3 radians.

M13, LI1-L33 = EQUATION 2 (MS, LM, PCAA, P2P3)

M13 is the mutual inductance between inductance Lii and L33. M13 is

defined to be

PCAA * (-Ms + Lm * cos(2e +2r/ 3 )).

The calling list of parameters is defined.

MS - the value of Ms

LM - the value of Lm

PCAA - the normalized saturation multiplier used in stator self

inductances.
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P2P3 - tWe defined parameter constant equal to 27/3.

M14, L1I-L44 = EQUATION 9 (1., MAF, PCAF, 0.)

M14 is the mutual inductance between inductance LII and L44. M14 is

*T defined to be

I.*PCAF * MAF * COS (6 + 0.)

The calling list of parameters is defined

1. - a constant

MAF the value of MAF. The constant MAF is the measured

unsaturated generator mutual inductance between phase "A"

and field as described by Anderson and Fouad.

PCAF - the normalized saturation multiplier applicable to stator -

field mutual inductance. PCAF will be defined in detail

later.

0. - a constant

M15., Li1-L55 = EQUATION 9 (1., MAD, PCAD, 0.)

M15 is the mutual inductance between inductance Lii and L55. Mi5 is

defined to be

1. * PCAD * MAD * COS(6 + 0.)

The calling list of parameters is defined

1. - a constant

MAD - the value of MAD. The constant MAD is the measured

unsaturated generator mutual inouctance between phase "A"

and direct axis damper as described by Anderson and Fouad.

PCAD - the normalized saturation multiplier applicable to

stator - direct axis damper mutual inductance. PCAD will be

defined in detail later.

0. - a constant

Mi6, Lii-L66 = EQUATION 8 (1., MAQ, 0., PCAQ)

M16 is the mutual inductance between inductance Lii and L66. Ni6 is

•defined to be
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1. * PCAQ * MAQ * SIN(e + 0.)

The calling list of parameters is defined

1. - a constant

MAQ - the value of MAQ. The constant MAQ is the measured

unsaturated generator mutual inductance between phase "A"

and quadrature axis damper as described by Anderson and

Fouad.

0. - a constant

PCAQ - the normalized saturation multiplier applicable to stator -

direct axis damper mutual inductance. PCAD will be defined

in detail later.

M23, L22-L33 = EQUATION 2 (MS, LM, PCAA, 0.)

M23 is the mutual inductance between inductance L22 and L33. M23 is

: defined to be

PCAA * (-MS + LM * COS (2e + 0.))

All entries in the calling list of parameters are previously defined.

M24, L22-L44 = EQUATION 9(l., MAF, PCAF, PM2P3)

M24 is defined to be

1. * PCAF * MAF * COS (e - 2 1r/3)

All entries in the calling list of parameters are previously defined.

M25, L22-L55 = EQUATION 9 (., MAD, PCAD, PM2P3)

M25 is defined to be

1. * PCAD * MAD * COS (e - 2w/3)

All entries in the calling list of parameters are previously defined.

M26, L22-L66 = EQUATION 8 (1., MAQ, PM2P3, PCAQ)

M26 Is defined to be

1. * PCAQ * MAD * SIN (e - 2w/3)

All entries In the calling list of parameters are previously defined.

M34, L33-L44 = EQUATION 9 (1,, MAF, PCAF, P2P3)

M34 Is defined to be

1. * PCAF * MAF * COS (e + 2r/3)
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All entries in the calling list of parameters are previously defined.

M35, L33-L55 = EQUATION 9 (1., MAD, PCAD, P2P3)

M35 is defined to be

1. * PCAD * MAD * COS (e + 2w/3)

All entries in the calling list of parameters are previously defined.

'436, L33-L66 = EQUATION 8(1., MAQ, P2P3, PCAQ)

M36 is defined to be

1. * PCAQ * MAQ * SIN (6 + 2n/3)

All entries in the calling list of parameters are previously defined.

M45, L44-L55 = X13 (MFD * PCFD)

M45 is defined to be

PCFD * MFD.

- The terms in the expression are defined.

rfD - the value of MFD The constant MFD is the measured

unsaturated generator mutual inductance between field and direct

axis damper as described by Anderson and Fouad.

PCFD - the normalized saturation multiplier used in field-direct axis

damper mutual inductance.

L11 = EQUATION 1 (LS, LM, 0., PCAA)

L11 is defined to be

PCAA * (LS + LM * COS (2e + 0.))

* The calling list of parameters is defined

LS - the value of Ls. The constant Ls is the ,neasured unsaturated

generator Inductance value associated with stator self-inductance.

LM - the previously defined constant Lm.

0. - a constant

PCAA - the previously defined saturation multiplier.

L22 = EQUATION I (LS, LM, P2P3, PCAA)

L22 Is defined to be

PCAA * (LS + LM * COS (20 +2/3))
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I
All entries in the calling list of parameters are previously defined.

L33 = EQUATION 1 (L%, LM, PM2P3, PCAA)

L33 is defined to be

PCAA * (LS + LM * COS (2e - 2w/3))

All entries in the calling list of parameters are previously defined.

L44 = X11 (LFF * PCFF)

L44 is defined to be

PCFF * LFF.

The terms in the expression are defined.

LFF - the measured unsaturated field self-inductance

PCFF - the normalized saturation multiplier applicable to field self-

inductance.

L55 = X12 (LDD * PCOD)

L55 is defined to be

PCDD * LOD

The terms In the expression are defined.

LDD - the measured unsaturated direct-axis damper self-inductance.

PCDD - the normalized saturation multiplier applicable to direct axis

damper sel f-i nductance.

L66 LQQ

LQQ - the measured unsaturated quadrature-axis damper self-inductance.

This model assumes no quadrature axis saturation effect.

0.2.4.7 Defined Parameters

PCEQ = FIEQ (ILl1, IL22, IL22, IL33, IL44, IL55, NFA, NFD, PT)

PCEQ is the equivalent direct axis current and is defined to be

IL44 + NFD * IL55

+ NFA * (ILI1 * COS (e) + IL22 * COS (8-27/3) + IL33 * COS

6+ 2w/3))
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The value of PCEQ is determined by the function subprogram FIEQ. The calling

list of parameters is defined.

ILil, IL22, IL33, IL44, IL55 - previously defined values of current in

phase "A", phase "B", phase "C", field, and direct axis damper

NFA - turns ratio of phase "A" stator winding to field winding

NFD - turns ratio of direct axis damping winding to field winding

PT - rotor angle in radians.

PDEQ = FDEQ (DLlI, 0L22, DL33, DL44, DL55, NFA, NFO, PS, PT, IL11, IL22, IL33)

PDEQ is the time derivative of the equivalent direct axis current and is

defined to be.

(IL44) + NFD * d1L55)

+ NFA * (COS (8)* t (IL11) + COS (e-2r/3) d (IL22) +

COS (e + 2w/3)* d(133))

- PS * NFA * [ILi * SIN (e) + IL22 * SIN (e - 2w/3)

+ IL33 * SIN (e + 21r/3)]

The value of PDEQ is determined by the function subprogram FDEQ. The calling

list of parameters is defined.

OLi1 - the label assigned by SCEPTRE to the time derivative of current through

inductor L11. (i.e., DL (111))

DL22, DL33, 0L44, DL55 - the time derivatives of current through inductors L22,

L33, L44, and L55.

NFA, NFU - previously defined turns ratios.

PS - rotor speed in radians/second.

PT - rotor angle in radians

IL11, IL22, IL33 - stator currents.

PCAA = FPOLY (Al, A2, A3, A4, PCEQ, LIM, AU)
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PCAA is the normalized saturation multiplier which is applicable to each

r' stator self-inductance and to each stator - stator mutual inductance. The

value of PCAA is determined by the function subprogram FPOLY. Function

subprogram FPOLY is used for all saturation multipliers. Each saturation

multiplier is defined by the polynomial
0

AO +Al * PCEQ + A2 * PCEQ ** 2 + A3 * PCEQ ** 3 + A4 * PCEQ ** 4.

Al, AZ, A3, A4, AO - linear regression constants.

A table of experimental measurements is required to be made. These

measurements relate saturated values of inductance or mutual

inductance to equivalent direct axis current (PCEQ). Linear

regression analysis is applied to the data. After the "best fit"

is determined using polynomials of order 1 through order 4, the

regression constants are determined.

PCEQ - equivalent direct axis current

LIM - in general, the derived polynomial is applicable only in the range

of current PCEQ = 0 to PCEQ = LIM. If during solution, a current

PCEQ is greater than its limit, then the value of FPOLY will be

determined at PCEQ = LIM,

All saturation multipliers must be set equal to zero in the linear generator

model.

PCFF = FPOLY (Al, A2, A3, A4, PCEQ, LIM, AO)

PCFF is the normalized saturation multiplier applicable to field self

inductance.

The following normalized saturation multipliers are listed.

