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COMPUTER PROGRAMS FOR DESCRIBING
THE DYNAMIC BEHAVIOR OF EBR-II

by

H. A. Larson, I. A. Engen, M. R. Tuck, and R. W. Hyndman

ABSTRACT

Kinetic studies are performed at EBR-II to ensure that
the dynamic characteristics of the reactor indicate integrity
of the system and surrounding enviromment. These studies are
done by analysis of power perturbations caused by a drop rod and
a rod oscillator. The power perturbation following a rod drop
is first analyzed by inverse-kinetics procedures to obtain a time-
dependent reactivity. This reactivity is further fitted to a
feedback transfer function characteristic of linear differential
equations. The power perturbation caused by the oscillator is
Fourier-analyzed to obtain a series of Fourier coefficients
representing the reactor transfer function directly. The
feedback transfer function is then obtained f£rom this and the

zero-power transfer function.
I. INTRODUCTION

Kinetic studies are performed on nuclear reactors to ensure that the
dynamic characteristics indicate integrity of the system and surrounding
environment in the event of an undesired power perturbation. These kinetic
studies may be done using either an analytical approach with computer programs
that simulate the dynamic behavior of the reactor or an experimental approach
performed directly on the reactor. The former approach makes use of various
types of time-dependent diffusion-theory and/or transport-theory computer
codes together with an intimate knowledge of the core structure and materials.
The latter approach may use either noise analysis of data or one of several
types of perturbations of the reactor with subsequent mathematical analysis.



The experimental procedures lend themselves easily to the determination
of the reactor transfer function. This function, defined as the ratio of
the Laplace transform of the output function to the Laplace transform of the
input function, is determined for the purpose of studying dynamic behavior
of the reactor. Essentially, the transfer function provides an evaluation
of the frequency-dependent reactivity-feedback function. It describes the
characteristic behavior of the system, and by doing so, allows development
of a mathematical mcdel that can be used to determine stability of the reactor
system, verify predicted physical behavior of the system, and determine the
control-system characteristics necessary for automatic control.

Studies of the dynamic behavior and system stability of Experimental
Breeder Reactor No. 2 (EBR-II) have been performed for several years, Several
pn.‘bl:l.cat::l.onsln6 that document and discuss the behavior of the reactor are
based on a series of computer programs for analysis of data.

In the past, data were reduced and analyzed using IBM systems 1620
and 360/75 for various stages of data analysis.3 Now, a digital data
acquisition system (DAS)7 based on a Xerox Data Systems Sigma-5 computer is
used on-line with EBR—II.8 It serves as an operational aid, a data-
reporting tool, and an analysis device. This report will be descriptive
of the computer programs used on the DAS only.

Rod-drop experiments are generally performed for each EBR-II rum.

The reactor is brought to the desired steady-state power level, and then
reactivity is removed from the core by ejecting the drop rod. The resulting
power trace is anmalyzed. Feedback reactivity, a dynamic characteristic

of the core, 1s determined through an inverse-kinetics procedure appliesd to
rod-drop power traces both at the desired power level and at a2 500-kWt
reference level where feedback is negligible. The point-by-point difference
of these traces determines the feedback reactivity.

A mathematical model has been developed to interpret feedback effects.3
The computational procedure involves separation of measured feedback
reactivity into individual time-dependent components by empirically fitting
transfer-function-calculated data to the measured data; a series of trial-

and-error iterations forces the assumed frequency-dependent transfer function
to fit the measured data.
Rod-oscillator experiments have been performed for selected runs. Data

reduction is performed as described in Ref. 2, except that for present
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operations with the Sigma-5 DAS system the calculations are performed
on-line.

Experience thus far shows that the package of programs described
herein for the Sigma-3 DAS computer system allows a significant savings
in time when compared with the previous system.3’5 This 1is due
primarily to the fact that data are recorded directly into the computer
core for immediate execution. Furthermore, since only one computer
system is used, the package of programs used may be executed

contiguously.

II. DESCRIPTION OF COMPUTER AND METHOD OF DATA COLLECTION

The EBR-II digital data acquisition system (DAS) consists of
a Xerox Data Systems (XDS) Sigma-5 digital-computer system with an
assoclated analog-to-digital (A/D) front end and peripheral equipment.
For simplicity, the system may be considered to consist of three major
groups: (i) the A/D front end, (2) the Sigma-5 computer, and (32) peripheral
input/output (I/0) equipment.

The reactor-parameter-sampling hardware consists of 522 analog
input channels, which are routed through a large digital patch panel
to permit flexibility in switching analog input signals. These signals
are then routed to their respective multiplexers.

Figure 1 shows the data-collection process in block-diagram form.
The XDS multiplexers transform raw data to an analog signal in the range
%10 V, which is transmitted to a controller/digitizer. Converted to
16~bit digital output, 1 bit of which is used for parity, the output
is presented to an analog input controller, which controls the signal
sampling and core storage of digitized data. The signal sampling rate
is controlled by a frequency-control unit, a subsystem of the analog
input controller.

The signals, when digitized, are put directly into the core. The
central processing unit (CPU) contains 32 k (k = 1024) words of magnetic
core memory interfaced with a semi-independent external multiplexing
input/output processor (MIOP). The CPU controls program execution,
performs arithmetic and logic functlons, addresses core and private

memory, retrleves and stores instructions and data, controls data flow
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between core memory and other units in the system, and provides CPU
timing.

Peripherals include a card reader, card punch, line printer,
and Teletypewriter. Other input/output devices are three magnetic-
tape drives, two high-speed disk storage units, a Calcomp plotter, and
an interactive graphics display. Four alphanumeric (A/N) displays
with keyboards have been implemented for reactor-operator communication;
these allow the operator to request a display of data from any sensor
connected to the system, automatically updated at intervals with fresh

data and the time of day.

III. DYNAMICS PROGRAMS FOR ROD-DROP EXPERIMENTS

The perturbation mechanism used in the rod-drop method at EBR-II
is a stainless steel rod dropped from the reactor core and sub-
sequent replacement of the rod volume by sodium. This results in a
reactivity loc of about 0.02$ over a period of about 120 msec. The
signal from an ion chamber is processed as described in the previous

section and fed directly into core memory for mathematical processing.5’6'8

A. Mathematical Discussion of Inverse Kinetics and of Feedback-

reactivity-fitting Procedures

About 40 sec of digitized data are analyzed by an inverse-kinetics
code using 5-msec time steps. The inverse-kinetics equations, after

reduction, are:3’9

1
k (£ +h) =
ex h
1-8(L - i'é Aiai)

E* —Aih * kex(t) +1
Eﬁ[n(t + 2h) - n(t)] - Aie (2 ci(t) + 2 Baihn(t)]

— ot 1) +1)-1 (1)
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and
-).h k () +1
h e
ci(t +h) =e + ci(t) + 5-——:{7—— Bain(t)
k (¢t +h)+1
+-% = = Ba;n(t + h), (2)
2

where h is the time step chosen, and the other symbols are defined at

the end of Sec. IV. In these equations, the time step is considered

short enough to allow approximating the integral expression by a simple
trapezoidal rule. Further, because the derivative of the neutron density
is multiplied by the lifetime, the contribution to the reactivity by

this term may be ignored. (The prompt neutron lifetime of EBR-II is of the
order 10-7 sec.) Equations (1) and (2) are derived from the kinetics
equations (the system of equations describing time-dependent neutron
behavior in a point kinetics sense) in Appendix A.

Before rod-drop experiments are performed, the rod is calibrated by
dropping it several times with the reactor at a low power level, say
500 kWt, where feedback is insignificant. For each of these drops, the
inverse-kinetics procedure is applied to the digitized power data, and the
data are then arithmetically averaged. The resulting average is used as
the calibration data; if feedback is neglected, the asymptotic value of
the reactivity so determined can be used as a measure of the rod worth.
The worth of the stainless steel drop rod now being used 1s on the order
of 0.02§.

To determine a time-dependent feedback reactivity, the rod 1is again
dropped several times at the desired power level. The reactivities
determined are again averaged arithmetically and then subtracted from the
500~kWt calibration data at corresponding values of time after the rod
drop.

A requirement for valid rod-drop results is that the reactor be
at delayed critical condition just before the drop. (Computer studies
showed that for an error of 0.20 Ih in the critical state of the reactor,
the error in feedback reactivity is approximately 4.5%.) This requirement
for delayed critical condition is satisfied by using the real-time inverse-
kinetics code RAVE to make calculations based on reactdr-power sampling

at ten timee a second. The value of the reactivity averaged over these
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10 samples is shown on an alphanumeric display screen at l-sec intervals.
If the average value remains sufficiently small (<|0.1|{Ih) for 3 sec,

a rod drop is allowed. Some of the data-acquisition and -reductiorn codes
and procedures used by RAVE are peculiar to EBR-II. They are dictated
by the configuration of the EBR-II system and may or may not be readily
converted to other computing systems.

The data from a rod drop are acquired under control of the RDRP
code,10 which, beginning 0.5 sec before the drop, collects 8000 points of
power data and 500 points of rod-position data at a sampling rate of
200 samples/sec. The data are stored on magnetic tape and can be operated
on immediately (between samples in real-time) or retained for further off-
line processing. To check experimental validity, inverse-kinetics calcu-
lations are performed on the first 500 points of power data, and the results
are displayed on both the line printer and the interactive graphics of
the data system. If poor data are indicated, the drop can be repeated
immediately. RDRP has the same restrictions as RAVE with respect to
conversion for or use with other computing systems.

The method proposed by Hyndman and Nicholson3 can be used to
interpret the feedback curves mathematically. A relatively simple mathe-
matical model of the feedback function, in the complex domain, is assumed
and forced to fit experimental data. This model assumes a feedback transfer

function of the furm

1
A, exp(-sT,)
H(s) = 2 —%—:,_—E-i— R 3

where
H(s) is the Laplace transform of the time-dependent feedback transfer
function, h(t);
Ai represents arbitrary weighting constants;
T, represents the time constants for the system;
s 1s the Laplace transform variable; and

T, represents the corresponding delay constants.

Equation (3) is characteristic of linearized kinetics equations and

linear feedback processes; consequently, it will not accurately represent




nonlinear processes in the reactor. Using an assumed set of initial
conditions for the arbitrary constants, At‘ in Eq. (3), the convolution
integral is calculated as

FB(t) = f h(t - 1)P{1)dr, {&)
(]

vhere P is relative power change from tiwe zero, the start of the drop. The
time~dependent feedback, FB(t), is then visually compared with the feedback-
reactivity curve, and the constants, Ai‘ are adjusted until a propar fit
is attained. The numerical solution of Eq. (&) is given in Appendix B.

The time constants are generally fixed at 0.2, 0.4, 2.0, and 4,0 sec.
The first two were attributed by Hyndman and Nicholson3 to fuel expansion
and coolant expansion. The other two represent, in part, subassembly-
bowing effects and control-rod-axtension effects; thus, nonlinear feedbacks
are represented approximately by Eq. {3). Experisnce has shown that the
constants, A!' of Eq. (3) are relatively sensitive to small changes in the
structure of the fesdback-rsactivity curve. Although many combinations of
A, may possibly fit the curve satisfactorily, it is believad that the small-

i
time-constant terms do reflect the prompt behavior of the reactor.

B. Description of Codes

Four codes are used to process the pover and reac.ivity data from
rod-drop experiments. They are to be used contiguously. The four codes
and their purposes are:

RCL Drop~rod calibration code

FBCK Feedback-reactivity calculation code

RPL Power and fesdback-reactivity plotting code
MODELF Feedback~-reactivity modeling code

Figure 2 is a block disgram showing the input and output of each of thesas
codes and the manner in which the codes relate to each other.

Following is a detailed description and enumeration of input require-
ments for each code.
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1. Rod-drop Calibration Code (RCL)

The RCL program is designed to produce position-dependent
calibration data for the feadback-reactivity calculation code FBCK.,

These data are then converted to time-dependent reactivity, which is sub-
sequently subtracted from the time-dependent reactivity at power by

FBCK to produce feedback reactivity. These data also provide a reactivity
calibration curve, which in turn provides the reactivity worth of the
drop rod.