PCDD - direct axis damper

PCAF - stator-field mutual inductance
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P-C'--A-D:--'  stator..-irect axis da r m a i-... "

PCAD - stator-direct axis damper mutual inductance

LL. PCAQJ - stator-quadrature axis damper mutual inductance

PCFD - field-direct axis damper mutual inductance

P2P3 = 2w/3 = a constant

PM2P3 =- 27r/ 3 = a constant

DPS = XI (FD2THT (ILII,...,IL66, EI,...,E6, PS))

OPT = X2 (PS)

PS = 376.998

PT = 2.455

SCEPTRE provides for the solution of differential equations under the

defined parameter section. These four statements provide for the solution of

two nested differential equations.

PS -Rotor speed in radians/second

Initial value of rotor speed is input as 376.998 radians/second.

PS is the evaluation of the integral

PS = f DPS.

PT - Rotor angle in radians.

Initial value of rotor angle is input at 2.455 radians.

PT is the evaluation of the integral

PT f $ DPT f I PS

DPS is determined by function subprogram FD2THT and is expressed as the

following equation.

OPS ( PS) 7T- 
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where TM = constant mechanical torque

J = polar moment of inertia

TE = variable electrical torque as calculated by the equation.

TE = -- [TLIJ2He
I = the vector containing six currents

IT = the transpose of I

L = the inductance matrix

After performing the indicated matrix multiplication using symbolic notation

and after finding the derivative with respect to theta (e), certain simpli-

cations are evident. The speed voltage terms (El,...,E6) have been pre-

viously calculated. These derived terms are also present in the derivation of

TE. For this reason the speed voltage terms are used in the parameter list and

in the calculations of TE. TE is derived to be

TE = (El * IL1i + E2 * IL22 + E3 * IL33

+ E4 * IL44 + E5 * IL55 + E6 * IL66)/(2.*PS)

Accelerating torque is TM-TE.

=d .2 d2eDPS -t (PS) = 2 (PT) -
dt dt

- TM-TE

TM = SB3 * PM/OMEGAR

'4 SB3 -MVA rating of the generator

PM - per unit generation level at which the generator is operating

OMEGAR - rated rotor speed in radians/second

The calling list of parameters has been previously defined.

IL11, IL22, IL33, IL44, IL55, IL66 - current through each of six inductors

El, E2, E3, E4, E5, E6 - speed voltage terms appearing in each of the six

circuits in the generator model.

PS - rotor speed in radians/second.
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0.2.4.8 Functions

The previously discussed mutual-inductances and self-inductances made use

of equations. A list of parameters was provided in the evaluation of each

inductance. Each equation is evaluated by the use of symbolic notation. In

this manner, one equation function may be used to evaluate any number of terms.

Since each of the four equations were discussed previously, no further

discussion is made here.

TABLE 1

This table is used in the evaluation of load resistors RAL, RBL, and RCL

during certain system disturbances. For a three phase fault applied at time -

0.05 second, all three load resistors should be equal to Table 1 (TM). For a

line-to-ground fault on phase "C", load resistors RAL and RBL should be set

equal to a constant while RCL should be equal to T1.

The operation of the table function has been discussed previously.

* D.2.4.9 Outputs

This section contains the variable nanes whose values are to be plotted

for output.

D.2.4.10 Initial Conditions

Initial values are required of all state variables. SCEPTRE will default

to a value of zero for any missing initial values. In the generator model

formulation, the state variables are the six self-inductance currents

(IL1I,...,IL66). Initial values of each of these currents are calculated by

hand or by a separate program of the user's design.

D.2.4.11 Run Controls

Integration Routine = Implicit

The Backward Euler integration routine (Implicit) is used in this

model and is reconnended.
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Minimum Absolute Error = l.D-8

The relative error tolerance is set to 1.D-8 and a value of the

user's discretion.

Computer Save Interval = 5

Specification of this parameter can result in the output of results

even though certain abnormal stop conditions may have occurred.

Plot Interval = 1.67D-2

The value of the plot interval is at the user's discretion and is

specifically used in multiple plots.

Stop Time = .0495D0

Stop time is the user specified time at which calculations are

halted.

D.2.4.12 Function Subprograms

Several function subprograms have been previously discussed. These are

listed.

FD2THT

FIEQ

FOEQ

FPOLY

Function subprograms FM1X, FM2X, FM3X, FM4X, FM5X, FMbX call upon function

subprogram FPOLY. FPOLYI determines the slope of a saturation multiplier

function. The same regression constants used in the evaluation of FPOLY are

used in FPOLYl.

If FPOLY = AO + Al * CEQ + AZ * CEQ **Z + A3 * CEQ ** 3, then FPOLY1 = Al

+ 2.*AZ * CEQ + 3.*A3 * CEQ ** 2.
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If current (PCEQ) is greater than a user defined upper limit (LIM), FPOLY1

is set to zero.

FPOLY1 is used to evaluate the values of the terms PDAA, PDAF, POAD, and

PDAQ. It is understuod that PDAA, PDAF, PDAD, PDAQ are the instantaneous

d
slopes ( ) of PCAA, PCAF, PCAD, and PCAq.

FM1X is the function subprogram used to evaluate E1X. Each of the calling

parameters has been previously discussed. All required machine constants are

listed In the subprogram.

P2P3 = 2 w/3

PM2P3 = - 2r/3

PLS = Ls

PMS - Ms

PLM = Lm

PMAF = MAF

PMAD = MAD

PMAQ = MAQ

Since a long involved calculation is made, the resultant is expressed as the

sum of several parts.

FM1X = PDEQ * (CLil + CL12 + CL13 + CL14 + CL15 + CL16)

Values of CLUl, CL12, CL13, CL14, CL15, and CL16 are separately determined.

Inspection of each of these six terms may be readily performed by the user and

compared with the derivation.

0FM2X, FM3X, FM4X, FM5X, FM6X - the saturation voltage terms E2X, E3X, E4X, c.5X,

E6X are determined by these function subprograms. Analysis of each subprogram

is similar to that for FMIX.
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FM is the function subprogram used to evaluate El. Each of the calling

parameters has been previously defined. All required machine constants are

listed in the subprogram.

P2P3 =2w/3

PM2P3 2 -f /3

PLM = L

PMAF =MAF

PMAD = MAD

PMAQ = MAQ

The function is evaluated piecewise.

SLIa 2. * PCA* Lm * SIN(2e) *IL11

SL2 =2. * PCAA * Lmi * SIN(20 2irf/3) * IL22

SU3 = 2. * PCAA * Lm * SIN (20 + 27r/3) * IL33

SL4 = PCAF * MA * SIN (0) * IL44

SL5 = PCAD * MAD *SIN (e) * IL55

SL6 = PCAQ * MAD *COS (e) & IL66

El =FM =PS * (SUi + SL2 +SU +SL4 + SL5 + SW6

The remaining function subprograms (FM2, FM3, Ff44, Ff45, Ff46) are similarly

analyzed.
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D. 2.4.13 GENERATOR MODEL

//GFBLL3 JOB C091 5-5-200-GB- ,30)r 'G F BELL' PEGION=1024K
//STEP1 !XEC SUPERSEP
//G.SYSIN DD

* -~-*CIRCUIT DESCRIPTION
SLEMENTS
EF 1 ,34-O0=3 75. DO
;tALP31- O=T1
R3L,32-O=Tl -
RCL, 33-0= Ti

* PAi-11=1 .542D-3
RB.,2-12=1.542D-3
P.3-1 3=1. 542 D-3

fF,4-14= 0.61 DO
RD,5-15= 18.421D-3
FQg,6-1 =1 8.96 9D-3
E1.11-21 =M1 (IL11 I IL22, IL 33,1L44 I L55 IL66-P So

PT, PC AA, PCF F, PC DD PC Af. PC AD IP CAG P~C F D)
E2,1l2-22= FM ( IL1 IL22, IL33,1 L44 IL55 IL66,P So

*E3.1I3-23=F13 ( ILi IIL22 , IL33rIL44 I L55.IL66 P So
PT,PC AA, PCF F I CDDPPC AF PC AD P CAO.PC FD)

* E4,1 4-24=F4 ( IL I I ?2,I L33* L44 I L55I L6 6,P S
PT.PC AAPCF FoPCDD .PCAF aPC AD PCAQ PCFbD)

E5 .15-25 =FM5(IL11loIL 22o 1L33 IL4L,.IL551L 66,PS,
PT.PC AA, PC F F I PCDD P~C AF .PC AD oP CAQ .PC F D

P6,1 6-26 =FM6 (ILl1, 1L?2.,1L33.,ILl4 4,1 L5 5,1L 66oPS,
PTrP CAA , PCF F IPC DD PC AF IPCAD.PCAG PC FD)