Data input to this code are control cards and a raw-data tape
of the power trace at very low power level (say 500 kWt), Inverse-
kinetics procedures convert these data to position-dependent reactivity
data.

The input data are:

1 FORMAT (316

Parameter Value

NPC Number of rod drops to be processed

NWCS Number of position steps desired in calibration
IRBETA <0: Read new normalized delayed-neutron frac-

tions and corresponding decay constants

20: Built-in parameters are to be used

1' FORMAT (6E12.5)

Omit this card if IRBETA > 0.

A(l) Normalized beta fraction, 81/8
A(2) Normalized beta fractiom, 82/8
A(6) Normalized beta fraction, 86/8

1'' FORMAT (6El1l2.5)

Omit this card if IRBETA > 0.
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DC(1) Decay constant for A(l), Al
DC(2) Decay constant for A(2), Ay
DC(6) Decay constant for A(6), A6

2 FORMAT [4(4X,A4), 4E12.5]

Parameters: Reactor run number, rod-drop number, reactor
power level, coolant flow (for identification)
osv

NMormalizing factors for power data
GAIN

DT Time step between sample points
WCON Calibration multiplier (usually 1.0)

3 Binary Tape

Containa alternating power and rod-position data records
(non-normalized); at least 500 data points in each record.

Output from this code is a set of punched cards describing rod
worth as a function of position in format 6E12.5. These cards are used
as an input deck for FBCK. Output on the line printer consists of a
listing of rod position and the worths obtained from each rod drop, along
with the point-wise average of all drops processed. Further output of
RCL is a Calcomp plot of the worth of the drop rod as a function of
position during rod motion. Figure 3 is an example of this plot.

2. Feedback-reactivity Calculation Code (FBCK)

This code provides reactivity data for the drop tests at low
power levels, where feedback may be ignored, and feedback reactivity at
higher power levels. Data.input to this code is the raw~data tape of
‘.Figitized.data.and the card.calibration._data obtained from .RCL. .

The raw taped data are normalized by two methods, one each for
the rod-position data and the reactor-power data. Overall drop-rod motion
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is normalized to unity, and position data are converted to fractions of
total rod motion. Reactor-power data recorded on the magnetic tape
contains the transient component of power. The power data are normalized
by adding the product of offset voltage (0SV) and gain (GAIN) to each
data point and then dividing each point by an average of the steady-
state data preceding motion of the drop rod. Each data point is then
expressed as a fraction of initial power level. An option exists for
smoothing the normalized data by a Hamming procedure.ll

The control-card input to this code is as follows:

Card No. 1 TFORMAT (I6)

NS Numbaer of rod-drop sets to be processed using
the calibration data input

Card No. 2 FORMAT (18A4)

TI(I) Title of problem--free form--72 columns

Card No. 3 FORMAT (6El2.5)

NWC Number of worth-curve position steps
IHAM Number of smoothings by Hamming
NNN Non-zero for point-wise non-averaged output

on line printer

NP Number of rod drops to be processed

NCBETA = #6; number of delayed-neutron groups; if
negative, cards must be supplied

IBLK Number of 1000-word power records for each
rod drop

Card No. 3' FORMAT (6E12.5)

Omit this card if NOBETA > 0.
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A(l) Normalized beta fraction, 61/3
A(2) Normalized beta fraction, 82/8
A(6) Normaiized beta fraction, 86/8

Card No. 3'' FORMAT (6E12.5)

Omit this card if NOBETA > O.

DC(1) Decay constant for A(1), A1
DC(2) Decay constant for A(2), Kz
DC(6) Decay constant for A(6), A

Card No. 4 FORMAT (6E12.5)

ALIF Prompt neutron lifetime (approximately 10"7 sec)

BETA Total delayed-neutron fraction (approximately
0.0071)

CONW Rod~calibration multiplier (usually 1.0);

CONW = 0,0 produces excess reactivity instead
of reactivity feedback as 6utput

DT Time step between power data points

RMOV Minimum normalized drop-rod position to initiate
feedback computation (0.999)

Cards No. 5-13 FORMAT (6El2.5)

WCi i=2,...,41 Calibration data, 6 points per card and usually
40 points (WC1 = 0.0)
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Card No. 14 (14 + NP - 1) FORMAT (2E12.5, 16)

osv Offset voltage power normalizing parameters
CAIN Gain
ID Drop identification; if ID < 0, data for drop

will not be processed

Output from this code on the line printer consists of (1) a listing'"‘
of the input parameters and parameters used in the computation (i.e., problem
identification, delayed-neutron constants, time step, nofmalizing constants,
rod-drop identification, drop-rod calibration, and 200 points of drop-rod
position with the index of the point at which rod motion was 0.1Z of total
motion) and (2) a listing of integrated reactivity, reactivity feedback,
and change in power, along with lists of the ratio of reactivity to integrated
power change and of integrated reactivity to integrated power change.

An option allows printout of all normalized power points ana
reactivity-feedback points without averaging. Final line-printer listings
are of th.= six—point-averaged feedback for each rod drop. After all
drops have been processed, a listing of average power and average feedback
reactivity is produced on the line printer.

Further output on magnetic tape 1s an array of six-point-
averaged feedback and power data for plotting (by RPL cocde) and curve
fitting (by MODELF code).

3. Power and Feedback-reactivity Plotting Code (RPL)

This code accepts the tape of the six-point-averaged power amnd
feedback-reactivity data from FBCK and produces a Calcomp plot. The
plotter produces an individual plot of each rod-drop input and 2 piot of
the average.

The control-card inputs to this code are:

Card No. 1 FORMAT (4I6)

NG Number of grids to be drawn {(one for each drop

+ one for average)
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NPG Number of plots per grid (two: one power,
one feedback reactivity)

NP Number of points per plot (v1200 each for
power, reactivity)

NI Number of points input (v1200 each for power,
reactivity)

Card No. 2 FORMAT (18A4)

PT Plot title (72 columns maximum)

Card No. 3 FORMAT (10F8.0)

DX X increment (time step between points)

Card No. 4 FORMAT (10F8.0) (for plot scaling)

TMN Minimum time point, x axis

T™MX Maximum time point, x axis

D Time step between cross hatching, x axis

PMN Minimum power, y axis

PMX Maximum power, y axis

PD Power step between cross hatching, y axis

RMN Minimum reactivity, y axis

RMX Maximum reactivity, y axis

RD Reactivity step between cross hatching, y axis

Card No. 5 FORMAT (6A8) (for units label on plot)

XTI Minimum value, x axis (time)

XTF Maxiuwum value, x axis (time)

YLI Minimum value, left y axis (reactivity)
YLF Maximum value, left y axis (reactivity)
YRI Minimum value, right y axis (power)

IRF Maximum value, right y axis (power)

Figure 4 is a sample of the output of this code.
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;

4.. Feedback-reactivity Modeling Code (MODELF)

This code accepts the tape of the six-point-averaged power and
feedback~reactivity data from FBCK and performs the convolution integral
[Eq. (4)] using parameters of Eq. (3) input by the user, Output of
the code is a plot of the feedback reactivity with the fitted curve
superimposed upon the measured data., Rerunning of the code with altered
parameters permits the user to obtain the "best" fit to the measured data.

The cuantrol=card input to the code is as follows:

Card No., 1 FORMAT (I6, 5E12.5)

N Number of data points
DT Time step between points

Card No. 2 FORMAT (10F8.0) (plot scaling parameters)

XMIN Minimum value, x axis

XMAX Maximum value, x axis

XL Length, x axis (in.)

XD Increment for cross-hatching grid
YMIN Minimum value, y axis

YMAX Maximum value, y axis

YL Length, y axis (in.)

m Increment for cross-hatching grid

Card No. 3 FORMAT (10F8.0)

Tl Time delay of first model term

T2 Time delay of second model term

T3 Time delay of third model term

FBPL <0: Draw plot grid and compute scale factors, then

plot tape input values (measured feedback)
>0: Input normalized power, compute and plot model
FMUL Multiplies values prior to plotting (for linear

extrapolation to other power levels)
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Card No. 4 FORMAT (16)

NTC Number of terms in model (<7)

Card No. 5 FORMAT (10F8.0)

A1 Weighting constant of first term
A2 Weighting constant of second term
ANTC Weighting constant of NIC term

Card No. 6 FORMAT (10F8.0)

L
RD1 Time constant of first term
RD2 Time constant of second term
RDNTC Time constant of NTC term

Figure 5 is an example of a fitted curve.

IV. DYNAMICS PROGRAMS FOR ROD-OSCILLATOR EXPERIMENTS

The purpose of the rod-oscillator program (ROSCIL) now in use at

EBR-II 1s to determine the transfer function of the reactor at a desired
. power level while the power is oscillated sinusoidally over a frequency

range of approximately 0.005 to 8 Hz. The inputs required for the Fourier
analysis used to determine the points of the transfer function are
sine and cosine signals plus the ion-chamber current. There are two
portions to the program: (1) gain calibration of the input channels, and
(2) calculation of the transfer function.

Calibration is accomplished by injecting constant voltages into the
system and averaging the values of digitized output for each channel. The

average values are then divided by known input to determine the channel
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gain. These values are used in the transfer-function calculation to normalize
the gain found in the real and imaginary parts of the transfer function.

The transfer function is then calculated, first at a frequency where
feedback is assumed to be negligible so corrections for gain and phase
may be determined, and then at all frequencies necessary to give a repre~
sentative picture of the transfer function. The zero-power transfer
function is calculated at each frequency, and this value is used in con-
junction with the calculated transfer-function value to determine the
feedback.

To run the program, a magnetic tape must be mounted on unit 2 of
the Sigma-5, and the rod-oscillator program must be loaded. All input is
entered through an alphanumeric scope, and all output is written on magnetic
tape and printed on the line printer.

The portions of the program are flow-charted in Fig. 6., The necessary

parameters are as follows:

AA Known input voltage, channel 1
a, Normalized beta fraction of type i (= Bi/B)
BB Known input voltage, channel 2
ccC Known input voltage, channel 3
Ccs Samples per second
cy Delayed neutron precursors of type 1
EO Voltage proportional to reactor power
AEOi Varying component (approximately average value of EO)
I Imaginary component
i /=1
KK1 Gain normalization factor
KK2 Phase normalization factor
ex Excess reactivity
¥ Effective neutron lifetime
M (Number of cycles desired for integration) x 2
N Number of sample points
n Normalized power level
R Real component
] 3y 2nf
t Time in sec
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8, ¢ for Each
Channel

Print
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on Alphanumeric
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Magnetic
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!
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)
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Iem’ 18,1,
P

7

Calculate
G, and
Feedback

Print G,
and
Feedback

Flowchart Describing Operation of

ROSCIL (Rod-oscillator) Program




-29 -

Frequency of oscillator in radians/sec

w
Xm Measured value

X Zero-power value

o

6

B i ith precursor group delayed-neutron fraction
A 1 ith group decay constant

¢ Phase angle

The equations for the channel gains are:

2000
; 1
A = gain of lon-chamber channel = ;=350 ﬁ (channel 1)t

0
B = gain of cosine channel B8~ 2000 o (channel 2)t

= S ;
C = gain of sine channel = oG~ 2000 & (channel 3)t

The equations for the zero-power transfer function (Go) are:

1
G, = s(e + 12:1 . f‘i*i)]‘ ;
R(.(]_;_l - 5(26 __.E'-._ sin(—s—)); 1(1_) = s(ﬁ.* + ;: ——B-i—- cos G}
o i=18+)‘i )\i Go - s+Ai )‘i
6] = =
Valt] o] + o) - o)

1 1
¢ = - / AT.CTAN 1(_) R(—-) + .
G, Go / G 5

(M E]
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The equations for the transfer function at power (Gm) are:

N

N
;AEOi cos wti ;AEO sin wt

RGm-N'A-B°E0; I *N-aA-C- 80 3
) 5105

lel = (RG + 1 : ¢, = ARCTAN(I. /R, )
m m m m

The gain- and phase=normalizing factors are calculated by:
- and -6 -0 .
KK1 Go/ Gm an KK2 ¢° ¢m

The feedback component H is calculated by:

S RIS R ]

0.5
|B| = (EH"Z + '1;2) ; ¢y = ARCTAN(I./R.).
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APPENDIX A

Mathematical Analysis for Inverse-kinetics Calculations

Let
k_ (£)(1 - 8) - 8 6
dn(t) ex - - * )
ey 2* n(t) + ; Ai ci(t)’ (A-1)
det(t) Kk (t) +1
c
i ex * - )
ac 2* Bai n(t) - Ai ci(t)’ 1=1,2,...,6 (a-2)
and, initially,
Ba
* i
ci(O) = XI— n . (a=3)
Define:
- * *
c (€) = ¢ (t) - ¢, (0)
* *
= ci(t) -8
then,
ci(O) =0,

First work with Eq. (A-2) and substitute Eq. (A-3):

de,(t) k_ _(t) +1 Ba.n
i i
e ex z* Bai n(t) - Aici(t) - 2* 2,

Integrate from t, to t, evaluate at t = t + h, and use two-point trapezoidal

integration:

-A.h Ba

c,(t+h) =e 1 ci(t) + ;;i . %-{Ekex(t) + 1ln(t) - n{}

Ba, h ‘
+ =5 [kex(t + h) + 1] nlt + h) ~ ntg o (A=4)
2
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Application of Eq. (A-4) to Eq. (A-1l) now gives
6

. k _(£)(1 -8) -8
azét) - _ex . n(t) + B—* n + Z;Aici(t)
L L =]
k ()
] B ex
= - ?‘ [kex(t) + 1) n(t) + n ?; + K n(t)
6

+ ;Aici(t). (A-5

Now, apply to Eq. (A-5) a three=point derivative formula to produce the

equation
k_ (¢t +h)
n(t + 2h) - n(t) o _ex - h
o . n(t + h),.l B + 5 ikiﬂai
L L i=
[n(t +h) = n_] Ry
+ o 1-8+ 2 ;)‘iﬂai
n{t +h) - n -A,h
- o 2 + i)\i e 1
L =]
Bai h
c, (t) + -z*—i {erx(t) + 1lln(t) - “o} .
Define

6
ol al1-8 1-12‘-zAiai :
=

*
Multiply through by & and collect terms:

k_ (t +h) n(t + h) 8™l = —[n(t + h) - nol[qs‘l -1)

-A,h
* n(t + 2h) - n(t) i
+ 2 >h - -Aie
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XTIy

*
[2. ci(t) + Bai

{[kex(t) + 1l]n(t) - no}]., “

Divide by n(t + h) and multiply by ¢:

-xsh
g *n(t + g;) = n(t) _ g)\ e L [z*ci(t)

kex(t + h) = ¢ n(t + h)

e

+% [[kex(t) + 1l]a(t) - no}sai]l.‘- n(t +h) - n

[
Ty | ¢ -1.

(a-6)

Equations (A-4) and (A-6) are those programmed in the Sigma-5 version of

the inverse-kinetics code.
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APPENDIX B

Mathematical Analysis of Rod-drop Curve Fit

To program Eq. (4) for the computer, the inverse transform of Eq. (3)

is taken:

I

A, =06 =-T,)/t
h(e) = Z; Le Y tue -1, (3-1)
i=] i

where
u(e - Ti) is the Heaviside unit step function

0; B< O

ue) =
1; 8> 0

The time interval (0,t) of Eq. (4) is divided into N parts of width h such

that t = Nh. Further, each delay operator Ti is assumed to be of magnitude

Eih, with %, an integer, so that Eq. (4) becomes
L A N - gi)h -[(N - Ei)h - I]/'ri
FB(t) = - e P(t)dr
=11 %

N -2 jh
A i -[(N - 2,)h - 7]/7
4 g -ti ;; P(jh)f e 1 1 dr, (B-2)
=1 1 = (G - 1Lh

where P(1) & P(jh) over (j - 1)h < 7 < jh., Hence the integral of (B~2) may

now be integrated:

i

t -0/, | Mo M - - 2, - Dh/1y
FB(t) = A Jl - e ; P(jh)e . (B-3)
i=]1 =]
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APPENDIX C

Code Listing of Programs

Program Page No.
RCL 39
FBCK 45
RPL 59
MODELF 63

ROSCIL 67
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PROGRAM RCL




¢
X

6001
C
C
C
c

4

3

Loennoe

= 40 -

VERS1On COO

PROGRAM RCAL FBR 200 SAMPLES/SEC 500 POINTS

DIMENSIEN P( 500)12585( 5:0150K( 500)1,AW(628L)2RPS( 8B1)2A(6)2D0GL6
SJ{E)ILPM(B)sR(GIIENIB)IIRI(6)ITI(E)IPT(I)

DATA A/e¢03280420+19812,¢182%80¢40196,5¢1478224036309/

DATA DC/s01275¢0317,01150¢31101¢453.87/7

CONTINUE

READ 15 NPCINwWCS,IRBETA

READ 40uls(PT(I)als=s1s9)

NPC = & DROPS, NWCS = # WERTH CURVE POSITION STEPS (.LE«80)
IRBETA NEGATIVE T@ READ IN BETA(IL),LAMBDA(L)seesA(INaDC(I)ecsse

IF{IRBETA'GE+Q) GO TO 2

READ 40,0, A(l)al=106)

READ 4000, (DC(I)sl=126)

IDR=0

NeNWLS+ 1

P 3 Ll=lsN

§5(1)=0.