* 1.21-31 zFM1 XCIL I IIL22.IL33 IL 14PIL 55oL66 PSI PT, PCEO.PDE)
E? X 22-32=FuM2 x( IL 11 1 L2 2 1L33 I L 44 1 L5 5 1L66,P SPTIP CEo P D EQ
F3 X 23- 33 =F M3X (IL 11 1 L 22 1 L 33o.IL L4,I1L 5 5 1L6 6 1 PSI PT IP CE Go PD EG
E 4X, 24-3zF M x( L I IL2 2 IL 3311L 44, 1L 55,1 L 66 1PSPT P C Eo P DEQ
E5x,25-O =FM5X(lL 11.]L22,1L33.ILLL..1L55,L66flsPTPCEQPDEQ)
F6X.,26-0 =FM6X(IL11,IL22,IL33.IL 44,1L55,1L66,PS.PT,PCEQ.PDEQ)
lA12.Ll1-L22=EGJATION 2 C1.75p45b-3.7.433D-5,PCAA.PMZP3)
p13,L11-L33=EQJATlON 2 (1.759'.5D-3.-7..33D-5,PCAAP2P3)
jv1 4, Lll-L44ECUAT ION 9 (1.0bD,89.!-'06O)-3,PCAFI.ObO)
ml M5, LlI-L55=ECUAT ION 9 C1.0D,4.22O9?D-3rPCAD,..DD)

*M16,Ll1-L56EUATION 8 ( 1 .ODO. .96904 D-3, 0.0DCrP CAQ )
A23*L22-L33=EQUATION 2 (1 .759'.5D-3.7.433D-5PCAA.-3.ODO)
fA24,L22-L44=ELAT1ON 9 ( 1 ODD 89 .:06D-3,PCAF PM2 P3)

* '25,L22-L55=E GATION 9 (1.ODO,4.22098D-3,PCAD,Pm2P3)
M26,L22-L66=EGUATION 8 (1.ODOol. 96904 D-3o PMZ2P3. PCAQ)
m34, L33L44=EGJAT ION 9 (1.OD3,,89 .006D -3,PCAF P2P3)
M35rL33-L55=EGJATION 9 C1.ODO,4.22098D-3,PCADP2P3)
P036.L33-L66=EQUATION 8 ( 1 .ODD1. 969D4D-3vP2P3,-PCA0)
1445 L44L5=X13( . 99O1383*PCFD)
Ll 1,0-1=EQUATION I (4.4700SD-3,7 .433D-5,0.OtDC.PC AA)

*L22,0?2EQUATION 1 (4.47D050-3,7.433D-5.P2P3,-PCAA)
L33,G-3EQATION 1 (4.47GJ5D-3.7 .433D-5.PM2P3oPCAA)

* L44,0-4= X11(2.199*PCFF)
L55,0-5= X12C5.989D-3*PCDD)
L66,0i-6 = 1.4.23D-3

* 1DEFINED PARAM~ETERS
F CE 9=F IEQ9 C IL111L 22 11 L 33 11L 4 1 L 55 14 . C 6 6 D -L4 .9 800 7D - 2 PT
FD EQ-F DEQ (D L1 1,D L2.DL3 3o DL44 oDL 55S4. C66D -4, 4.98 C070-2 OPS IPT I

I L 11, 22,1 L33) 3D3,.E6'O'CAA= F POLY (-2.9Z 46D- 5,-1 .077 1D- 7,2.0394 D-I 1 .. D DIP CE.D3 93D
PC FF aF POLY(-2.98 67D-5, -1 .051 9D-7,1 .8 699D -11 1C.D CPC EQ-3 .D3p 1. 008O)
PCDD= F P3LY (-2.15 69D-5,-7 .95F 6D-b1 .5 93D-11 10. DO,P C E,3. D3. 97 82 7DO)
F PCA F =F POLY-6.92 02D-5,-8 .471 9D- &,I 6303D-11,UL.DOPCEQ,3.D3.1.DO)
PC AD= FPOLYC8.O1 2D-5,-6. 14.43 D-8 . .2983D-1 1 1 O.D,PC EQ 3.D3, . 9F 86BC0
PCAQz FPOLY(-2.6322D-5,-5 551 1D-8.1I.O1B2D-11l.D.PCEQ.,3.D3. .99419D0)
PCFD= FPD)LY-69355D-5,-6.663D8.1.3054D-i11,0.DO.PCEQ,3.D3,.DD)

* DPS=X1 FD2TIT(IL1IL2?.1L33,L44,IL5,1L66,EIE2,E3oE4,E5,E6,PS))
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D.2.4.13 GENERATOR MODEL (Continued)

D PT=X2 (PS)
PS=375 .998D0
PT=2.45500D0
VUNC TIONS
EQ UATION 1 (A 8,, C D) =( D* (AB* DCO S(2.ODO*P T+C))
IrUATION 2 (A PB.-C.D) =(C* (-A + B* DCOS ( 2OD O*PT4D))
EQUATION 9 (A , C D)=(A *8*D*D S1 (DT +C)
EQUA TION 9 (A 3, CD =(A *B*C*D COS (PT+D)
TkBLE 1
0. 0D0.-1 .75781DD.O5DO-l .75781 DO, .'-5DO,Q.DDDO.JO.DO,-.lD0,1.757B1DO,
IO.DC,l .75781DO
OUTPUTS
IL I1l11 22.,IL33.,PLOT
!L44,IL55o1L66pPS

g1X,E2%PE3X,E4X,E SXE6X
INITIAL CONDITIONS
ILl11 6967.35DO
IL22=-3483.675DO

* IL33=-3433.675DO
IL 44=633. 37WD
IL55=0. DO
1L66=0.DG
RUN C014TROLS
INTEGRAT13N ROUTlNE=.MPLICZT
M1INIMU4 A3SOLUTE ERROR=1.D-84 COMPUTER SAVE INTERVAL = 5
PLOT INTERVAL = 1.67D-2
STOP TIME=.0495D0
NO

/FORT.FDRTSRC DO
DOU3LE PRECISION FUNCTION FDTTI1,L2I33-L4I5.I6#

1 El ,E 2,E3,E4,E5,E6*P 5)
IMPLICIT REAL*S(A-Z)

-THIS SUBPROGRAM C34PUTES ROTOR ANGLE ACCELERATION
DATA SB63, PMHCON, OMEGAR / 160. DD6,.C. 8DO..2.37D0,376 .99800/
TE=IL1ltE1 ,1L22*E2 +IL33*E3 +1L44*E4 ,1L55*ES +IL66*E6
TE= TE/(2.D( * PS)
TPS93 * PM/OMEGAR
FD2THT = (TM - TE)/5336.DO
R ETJR'I
END
DOUBLE PRECISION FUNCTION FIEQ( ILI l,IL 22,lL33.-IL44.ILS 5.

1 PNFA,-PNFD.PT)
IMPLICIT REAL*8 (A-'HPI.O-Z)

THIS SU3ROGRAM CDM*UTES THE EQUIVALENT CURRENT ALONG THE ROTOP AxIS.
REFER TO PAPER BY SMITH AND SNIDER FOR THEORECTICAL, FORMULATION.

A =DCOS(PT)
aB DCOS(PT-2.094395102393DO)
C =DCOS(PT+2.094395102393D)

* STEP1 = (IL1l*A + IL22*B + 1L33*c)*2.Dri/3.DD
STEP? = PNFD*1L55 + PNFA*STEPI
FIEQ= 1L44 + STEP2
FIEQz DASS(FIEG)
R ETUR N
END.
DOUBLE PREC ISION FUNCTI ON FDEQ( DL 1 PDL 22,D L33,DL 44,.DL550p

d 1 PNFA,PNFDPSPTIL1 1.IL22,.IL33)
IMPLI CIT RE AL*8(A-Hp,3-l)
A = DCOS(PT)
3 = DCOS(PT-2.094395lO2393Di1)
C = DCOS(PT.2.O9439510?393n))

* Pm2P3=-2.094395102393D3
P2P3= 2.094395102393D0
STEP1 (DL11*A + DL22*lB + DL33*C)
STE;12 =ILI1*DSIN(PT) + IL22*DSIN(PT+PM2P3) IL33*DSIN(PT+r-2P3)
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D.2.4.13 GEN4ERATOR MODEL (Continued).