AwCS=NWLS

PRINT 4, (A(I)slImise)

PRINT S, (DC([)al=1,6)

PRINT 3999

8 300U JKL = 1,NPC

READ 6srUNSDROPIPEWERIFLOW,ASVIGAIN,DTHWCEN
IF(UTeLT*0) B8 TO 1900

IDR=[DR+]

PRINT 6sRUN)DRBPIPBWER;FLOW,OSVIGAINSDTHWCON
O03G=10¢L/GAIN*DOSVE3276,.7

pe 7 I=s1s6

XawDTEDC(1)/2s

EPM(I)=s EXP(X)

Xmm2 o ¥ X

Ri(l)= EXP{X)

RI(IV)=ie/R{])

EN(I)Iw]o

SJ{1)=0.

PBWER InPUT

CALL BUFFER IN(2s12P{1)s 5002 INPINPP)
Z=P(1)+85G

DB 8 I=4,500

P(I)=(F(]1)+8S8G)/2

DK(1)=0e

Db 11 J=1,499

Sl=(e

D8 10 [=1,%5

EPM(IV=EPMII)»R(1)
SJII)SSU(Ll)*(2emP{J) =P (J+1) I %EPM(I)*DT/20
ENCIISEN{II*RI(I)
SI=SI+A(I)*DCII)xEN(I)2SJI])
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11 DKiJd+l)im(le=P({Jel)mSI)/PlJdat)

CoeoaeePBSITIEN INPUT .
CALL BUFFER IN(2a1sP(1)s 5002 INPINPP)
S1=0.
S2uQ»
Dé 15 I=s1,75
15 S1=51+P{1l)
DE 16 I= 471,500
i1e BSzaS2+P(])
AZ=S2/30G
DEL=S1//5¢ wAR
DO 17 1=1,500
17 P(ll=(P(]l)=A2)/DEL
Li=1 ' _ : -
D@ 60 I=1,NWCS : e
Wala] '
AlsW/ANWLS
Alz=le=py}
DB 50 J=L1s,500
IF(JeGTol) GO TG 47
CWe(e
Li=2
GO TY 53
47 Lis=J
IF(ALI=F(J))5Us48248
48 D=P{J=] =P (J]
IF(DeLE«{+0003))GB TO 51
CW'DK(J-1)+(UK‘JI'DK(J-1l)/(P(J"P(J‘l’)¥(AI'P(J-1))
GO T6 59
51 Cws{(DK({Jw1)+DK(J)) /2
GO TO 59
50 CAONTINUE
59 CONTINUE
SS(I)'Sb(l)*LN
AW(IDRs L1 )wCWaWCON -
6C CENTINUE :
S2=0
Almioe
DB 70 us 471,500
70 S2=S2+DK(J!}
CW=S2/3(
AW(IDRAN)I®S2/30exWCON
S5(N)=SHIN)*Cw
TI{IDR}=sDROP ‘
GO TO@ 3¢00 : ' :
1900 00 190e I=ls2 -
1902 CALL BUFFER IN{Z22s1s0UMMs 1, INPsNPP)
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3u00 CEeNTINUE
IEND=IDK
ANPLC=]1DR
IDR=IDR+]
DB 66 1Isi,N
BisIm~}
B2=sNWCS
AK=Bl/B2
RPS(I)=aK
AW(IDRs1)= S5(1)/ANPCHWCON
66 CONTINUE
PRINT 14
PRINT 3998,(TI(I)sI=1,1IDR)
D@ 2500 Is=i1,N
2500 PRINT 3997, (RPS(I)2AWIINDRIIIA(AWIJLII )0 J=L,IEND))

PRINTY 71
c
Ceevee CARD OQUTPUT FBR FBCK CanE
Cc
PUNCH 4000s(AW(IDRs1)sIm2aN)
C
e PLEBT ROGD CALIBRATION CURVES
c
YO==sQ0b
YS= 005
C XS®100/3e¢5
XS=le0/3e3
Xg=0e0Q
CALL BFFSET(X0sXS»YBsYS)
D8 600 [K=1,2
CALL PLET (0e0s6:,52)
(o CALL PLOT(3¢506¢ »2)
CALL PLEBT(3e¢306 22])
C CALL PLEBT (3¢5,0002)

CALL PLOT (3e¢3500s2)
CALL PLOT (0:40,506,2)

CALL PLUT(le4,=Qe5,3)

CALL SYMBOL(1e42=20e550¢1,'PASITION (IN)',0+0,13)
CaLL PLOT( o5,%1¢ ,3)

CALL SYMBOL(Qe5s=1090012,'DREOP ROD CALIBRATION'»0+0,20)
CALL PLEBT(0e¢5,=1¢5,3)
CALL SYMBOL(OeSs=1¢500e125,PT 2000232)
CALL PLOT(=e6302¢803)

CALL SYMBOL(=e63,2¢8,001,'RED WORTH (%)'590¢,13)
CALL PLOT(0e0,00,3)
IK=0
B2mN=1
T=0e
DE 520 I=i,N _
CALL PLET(ToAW(IDRsL)s12)
Bi=]
T=B1/82

520 CONTINUE
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CALL PLUT(0e¢0s0e,3)
CALL PLETILe2Q+s3)
CALL NUPAGE(&.5)
60C CEBNTINUE
GO 76 6001
1 FOEBRMAT(&]16) :
4 FORMAT(IHLI'BETA(I)I/BETA.os'6EL4+5)
5 FORMATUI1H 'LAMBDAStesseses'gEL1#445)
& FORMAT(4(aXsA4)o4EL125)
14 FORMAT('0Q'»"' 75 PTSe AVERAGED AND SUBTRACTED':I)
71 FORMAT('Q's!' 30 POINTS AVERAGED FOR FINAL WORTH!',/)
3997 FORMATULIH 2F8s5,F11e5,6F125)
3998 FORMATI(LH 2 'POSITION'»eX'AVE''»6(4#XsA8)0/) o
3992 FOURMAT(1HOC,» 3X0'RUN'JBX'DRBP'04X'PUHER'JSX'FLBN'JSX'USV' 8X' @A
X 210X'DT V16X WURTH %',/ .
4G00 FORMAT(6EL12¢5)
4001 FBRMAT(SA%)
END
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PROGRAM FBCK




1

W

v
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PROGRalM FBCKw3 ( COMPUTES REACTIVITY FEEDBACK )
DIMENS]1Bix FB(L1520),PAN(13201,PAS(510)sRAW(10)sWC(#1),
1TI(18)sR16)12SJ(B)IBETI6:,0C(6)0A(6),E(16)

REAL*8 aLIF)ATM)AWC)BETAIDENSIDKIFZN,SI»TIMITKEXLaWCVY ZnB, INT
COMMBN ALIF AT AWCIBETA,DEN,DKsF2ZN,SI»TIMaTKEX1,)WCV,2ZNO)2ZNL1»
1CONW, APAK,,BETIDCICT, DT2,EIFBIFSUMESG,POS,POW,PONINT,PSUM,

2 RIR1SIRRSIRISHIRMEV,RS,RSUM,RAW, SJUsTILTKEXB,WC, IR, IBLK, 1D, IHAM,
I JJJaKa N g NNNanOBETA, NOPEBWINPANSTINSNWCANKCS
CONTINUE

READ #4anS
NS = # OF SETS WHICH uystE SAME CALIBRATION

oe 10 JJd=1,NS

REWIND |

CaLl StEalk®D (1)
CALL IniB

Do 5 LLL=),NP
REWIND U

CALL S&wlBD (2)
CALL INPRNT
CALL SEGLOD (3)
CaLL INLTC

be 3 Ii=1,I8LK
CALL SEGLED (4)
CALL SMo@O
IF(1DeLTeQ) GO TO 3
CALL SeGLOD (H)
CALL FEED

CONT INUE
IF(IDeLTe0IGY TE 5
CaLl SEGLUD (o)
CALL FBUT1
CONTINUE

CaLL SEGLUD (7)
CaLL FouTgz
CONTINUE

G TO 1
FORMAT(16)

END



- 47 -

SUBRBUTINE FauT1 '
DIMENSIUN FB(1320’JPOW(1320)1POS(510)0RAN(IO)JNC(Qi’:
1TI(18)2R{6)»SI(6)IBETI6)15sDC(6)sALE6),E(6) o ;
REAL*8 ALIF,)ATMoAWC,BETAIDENIDK,FZNsSI»TIMITKEXL12WCY, ZNU;ZN
COMMBN ALIFsATMIAWCIBETA,DEN,DK)FZN,SI»TIM) TKEXL1,WCY,ZNO)»2ZNL» o
1CONW, AsAKsBET»DCsDT, DT2,EsFBFSUM»BSGsPOS,POW,POWINT,PSUM, .
2 RIRLISIRESIR3ISIRMEV,RS,RSUM, RAW, SJJTIJTKEXU;HCJIB@IBLK:IDJIHAH
3 JUJsKaNiNaNNNyNBBETAS NOPBWsNPINSTIN,NHCHNWCS - ;
De 100 NM=m1,2
REWIND ©
SUM=0.0
NSTaNSTiN=3 ' .
NI=} SRS
NB=é } ' 3
De 80 J=1,IBLK
G TO(3CGr20)sNM
20 CALL BUFFER IN(OJIJDUleoISToICN)
CALL BUFFER IN(0»1sDUM,1sISTHICN)
30 CALL BUFFER IN(0s1sFBs» 500,1ST»ICN)
CALL BUFFER IN(0»15FB(501),500sISTsICN)
GE TBI4U250)sNM
40 CALL BUFFER IN{(Qs1sDUMy1sISTs1CN)
CALL BUFFER IN(Qs12sDUMs10ISTsICN)
5¢ IF(NNNsEQ.Q)IGH TO 54
GB TO (Hls52)sNM
51 PRINT 9
GO TO 53
52 PRINT 11
53 PRINT 81(FB|I]:I'NSTJIOOO)
54 IF(NBeEUWe6)GB TO 60
D6 55 Is=sl,NB
58 SUM=SUM+FB(I) -
NST= 1+NB
NB=6
POWI(NI )=SUM/ 6
SUM=0.0
NI=NI+1
60 DO 70 I=NST,»1000.6
NK=]
IFt I1.GTe995)GO T 71
DE 65 KiN=1s6
65 SUMSSUM+FB(KiN=1+])
PBWINI )=SUM/ 64
SUM=Q.0
NI=nNI+1
NB=6
70 CONTINUE
71 IF(NKeEGWe995)GO TO 76
DB 78 KN=NK»1000 :
SUM=SUM+FB (KN
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75 CONTINUE

76 NBahNK=995
IF(NBesEwe( )NB=6
NSTs=]

80 CONTINuc

. CALL BUFFER OUT(1,1,PBu(1)s S00,IST,ICN)
CALL BUFFER 0uT(1,1,P8W:501)s 500,18T,ICN)
CALL BUFFER OUT(1,1,P0w;1001)s» 200,1I8T»1ICN)
CALL BUFFER OUT(4,1,PB8w(1),1300,1ST,I1ICN)

100 COENTINUE :

DOD=0T#5

NlaN]e=]

PRINT 1014 21D,
PRINT Bo(POWL]I)sIml,N])
RETURN

5 FERMAT(10F12e5)
9 FERMAT ('] PUWER!', /)
11 FERMAT('1 FEEDBACK'as/)
101« FORMAT('1 THE SIX=P8INT AVERAGED FEEDBACK FOR CORHP NO!, 16,
1 ' OTs'p7¢8,4X0'1300 PINTSYSZ)
END
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SUBROUT INE FouT2

DIMENSION FB(1320),PEW(1320),PO0S(510)sRAN(10)2WC(21),
1TI(18)sR(6)sSU(6)IBET(6)1,DC(6)2AI6)sE(S) :

REAL*8 alLlFoATMyANC,BETAIDENIDK)FZN,SI»TIMITKEX12WCY) ZN8, 2N
COMMEN ALIF ATMIAWCIBETA,DEN,)DK,FZIN,SI»TIM) TKEX1,WCV,2ZNO,2ZN1»
10ONW, A2AKIBET»DCsDT, DT2,EsFBFSUMs08GIPOS,POW,L,POWINT,PSUM,
@ RIRLSIRR2SIR3ISIRMBVIRS,RSUM, RAN, SJJTIJTKEXUpHCoIB:IBLK;ID:IHAW
3 JJJsKaNNg NN, NOBETAS NOPBWINPINSTINSNWCHNWCS