FoEQ z OL44 + P4FD*DLS55 P4F4*(STEP1 -PS *STEP2)

RETURN
END
DOUBLE PRECISION FUN4CTION FPOLY(AIA2,A3,A4,-PCEQoLIM.AO)
L14PLICIT REAL*8(A-Z)

*. IF(PCEQ1 GT. LIM4)C1=LI'4
C3xC1*C2
CI~sCl *C3
FPOLYmAO +. Al*Cl ,A2*c2 *A3*c3 +A4*C4

* RETURN
END
DOUBLE PRECISION FUN-CTION FPOLY 1(Al1.A2oA3oA4.,PCEQ.LIMq)
IMPLICIT REAL*8CA-Z)
Cl=PCEQ

* C2=Cl*Cl
* C3=Cl*C 2

C4=C1*C3
FP3LYl= Al +2.DO*A2*Cl +3.DO*A3*CZ *4.DO*A/.*C3
IF(PCEQ .5T. LI.')FPOLY1O0.DD
RETURN
END
DOUBLE PRECISION FUNCTION FM1X (ILI I PL 22*IL33,1L44.1155,1-L66oPS,

PTPPCEQ,PDE2)
IMPLICIT REAL*8(A-Z)
P2P3z2 0943951 024D 0

* Pm2P3'-2 943951024')
PLS=4 .4 75-8D-3
P MS =l .7 594.5D-3
PL420.07I,33D-3
PMAFz89. 060-3
PRAD a 4.23398o-3
PfPAQ1I .95904D-3
PDAA= FPO LY 1(-2 .9 24 6D-5.--.0771 D-7.- 2. 3940-11 0. 00 ,PC E p3. D3)
PDAF= F POL Y 1(-6. 9Z2O2D-5.-8g.4719 D-8,.1.6 323D -11 C. DC ,P C EG,3.0 3)
P04D= F P3 LY1-.02 D-5-6.14 43D -8 1l.2 983 D-11.O.0, P C EQ 3 .D3.)
PDAQS F P3 L Y1(-2.6 3 22D-5-5 .5 511 0- Sp1 .01620-11 ,0. 00, PC E Q.3. D3)
CLll= -PDAA * (PLS + PLM *DCOS(2.DO * PT)) * IL11
CLl2= -PDAA * (-PMS + PLM * DC:)S(2.bO* PT + Pm2P3)) I L.22
CL13x -PDAA * (-PPIS + PLM * 0COS(2.DO* PT + P2P3)) I L33
CLI4= -PDA F * P' AF * DCOS(PT) * IL44
CL1 5z -POAD * P4AD * DCOS(PT) * IL55
CL16z -PDAQ * PM'AQ * DSIN(PT) * IL66
FMlKz PDE2*(CL11 *CL12 +CL13 +CLl4 *CLl5 *CLl6)
RETUR~4
=No
DOUBLE PRECISION FUNCTION FM2X( ILI1I,1L22,IL33,PIL44,IL55,P1L66.-PSO,

PToPCEQ.-PDEQ)
IMPLICIT REAL*(A-Z)

* P2P3-Z .C943 9510~240 Z
* PM2P3=-2.094395102400

PLS=4.47305 0-3
PMS= .75945 D-3
PLMq=0.07433D-3
PM~AF39.336D-3
PRMAD=4. i23980-3
PrqA=l .969040-3
PDAAz FPOLYl1(-2 .92 46D-5-1.0771D7,Z2.0O3940:11 0DOoPCE Q,3.0 3)
PDAF= FP3LY l(-6.9232D-S-8. 4 7 9 D-B.l. 6 3 3 Dl 11 .DCPCEQ,3.D3)
PDADs FPDLYI(-8.Ol2D-5,6. 4 43D-8.l.2983D-llO.DOPCEQ.3.D3) -r* PDAQx FPOLY 1(-2 .63220-5o-5 .55110-8,1 .01820-11 ,O.DO,PCEg,3.D3)
CL21c -PDAA * (-PMS + PLM * DCOS(2.DU* PT + PM2P3)) * IL11
CL22= -PDAA * (PLS + PLM * DCOS (2.DO* PT + P2P3)) IL22
CL23= -POAA * (-PMS + PLM * DC3S(2.DO* PT Z)* L33

* CL2.1* -POAF * P~lAF * DCOSCPT *Pm2P3) I L44
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D.2.4.13 GENERATOR MODEL (Continued)

CL25= -PDAD * PM4AD * DCOS(PT 4 PM2P3) I L55
CL26= -PDAQ * PMAQ * DSIN(PT +Pm2P3) * L66
FM2X=PDE2*(CL21 *CL22 *CL23 +CL24 *CL2S +CL26)
RETURN

* END
DOUBLE PRECISION FUNCTION Fm3X(IL11.IL2,IL33,IL44,IL55.IL66.PS,

PT*PCEQ.,PDE2)
IMPLICIT REAL*8(A-Z)
P2P3z2.C943951C24D0
P 4 2P3 -- 2. 09 43951024 DO

* PLS=4..470OSD-3
PMS1l .75945D-3
PLMO0.07433D-3

SPRA F=89 .006 D-3
PMAD=4 .22398D-3
PMAO21 .95904D-3
PDAA3 F P3LY 1(-2 .924 6D-5 -l1.0771 D-7o 2.0394D -11 . DO , PCE C,3. D3)

*PDAF* F POLY 1(-6.9202D-5 P-8.4719D-8,1,63 3D-11,G.jDO.PCEQ,,3.(D3)
PDAD= F POLY 1(-8.01 20-s,-6. 1443D -8l . 92tD-11,O.aoPCEo3.D3)
PDAQ= FP3LY1(-2.6322D-5,--5.5511 D-8p..0120-11,.Z.DOPCEQ,3.D3)
CL313 -PDAA * C-PMS + PLM *DCC)SC2.DO* PT + P2P3)) *IL11

CL32= -PDAA * C-PMS + PLM *DCOS(2.DO* PT )) * I22
CL33= -PD AA *'(PLS + PLM DCOSC(2.D0* PT *Pm2P3)) IL133
CL34= -PDAF * PMAF * DCOS(PT * P2P3) * !L44
CL35= -PDAD * PMAD * DCOS(PT + P2P3) * TL55
CL36= -POAO * P4AQ * DSIN(PT +P2P3) * IL66
Fm3XzP0E2*(CL31 .CL32 *CL33 *CL34 *CL35 +CL36)
RETURN
END
DOUBLE PRECISION FUNJCTION FM4X(IL11,IL2ZIL33IL44,IL55,IL66i.PS,

PT,PCEQ,PDEO)
9riPLICIT REAL*8(A-Z)
2ZP3-2.0943951024DG

* PM2P3z-2.0943951324DO
PMAFS89 .0060-3
PLFF=2.139D 0
PMR=.09901 383DC
P D FF =F POLY 1(-2.9867D-5,-l1.0519D-7.1.8 699D-1 1Q.DOPCE Q,3.D 3)
PDAF= FPOLY 1(-6.9202D-5 -8 .4719D-81l .6 3:-1 p. .DO,PCEQ.3.D3)
PDFD= FPDLY1(-6.9355DS.,-6.6663D-8.,1. 3054D-11,..DOPCEQ. 3.03)

*CL41= -PDAF * P14AF * DCOS(PT) * 10li
CL42= -PDAF * P4AF * DCOS(Pr + Pm2P3) I L22
CL43= -PDAF * P'IAF * DCOS(PT + P2P3) * L33

*CL44x -PDFF*PLFF '1L44
CL45m -PDFD*PPMR *185

* CL46=O.D3
FM4X=PDEQ*(CL4I +CL42 *CL43 *CL44 +CL45)

4~ RETURN4

DOUBLE PRECISION FUNCTION F'5x(lLl1,XL22.,XL33,1L44,IL55,1IL66,PS,
PTPPCEQ,PDE2)

IMPLICIT REAL*8(A-Z)
P2P3=2.0943951024DJ
PM42P3-:223~94395102400
PMADa.2~ i9 8D-3

4 PmRa.09901383D0
PLO 025.939D-3
PDDz FPOLY1(-2.1569D-5 ,-7 .95860-B,1.593D-11,C.00,PCEQ .3.D3)

*PDAD- FP:)LY1(-8.012D-5.-6.1443D-8,1l.2983D-1l.,O.DO.PCEQ.3.D3)
*PDF Dx FPOLY1I(-6.9355D-5 P6 .6663 0-8o-1 .3054D-1 1 0. DOPPCEQ. 3. D3)

CL51= -PDAD * PMAD * DCOS(PT) * IL11
CL52m -POAD * P'MAD * DCOSC PT + PM2P3) I L22
CL53x -PDAD * P4AD * DCOS(PT +P2P3) IL133
CLS4* -PDFD*PMR * 144

4CL55 -PDDDPLDD *IL55
CL56aO.D0
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0.2.4.13 GENERATOR MODEL (Continued)

F145K=PDE2*(CL51 4CL52 +CL5.5 +CL54 4 CLS5)
RETURN
END

-DOUBLE PRE CIS ION FUNCTION Fm6X( ILIIIL 22 -1L33 I!L44,1L5 5.1L66,PSp
1 PT,PCEQPPDEO)
IMPLICIT REAL*8(A-Z)

-. P2P3=2. C943 9510240 G
PM2P3=-2.0943951024D0
PMAQ=1 .96904D-3
PDAQ= FP2LY1(-2.6322D-5,.-5.5511D-8o.1.182D-11.O.DOPCEQ,3.D3)

*CL61= -PDAQ * PMIAQ * DSIN(PT) * IL11
CL62= PDAQ * P'4AQ * DSIN(PT *Pm2P3) IL122
CL63z -PD4Q * P4AQ * DSIN(PT *P2P3) IL133

* CL64O. 00
CL65=0. DO

* CL66=0.DJ
F.N6X=PDE2*(CL61 *CL62 *CL63)
RETURN
-NO
BOUBLE PRECISION FUNCTION FM1(IL1,IL22,IL33,1L44,I155.1166,PS,
1 PT,PCAAPCFF.PCDD.PCAF.PCAD,PCAQPPCFD)
IMPLICIT REA1*8(A-Z)
P2P3=2.091.3951 024D C
P,42 P3w-2.09 43 95I1024D00
PILM0. 074330-3
PMA F89 .006 0-3

* PMAD4Z2298D-3
PMA3=1 .959040-3
311z2.O0 * PC4A * PLM *DSIN(2.DO * PT)*ILI1
SL52:2.D0 * PCkA * PL!4 * DSI1JC2.00* PT + PM2P3) *IL22
SL3=2.DO * PCAA * PLM * 051,4(2.00* PT + P2P3) *1133
SL4=PCAF * PMAF * DsIAI(PT) *1144
SL5zPCAD * P4 AD0 * DSIN(PT) *1155
SL62-PCAO * P'IAO * CDS(PT) *1L66
FM1ZPS*(SL1 +SL2 +SL3 +SL4 +SL5 *SL6)
R ETUR.N

* ENo
* DOU3LE PRECISION FUNCTION F42CIL,IL22,IL33.IL44,I155p-IL56j.PS.-

1 PTPPCAA.VPCF F ,PC0D.PCAF#PCAD,PCAQ.PC FD)

Pm2P3s--2.0943951 02400
PL'lsO.074330-3
PMAF=89.006D-3
PMA.34.223960-3

- PMAgzl .95904D-3
SL1=2.DO * PCAA w PLM * DS 14 (2. DC* PT + PM2P3) *I11
SL2=2.DO * PCAA * PLM * OSI1j(Z.DO* PT + P2P3) *1122

- SL3=2.0. * PCAA * PL M * OSIU(2.DO* PT) *1L33
SL4=PCAi * P4 A F - DSImCPT + P,42P3) *rL 44
SL5zPCAD *PM1AD * DSIN(PT + P'm2P3) *1L55
SL6=-PCA2 P14AG DCOS(PT *P'IZP3) *1166

* FMZ=PS*(SL1 +S12 +S13 *SL4 +SL5 +SL6)
RETURN

DOUBLE PRECISION FUNCTION FM3(ILII.r.L22,rL33,IrL44,I155,1L66OPS.
1 PT,PCAAPCFF,PCD0,PCAF,PCADPCAQ.-PCFD)

IMPLICIT REAL*8CA-Z)
4 P2P3=2.0943951024DC

P,42 P3=-2. 09 439510 24 DO
PLMzO.O7433D-3
PMAFz89.O;6D-3
P PMA D4.223 98D- 3
PMA221 .95904D-3
SL1z2.DO * PCAA * PLM * DSI4(2.DO* PT *P2P3) *I11

*SL2z2.DO * PCAA * PLP * DSI',9C2.DO* PT) *IL22
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D.2.4.13 GENERATOR MODEL (Continued)

SL3=2.DO *PCAA * PLM * DSI,4(2.DO* PT +Pm2P3) *IL33
SL4mPCAF *PI4AF * DSIN(PT +P2P3) *IL44
SL52PCAD *P'IAD * DSIIdCPT + P2P3) *IL5S
SL6=-PCA2 P4AO DCOS(PT *P2P3) *IL66
FM3=PS*(SL1 eSL? +SL3 *SL4 *SL5 *SL6)
RETURN

* END
DOUBLE PRECISION FUNCTION Fq44CIL11oIL22.-IL33,IL44-,IL5S,-IL6-PS,

PTPCAA.,PCFFPCOD.,PCAFPPCAD#PCAQPPCFD)
I MPLICIT REAL*8(A-Z)
P2P3-2.0 043951 024 DO
PM2P3z-2.0943951G24DQ
PMAFz39.306D-3
SL1=PCAF * P14AF * DSINCPT) *ILII
SL2:PCAF * PMqA' * DSINCPT + PMZP3) *IL22
SL3=PCAF * PMAF * DSIN(PT +. P2P3) *IL33
Ff44=PS*(SL1 +SL2 +SL3)
RETURN
END
DOUSLE PRECISION FUNCTION F!45C1L11.1122.1L33,1L44.1L55.iL66.,PS,

PTPCAAoPCFF-PCDDPCAFPCADPCAQjPCFD)
IMPLICIT REAL*8(A-Z)
P2P3=2.0943951024D0
PI2 P3= 2 09 43 91102 4DO

* SL1=PCAD * PMAD * DSIN(PT) *I101
SL2zPCAD * PMAD * DSI3(PT + P'42P3) *IL22
SL3=PCAD *PMAD * DSIN(PT +. PZP3) *1L33
FM5=PS*(SL1 *SL2 +SL3)

* RETURN
* END

DOUBLE PRECISION FUNCTION FM6IL11,IL22Z,IL33,IL44,IL55,IL66,PS.,
* 1 PT.PPCAAoPCF F.PCDbPCkFPCAD,*PCAQ.-PC FO)

IM4PLICIT REAL*S(A-Z)
02P3=2.0943951 024D0)
Pm2P3=-2.09439510 240
PP.Aaz1 .9 900D-3
SL1=-PCAQ * P.MAG * DCOS (PT) *rL11
SL2=-PCAQ * P4A2 * DCOS(PT *P'2P3) *IL22
SL3=-PCAO * PMAQ * DCOS(PT *P2P3) *1L33
FM6=PS*(SL1 +SL2 *5L3)
RETURN
END

209



D.3. TRANSFORMER MODEL

Previous discussion has illustrated the use of SCERTRE, the required JCL

cards, and other general information concerning a SCEPTRE program. For this

reason, that information is not repeated. The user should refer to the User's

* Guiae for the Generator Model for specific detailed descriptions.

A schematic representation illustrating node connections for the three

phase transformer model is shown in Figure (79). A description of each term of

the transformer model is now presented.

EA = Xl (340. * COS (2513 *TIME))

The voltage source EA provides excitation for the transforner. This

., source is connected to the phase "A" primary winding. Since the value of EA is

a sinusoid, an expression is used. The connection of EA indicates that the

transformer primary is wye-conected. By changing node connections of EA, EB,

ana EC the transformer primary may be converted to delta-connection. The

magnitude of this line - ground voltage source to 340 volts and its frequency

is 400 HZ.

R22 = 0.12

R22 is the resistance of primary phase "A" winding L22.

L22 --FINDI (PiX, P2X, P3X, AO, All, A12, A13, A21, A22, A23, A31, A32,

A33)

L22 is the phase "A" primary winding inductance. In general, all

transformer inductances and mutual inductances are functions of ail six

transformer currents. Function subprogram FINDI is used to calculate the

saturated value of each inductance and mutual inductance. Each entry in the

calling list of parameters is defined.
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FIGURE 79. SCEPTRE NODE NUMBERING FOR THREE PHASE TRANSFORMER
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PIX -By assuming a constant primary-to-secondary turns ratio the model

may be simplified greatly. This assumption allows each inductance

to be a function of three currents. PIX is the phase "A"

magnetizing current. Specific details of PIX will be offered later.

P2X - phase "B" magnetizing current

P3X - phase "C" magnetizing current

AO - unsaturated value of inductance

All, A12,...,A33 - regression coefficients.

Experimental measurements of each inductance and mutuil inductance

as a function of three magnetizing currents are conducted. By

application of linear regression analysis, the "best fit" is

determined using a polynomial model.

L = AO + All * PIX + A12 * PiX ** 2 + A13 * PiX ** 3

+ A21 * P2X + A22 * P2X ** 2 + A23 * PZX ** 3

+ A31 * P3X + A32 * P3X ** 2 + A33 * P3X ** 3

From this model, each of the regression coefficients are determined.

The remaining circuit elements are similar to these previously defined.

EB - phase "B" transformer excitation voltage

R44 - phase "B" primary winding resistance

L44 - phase "B" primary winding inductance

EC - phase "C" transformer excitation voltage

R66 - phase "C" primary winding resistance

L66 - phase "C" primary winding inductance

RAL - phase "A" secondary load resistance

R11 - phase "A" secondary winding resistance

LIi - phase "A" secondary winding tnductance
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RBL -phase "B" secondary load resistance

R33 - phase "B" secondary winding resistance

L33 - phase "B" secondary winding inductance

RCL -phase "C" secondary load resistanc.

R55 - phase "C" secondary winding resistance

L55 - phase "C" secondary winding inductance

M12 Mutual inductance terms which link each of the six winding

M13 inductances. Representation of a three phase transformer model

M14 requires the inclusion of each of these inutual inductance terins.

M15 In representation of a bank of three single phase transformers,

M16 only those mutual inductances which link phase primary to phase

M23 secondary are included. These are M12, M34, M56.

M24

M25

M26

M34

M35

M36

M45

M46

M56

PN1 - the number of primary winding turns

PN2 - the numoer of secondary winding turns

PlX - phase "A" magnetizing current referenced to secondary current

P2X - phase "B" magnetizing current referenced to secondary current

P3X -phase "C" magnetizing current referenced to secondary current

2
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Each magnetizing current is defined to be secondary current plus turns

ratio times primary current.

D.3.1 Integration of the Transformer MOdel

The transformer model may be coupled to models of other equipment by

altering certain elements.

D.3.2 Generator-Transformer Model

The three generator load resistors (RAL, RBL, RCL) must be removed. The

three transformer primary voltage sources (EA, EB, EC) must be removed. The

two models are then connected to each other. Care must be taken to insure that

duplicate element names and node connections are not used.

D.3.3 Transformer - Load Model

The three transformer load resistors (RAL, RBL, RCL) must be removed. The

transformer secondary connections are mated to the input connections of the

load model.
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D.3.4 TRANSFORMER MODEL

CIRCUIT DESCRI3TION

6A' 10= X1 (340.*DCOS( 2513 .*TI4E))
922 13:27=3. 1?
L22,213 OtFIND I(Pl XP2X, P3X,2. 448 3D-3# C JO0,QOPO)
13,0O-11= XZ (343.*DLOS (251 3.*TIME-2.094395 1))

L44.' 21- =FI4DI(P1 X.P2X.P3X,-2.534CD-3.DC,C,0p.,O0O,0O)
~CO-12x 3(343.*DCOS(2513.*TIIE +2.0943951))

L66o22-OxFINDI(P1 X,P2xP3X.2.38900-3,G,3.0.,CC,0,0O,0,0)
RAL. 0-1 3=396 .21
R11,13-23=15.46
Li 1,23-O=FINDI(PI X.P2X,P3X.291.8D-3,0O,0,00C0.0,0.O)
9BLpQ-14.396.21
933,14-24=15.46
L3,4OFNIPXPX-3,26IOD3OOOCO3OCD
ACLG-15x39 6.21
6155,15-25=15.46
1.55. 25-0= FI DI (P1 X,P2X, P3Xo29 0.5 )D-3. 0.0, 0.0. :.0, 0.0)
'142,L11-L22xFINDI PXP2XPP3X,26 4ZO-3,O,0.C#,K.CpOv0pO.O)
RI3,L11-L33uFI'IDI(PlX.,P2X.P3X.-114.5D-3,0.0,C.C.CO.O,O.C)
m14,.L1I-L44=FINDI(PIXP2XP3X,-16.?6D-3,O,,C,CC.O.O.,O)
w15,L11-L55zFINDI(PlX,P XAP3X,161 6D-3,'4o .F.'.. I'.
MR16.,L11-L66=F rAI (P1X,PiXP3XI 1 4.&9D-3,6.,CO.O .0)
p13 L22-L33v FIND I(P1XPP2X,P 3x.16.77D-3,', CC.C..C,0C.C-C)
Q24*L22-L44xFI4DI (P1X.PZx.P3x*.I.523D-3,C*.,c,'c.0OO,O)
,s25L22-L55=F IMDI (P1xoP2xpP3X,-1 4. 690-3,r,, 00 0O,.)

1435.L33-L55=FIIDI (P1X,P2XP3X,-18.1D-3.CQfO.0,3OO0)
A356rL33-L55mFI4DI (P1XPX,3X.-12.56D:3,C,.O.70Q.0,00-)
f45L44-L55zFINDI (Plx,P2xP3X,-1 6. 62D-3.0Qp, 2.0.0.0.0.0)
AqI6,L4-L66wFI'DI(PlXoP2XP3x,1.C6-3
-"56,-L55L66FINDI (PlX,P2XP3X,26.26D-3,,OCP.0.G.C,0,0)
DEFINED PARA4ETERS
VN1=76
P'42=836
P1XzX1(IL11+IL22*PN1/PN2)
02X=x2(IL33+IL44*PN1 /PN2)
P3xzx3( 1L55*I L56*PN1 IPN2)
CPLAM=E I.(I/LI1)

FUjC TTONS
OUTP UTS
.XL22.VL22 ,ILl !,VL11,PIX.P2X,P3X, PLOT
IMITIAL COVDITIONS
JL11 s-9.4303
IL22=103.7600
IL33 =4. 71 640DC
1L44x-51.;.8DC
JL5524.716400
tIL66=-51.58DO0
RUN CON4TROLS
!NTEGRATION ROUTINEzIMPLICIT

AI INI MUM A 9SOL UT E ERROR=1 .D-4
STOP TI4EzC,.31DO

DOUBLE PRECrsiON FUNCTIONP FINDI'(I 1 2,I3.AO.A1.A1 2,A13-A21.A2l,
SA23.A31,A32 A33)
IMPLICIT REAL*8(A-Z)
112 z Il**2
113 a112 * I1
122 x 2*
123 x 122*12
131 = 3*
133 1 33*13
FINDI x A0 + All* 1 4 A 12*112 + A13* 113
FINDI = F1AIDI + Ail12 + AZ 2*1 22 + AZ 3*123
FINDI = FINDI + A31*13 + A32*I32 + A33*I33
PE TURN
-ND

215



D.4 THE RESONANT CHARGING PROGRAMS

The resonant charging part of the user's manual is in three parts. First,

an SCR model is created in SUEPTRE with paramneters for the tiE C602LM used in

later circuit models. Second, the AC charging circuit and program are given

and last the DC charging circuit and program are given.

Tables are included to identify the particular numerical values in the

example problems of the programs included.

D.4.1 The SCR Model

A permanent SCR model is entered into SCEPTRE. The numerical values are

for the particular SCR used in subsequent simulations.

Figure 80 gives the SCR circuit in SCEPTRE format with nodes and element

name corresponding to those used in the SCR model program of Figure 81.

Tables 12, 13 and 14 give the numerical values used in the model and

relate these to the circuit elements of Figure 80 and the program of Figure

81.

The model requires two FORTRAN subroutine. One of these, FIS, is used to

simulate junction breakdown the other, FCJ, is used to compute a non-linear

breakdown capacitance. These are given in Figures 83 and 82.

.. The subroutines are in FORTRAN and are function subprograms.

The model is named SCR by the statement

MODEL SCR (A-G-K)

and the A-G-K are dunmny variables of the three terminal device or element.

,* When listing elements the nodes to which these terminals are connected in a

circuit are specified.

The resistors are listed first under elements in standard SCEPTRE fornat

* described at the beginning of this appendix.
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MODEL DESCRIPTION
MO0DEL SCR(A-G-K)

THIS IS A REDUCED ELEMENT VERSION OF THE 3-JUNCTION SCR MODEL DEVELOPED
FOR USE WITH SCEPTRE. THE PARAMETER DETERMINATION PROCEEDURE FOR THIS MODEL
IS THE SAME AS FOR THE 3-JUNCTION MODEL.
UNITS: OHMS, FARADS, HENRIES, SECONDS, AMPS, VOLTS
ELEMENTS
R,A-1=5.D-3
RA, 1-C 1. 06
RC, C-Gui .06
RKG-K=9. 375
JA,1-C=DIODE Q(2.I&88D-17,38.61)
JCG-CzDIODE Q( PX1,PX2)
JK,G-K-DIODE Q(PX3,PX2)
J2,C-GmzXl(.9*JA,.9*JK)
CA,1-C-FCJ(1.78D-5,2.4880-17,38.61,JA,VCA,L1.D-9,1.D-10)
CC, G-C-FCJ (4950-6, 5. 650-15, 38. 61,JC, VCC, 4. 0-9, 1. D-10)
CXG-K-i .0-9
RS,A-Zu 100.
CS,2-K-. 1-6
DEF INED PARAMETERS
PXmFI S( 5.65D-15,VCC,2.7D3)
PX2-34.61
PX3=FIS(2.*&88D-17,VCK,5.)
OUT PUTS
VCA,VCC,VCK, PLOT

FIGURE 81. SCEPTRE MO0DEL DESCRIPTION
INPUT FOR A GE C602 LM

* DOUBLE PRECISION FUNCTION FIS(IS,VJVBD)
C SUBROUTINE FIS IS USSO TO SIMULATE JUNCTION BREAKDOWN BY VARYING THE
C SATURATION CURRENT, IS, INPUT TO THE DIODE EQUATION FOR PRIMARY DEPEN-
C DENT CURRENT SOURCES. IS a JUNCTION REVERSE SATURATION CURRENT: VJ =
C CAPACITOR STATE VARIABLE VOLTAGE FOR JUNCTION: VBD z BREAKDOWN VOLTAGE:

IMPLICIT REAL8S(A-K,O'Z)
Ft 5mIS
IF(VJ.GE.-VBD) RETURN

* . A=100.*(-VBD-VJ)
IF(A.LE.540.) GO TO 10
A=t40.

10 FIS=IS*DEXP(A)
RETURN
END

4FIGURE 82. SUBROUTINE FIS USED TO
CALCULATE PXJ. & PX2 OF
TABLE 9
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DOUBLE PRECISION FUNCTION FCJ(TAU,IS,THT,J,VC,CJO,CMIN)
C SUBROUTINE FCJ CALCULATES THE NON-LINEAR INCREMENTAL CAPACITANCE ASSOCIATED
C WITH THE CHARGE STORAGE OCCURRING ABOUT A PN JUNCTION. IF THE JUNCTION ISC FORWARD BIASED THE DEPLETION LAYER TERM IS HELD CONSTANT WHILE THE DIFFUSION
C CALCULATED. CONVERSELY IF THE JUNCTION IS REVERSE BIASED ONLY A DEPLETIONC TERM IS CALCULATED. FOR A REVERSED BIASED JUNCTION THE CAPACITANCE IS LIMITED
C TO A MINIMUM VALUE. CMIW, TO AVOID UNREASONABLY SMALL TIME CONSTANTS IN THEC CIRCUIT SIMULATION. PARAMETERS ARE; TAU =THE EXCESS CARRIER LIFETIME IN THEC NEUTRAL REGIONS ABOUT THE JUNCTION, IS -JUNCTION SATURATION CURRENT, THT =C EINSTEIN'S CONSTANT (Q/KT = 38.61 0 300 DEG K.), J = CURRENT SOURCE SIMULATINGC THE PN JUNCTION FOR WHICH CAPACITANCE IS BEING CALCULATED, VC = VOLTAGE ACROSS
C CAPACITOR WHOSE VALUE IS BEING CALCULATED, CJQ = ZERO BIAS VALUE OF THEC DEPLETION LAYER CAPACITANCE, CM IN I IN IMUM VALUE OF JUNCTION CAPACITANCE TO
C BE ALLOWED.

IMPLICIT REALOS(A-Z)
IF(VC.GT.O.) GO TO 10

* . FCJ=CJO/(l.-VC)**.5
IF(FCJ.GE.CMIN) RETURN
FCJ=CMIN
RETURN

10 FCJ=TAU*THT*(J+IS).CJO
RETURN

FIGURE 83. SPECIAL SUBROUTINE FCJ USED
TO CALCULATE NON-LINEAR

* JUNCTION CAPACITANCES OF THE
SCEPTRE 3-JUNCTION SCR MODEL.
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TABLE 12. SCEPTRE 3-Junction SCR Model Parameters Obtained Using
The Procedure of Table 6 For a GE C602 LM SCR.

RK = 9.375n ICS = 5.65D-15 A

• 2 = 0.5 P3 = 4.4D-3R2

f2 = 0.9 R = 5.D-4
f2
O 0.9 TR = 4.95D-6 S

0 = 0.9 CJC = 4.D-9 F

Tfl = 1.780-5 S CJA = 4.D-9 F

e = 38.61 V 1l  CK = l.D-9 F

s = 2.239D-17 A VBOC = 2.7D3

IAS = 2.488D-17 A VBOK = 5.

IKS = 2.488D-17 A CMIN = 1.D-10

TABLE 13. Manufacturer's Specifications For a GE C602 LM SCR And
SCEPTRE Computer Simulation Specification Predictions.

Manufacturer' s SCEPTRE
Quantity specifications simul ation value

S'H lO0 ma 100 ma

1GT 80 ma 87 ma

- tr (ton )  3.6 us (5.4 us) 4 us (7 us)
4

VT 1.1V 1 .1V

VBO 2700V 2700V

dv/dt G.T.500V/us G.T.500V/ps

tq L.T.125 us L.T.125 us
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- TABLE 14. SCEPTRE SCR Model Circuit Element Description For The
3-Junction 'tuuel of Figure 24.

RESISTORS

R,A-1 -R
RA,1-C = 1.D6
RC,C-6 1 l.D6
RK,G-K - RK

PRIMARY DEPENDENT SOURCES (PN JUNCTIONS)

*I JA ,J-C - DIODE Q(IAS,8)

JC ,G-C - DIODE Q(PX1,PX2)
JK ,G-K - DIODE Q(PX3,PX2)

* SECONDARY DEPENDENT SOURCES (COLLECTED CURRENTS & REVERSE
JBREAKDOWN CURRENTS)i J2 - Xl(afl*JA + af2*JK)

CAPACITANCES (JUNCTION DEPLETION LAYER AND NEUTRAL REGION
EXCESS CHARGE STORAGE [DIFFUSION])

CAl-C - FCJ(rfl, 'AS' e, JA, VCA, CJAO, CMIN)

CC,G-C - FCJ(TR1, ICS' 0, JC, VCC, CJCO, CMIN)

CK,G-K - CK

DEFINED PARAMETERS (REVERSE BREAKDOWN MULTIPLIERS)

PX1 - FIS(ICS, VCC, VBOC)

PX2 -
PX3 - FIS(IKS, VCK, VBOK)

SNUBBER ELEMENTS (OPTIONAL)

RS ,A-2 - VALUE IN OHMS
CS ,2-T, - VALUE IN FARADS

ALSO IF USING DIODE SNUBBER:

JD ,A-2 - DIODE Q(DIODE SAT. CURRENT, THERMAL VOLTAGE)

CD ,A-2 - VALUE IN FARADS
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The J current sources are defined by terminals to which they are connected

and by the SCEPTRE internal diode model or by an equation. For example

JA, 1 -C = DIOOU Q(Xl,X2)

J2, C - G =XI(.9 * KA + .9 * JK)

The JA is defined by the SCEPTRE diode model when X1 and X2 are supplied.

X1 is the diode saturation current IAS of Table 12 and XZ is the VDof

the diode equation

ID = Is (seVD-1 )

The J2 is defined by the expression in the parentheses.

The capacitors CA and CC are defined by the FORTRAN function subprogram

FCJ. The CA for example is a capacitor connected between nodes 1 and C

defined by

CA, I - C = FCJ (1.78D-5, 2.488D-17, 38.61, JA, VCA, 4.D-9, 1.D-10)

The required numbers can be identified from Table 12.

Under the defined parameter header the FORTRAN function subprogram

calculates PX1. This and PX2 = 38.61 are used in the diode equation for

defining JC. JK is similarly computed.

D.4.2 The AC Resonant Charging Circuit

Figure 85 gives the program for a simulation of an AC resonant charging

circuit. The node coding and the element name designations are shown on the

circuit diagram of Figure 84. Table 15 gives the element values not already

given in the SCR model.

In the program the voltage sources EAN, EBN, and ECN, thf,. resistors RA,

RB, RC, RiA, R2A, RIB, R2B, RIC, and R2C, the inductors LA, LB, and LC, and the

capacitors CIA, C2A, CiB, C2B, CIC, and C2C are read in the manner previously

described in Section D.2.4.1 for entering circuit ele-nents.
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* CIRCUIT DESCRIPTION
ELEMENTS
EAN,0-1=X1 (1.03*DSIN(6285 18*TIME))

* RA,1-14=1.
LA, 4-7=5.897E-2
EBN, 0-2X2(1. D3*OS IN( 6285. 18T IME-2. 094))RB, 2-5= 1.
LB,5-8-5.897E-2
ECN,O-3=X3(lI.03*DSIN(6285. 18*TIME+2.094))
RC, 3-6=1.
LC, 6-9=5. 897E-2
SlA,7-1O-11=MOOEL SCR

* S2A,14-13-7=MOOEL SCR
ClA, 11-O=.43D-6
C2A,0-14=.L430-6
RlA, 12-0=11.
R2A, 15-0= 11.
JGIA,11-1O=FCEN( .2,O.,0.,1.0-4,Il.D-3,TIME,O)
JG2A, 7-13=FGEN(.2,0. ,5. 0-4, 1. 0-4,1. 0-3, TIME,0)
RSWlA,11-12=FGENC1.D7,O.,-2.25D:4,9.75D..4,1.D3TIME1l)
RSW2A,1I4-15=FGEN(l.07,O.,-7.25D 4,9.75D..a,1.D.3,TIME1l)
S1B,8-16-17=MODEL SCR
S2B,20-19-8=MODEL SCR
Cl B, 17-0=.430-6
C2B,0-20=.430-6
RiB, 16-0=11.

. R2B,21-Om1I.
JG1B, 17-16=FGEN( .2, 0. ,3. 330-4, 1. 0-4, 1. D-3,TIME,O)

RSWlB, 17-18-FGEN(1. 07,0. , 8.920D4,9.75..4, .D..3,TIME 1)
RSW2B, 20-21=FGEN(1. D7, 0. , 3. 920.I, 9. 750 4,1.D-3TIME.1)
SlC,9-22-23=I400EL SCR
S2C,26-25-9=MODEL SCR
ClC,23-O=.43D-6
C2C, 0-26=. 430-6
RiC, 24-0= 11.
R2C,27-O=1 1
JGlC, 23-22=FGEN( .2, 0. ,6. 670-4,1. 0.4,1.03 TIME,0)
JG2C,9-25=FGEN( .2,O.,1.67D-4,1.D-4,1.D-3,TIME,O)

* RSWlC,23-2L4=FGEtI(l.D7,0.,-5.580.4,9.75D41.03,TIME,
RSW2C, 26-27= FGEN(1. 07, 0., .5aD-4 9. 75D-4 1D-3,TI ME 1)
OUTPUTS
EAN,VC1A,VC2A, ILA, PLOTI
EBNVC1B,VC2B, ILB,PLOT2
ECN,VClC,VC2C, ILC,PLOT3

* RUN CONTROLS
INTEGRATION ROUTINE - IMPLICIT
PLOT INTERVAL = i.E-5

* MAXIMUM PRINT POINTSm0
STOP TIMEw1.E-3
MINIMUM STEP SIZE =1.E-30
END

FIGURE 85. SCEPTRE INPUT CIRCUIT DESCRIPTION FOR THE
CIRCUIT OF FIGURE 84.
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DOUBLE PRECISION FUNCTION FGEN(HIGH,LOW,TD,TON,TP,TIME,MNEG)
C FGEN IS A PULSE GENERATOR SUBROUTINE. THE PARAMETERS ARE AS FOLLOWS;
C HIGH = MAXIMUM VALUE OF FUNCTION , LOW w MINIMUM VALUE OF FUNC-
C TD - TIME DELAY UNTIL START OF FIRST PULSE, TON a TIME OF PULSE DURA-
C TION , TP = TIME OF PULSE CYCLE PERIOD, TIME a TIME POINT OF CIR-
C CUlT BEING SIMULATED. PULSE VALUE IS SET TO LOW FOR TIME LESS THAN
C OR EQUAL TO ZERO IF MNEG IS NOT EQUAL TO 1. MNEG = 1 IF PULSE MAY HAVE
C NON-ZERO VALUE AT OR PRIOR TO TIME EQUAL ZERO.

IMPLICIT REAL*8(A-L,N-Z)
FGEN=LOW

• - IF(TIME.LE.O..AND.MNEG.NE.1) GO TO 20
N=(TIME-TD)/TP
IF(N.LT.O.O) G" TO 2a
M=IDINT(N)
P=(N-M)*TP
IF(P.GT.TON) GO TO 10
FGEN=HIGH
GO TO 20

10 FGEN=LOW
20 RETURN

END

FIGURE 86. SUBROUTINE FGEN IS A PULSE GENERATOR VJBROUTINE
USED IN CIRCUIT SIMULATIONS TO SIMULATE GATE
DRIVES AND CAPACITOR DISCHARGE SWITCHES.
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TABLE 15. DC Resonant Charging Scaling

Quality Silva's Diode Circuits SCR Facsimile Circuits

(unscaled) (scaled)

3-Phase AC System (section 6.2)

Source
Voltage 6465.85V per phase IO00V per phase

Source 400 hertz 1000 hertz.
Frequency

Resonant load 0.327 henries 0.05897 henries
inductance

Resonant load 0.43 micro-farads 0.43 micro-farads

capacitance

DC Resonant Load on 3-phase Source (section 7.1)

Source 6465.85V per phase 1000Vvoltrage

Sourceoeucy 400 hertz. 1000 hertz.frequency

Resonant load 2.58 henries 0.173 henries
inductance

Resonant load 2.58 micro-farads 0.586 micro-farads
capacitance
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The current sources for triggering the SCR's JGIA, JG2A, GI1B, JG2B, J6lC,

and JG2C are defined by a FORTRAN function suoprogram given In Figure 86, FGEN.

The SCR's SlA, S2A, SiB, S2B, SiC, and S2C are defined by the SCR model

described in Section D.4.1. For example the statement

SlA, 7-10-11 = MODEL SCR

* indicates to the program that a device described by a model called SCR is

connected to nodes 7-10-11. The order of the nodes listed must properly

correspond to the nodes of the model of Section 0.4.1.

The switches RSWIA, RSW2A, RSWIB, RSW2B, RSWIC and RSW2C are defined by

the FORTRAN function subprogram given in Figure 86, FGEN.

. The outputs are optional and are determined as defined in Section 0.4.2.9.

Similarly, the run control options are defined in Section D.4.2.11.
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D.4.3 The DC Resonant Charging Circuit

Figure 88 gives the programs for a simulation of a DC resonant charging

circuit. The node coding and the element name designations are shown on the

circuit diagram of Figure 87. Table 15 give _ the element values not already

given in the SCR model.

The only element entries different in form from those already described in

Section D.4.2 are the switches or relays defined by entering a model element

for each switch K2 and SWI.

The switch K2 for example is defined by the model statements

MODEL RLY(1-2)

ELEMENTS

R, 1-2 = TABLE 1

* FUNCTIONS

TABLE 1

O.,1.E8, 2.SE-5, 1.E8, 2.5E-5, 0., 2.E-3, U.

These statements model a resistor which takes on values varying with time

as defined by Table 1.

The use of function tables is described in Section 0.4.2.3.

In the program the statement

K2, 11-12 = MODEL RLY 1

tells the program the device designated as K2 is connected between nodes 11 and

12 and is defined by previously entered model RLY 1.

All other elements are similar to the ones described in Section D.4.2 but

for the circuit arrangement of Figure 87.
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MODEL DESCRIPTION
MODEL RLY1(1-2)
THIS MODEL REPRESENTS RELAY K2 IN JAM4IE SILVA'S CIRCUIT
ELEMENTS
R,1-2-TABLE I
FUNCTIONS
TABLE I
O.,1 .E8,2.5E-5,1 .E8,2.5E-5,0.,2.E-3..
MODEL DESCRIPTION
MO0DEL RLY2(1-2)
THIS MODEL REPRESENTS SWITCH SWi IN JAMIE SILVA'S CIRCUIT
ELEMENTS
R,1-2=TABLE 1
FUNCTIONS
TABLE 1
o. ,O. ,2.OE-5,0. ,2.5E-5,1 .E8,1 .E-3,1 .ES. 1.E-3,O. ,1 .02E-3,O., 1.02E-3,
l.E8,2.E-3, 7.Ef
CIRCUIT DESCRIPTION
THIS CIRCUIT SIMULATES A 1000V/lKHZ RESONANT CHARGING PULSE POWER
SYSTEM.
ELEMENTS
EAN,1-AMXl(1.D3*DSIN(6285.18*TIME5.236D-1))
REA,A-2=1.
EBN, 1-B=X2(l1.D3*DSIN(6285.18*TIME-2.618))

* REB,9-3mi.
ECN, I-CaX3(l1.D3*DSIN(6285. 18*TIME+1 .5708))

- REC,C-L4al.
S1,2-5-1 1=MODEL SCR

* 52,0-10-I.=MODEL SCR
* 33,3-6-11=MODEL SCR

Si,0-8-2=MODEL SCR
S5,4-7-11=MODEL SCR
S6,0-9-3-MODEL SCR
JG1,11-5-FGEN( .2,0., 1.67E-4,3.33E-I, 1 .E-3,TIME, 1)
JG2,4I-10=FGEN( .2, 0., 3. 33 E-&,3. 33E-LI,1. E-3, TIME, 1)
JG3,11-6-FGEN( .2,0.,5.OOE-LI,3.33E-L,1.E-3,TIME,l)
JG4&,2-8-%FGEN( .2,0. ,6.67E-L4,3.33E-4 1E-3,TIME,l1)
JG5,11-7=FGEN(.2,0.,-1.67E-L4,3.33E-4,1.E-3,TIME,1)
J06,3-9uaFGEN( .2,0.,O.,3.33E-4,1.E-3,TIME,1)

* - K2,11-12-MODEL RLY1
J01,12-13-DIODE Q(1.D-8,38.61)
CDl, 12-13=5. D-9
R01,12-13=1.D4
L, 13-114m.173

SW1,15-OuMOD0EL RLY2
CO1 15-16=.586E-6
RL, 16-Ou1 .62
OUT PUTS
EAN, VCF, IRL,VCO, PLOTi
IREA, fREB, IREC, PLOT2
RUN CONTROLS
RUN INITIAL CONDITIONS
INTrEGRATION ROUTINE a IMPLICIT
PLOT INTERVAL a i.E-5
MAXIMUM PRINT POINTS-C

* STOP TIMEa1.02E-3
MINIM4UM STEP SIZE a 1.E-30
END

FIGURE 88. SCEPTRE INPUT LISTING FOR THE DC RESONANT CHARGIN:G

SYSTEM OF FIG. 69.
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