APOwWs=NBPOW

PRINT 1lu24sNEPOW

D6 100 nM=l1,2

REWIND 1

DE 10 I=1,1320

PEWN(I)=(eQ

De 80 Js1,NOPONW

GH TO(30Us20)sNM

CALL BUFFER IN(1s100UM,1201IST2NST)

CALL BUFFER IN(1s210o5UMs10ISTHICN)

CALL BURFER IN(151o0UM»10ISToICN)

CALL BUFFER IN(1s1,FBs S00,18TsICN)

CaLl BUFFER IN(1s1sFBtS01), 500,ISTLICN)

CALL BUFFER Iin(1210FB(1001), 300,IST2»ICN)

GO TO{40s50)snNM

CALL BUFFER IN(10100UMy12ISToICN)

CALL BUFFER InN(101sDUMy10ISTsICN)

CALL BUFFER IN(1s1sDUMy121IST2ICN)

ce 60 I=1,1300

PBW(I)=sFOW(I)+FB(1)/7APBN

CENTINUE

CALL BUFFER QuTI(3,1,P0W(1), 500,IST,ICN)

CALL BUrFER 8UT(3,1,P0w(501)s 500,1ST,ICN)

CALL BUFFER 8UT(3,1,PBuw(1001)s 300,ISTHICN} '

CALL BULUFFER OUT(4,1,P8W(1)51300,1ISTsICN)

PRINT 8, (POW(1)sI=1,130n)

PRIMT 1ul3,NOPONW

CONT INUE

RETURN

FORMAT L10F12+3)

FERNMAT('1T THE SlIX= PAINT AVERAGED FEEOBACK B8VER t,I3,! DROP& A

? TrlS POWER LEVEL IS's//)

FERMAT(']  THE SIX=PBINT AVERAGED POWER OVER',I3,' DROGPS 1S'y/
EnD .




Jdo

TS

20

44

47
48
49
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SUBROUTINE FEED
DIMENSION FB(1320)sPBW(1320),P0S(510)sRAN(10)2WC(41),
1TI(18),R(6)sSUI6)IBETI61,DCle)sAlE),ELS)

 REAL*8 ALIFsATMoAWC,BETA2DENSIDK,FZN,SI»TIMITKEXL1)WCVY, INO, 21
COMMON ALIFIATMIAWCIBETA,DENLDK,FZN,SI,TIMITKEXLIWCV,2ZNO,2ZNLs
1CONW, AsAKIBETIDCoDTs DT2,EsFBsFSUMIOSGIPOS,POW,POWINT, PSUM,

€ RIRISIR2SIRISIRMOV,RS,RSUM,RAW, SJsTI,TKEXO,WC,»1IB,IBLK,IDs IHAM,
3 JUJsKsNiyaNNNsNOBETA, NOPEW,NPsNSTINSNWCINKWCS

NSTaNST LN

IF(IBelLGTe]1 )INET=H

INPUS=S10

1O0PGBW=1,05

DAK=mAK

00 50 I= NST,[6POW

SIs0e

DU 36 Jml,NOBETA

SI=E(J)H(ALIF*SJ(J)+(TKEXO+1s0)1%BET(J)¥ZNOSDT2=DT24BET({J)SFZIN)+ST

TKEX1sDEN*SI/ZNL+(ZNi=FZN) 5 (DEN=10)/2N1

OKswTKEXRL/BETA

DO 38 Jumsl,NOBETA
SJHIJIISRIJIR(SIII+DT2» ( (TKEXO+1.0)#ZNOSFZN)SBET(J)/Z7ALIF)+0T25( (

1 TKEXL+1+0)4ZN1I=FZNISBET(J)/ALIF .
TREXGBwTKEXL
ING=ZN]
ZN1=FB (I [+])
IF(IB«GTe1)GY TO 47
IF( leGiowINPOS)GO TO 47
IF(1e0eLEPOS(I)) GO T 47
IFIPUS({i)elEcaK) GO TO 44
Ak=AK+DAK
KakK+]l
GE TO &y
WCVEWC IKm1 )+ {WC(K)»WC(Kel) )x(DAK=AK+POS(1))/DAK
GBS TO &z
WCVsWC (NWC )
FBELI)awCVeDK
CONTINUE
IF(ATMeGTeS5+¢5)G0 THO 50
R3S=R2S
R2S=R1S
R1S5=DK
IF(I/NNeNE21)GO TO 50
NiveNN+2 .
IF{IeLTe{NST+2)eANDIBsEQ1)GE TA S50
TIMsTIM+2,4DT .
FSUNBFSUM+DT #0¢33333#(FB(Ia2)+4esOnFB(1Iml)+FB(]I))
PSUMEPSUM+ DT %¢33333%(POW([w2)+4.xPOW({]I=1)+PON(]) =6:04POWINT)
RSUMSRSUM*DT #133333%(R3S+4.3R2S5+R1S) .
IF(TIMeLTATH)IGE 10 50
BRAT=+DK/PSUM
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BROT=RSUM/PSUH

ATM=ATN+0¢5 ﬁ
PRINT 1u202TIMIRSUMIPS(Ms FSUMsBRAT,BROT
PUNCH 2,TIM)RSUM,PSUM, FSUM,BRAT,BROT
IDUMs]+ :
CONTINUE

CaLL BUFFER BUT(0,1,FB(s)s S00,ISTHICN)
CALL BUFFER 0BUT(0,1,FB(506)s» S00,ISTL»ICN)
NN=7

IF (IDUNCEQs 1005 )NN=6

RETURN

FORMAT(6E129+5)

FORMAT(F1294,5E16.5)

END
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SUBROUTINE sMa0
DIMENSION FB(1320),PBW(1320),POS(510)sRAW(10),WC(41),

ITI(1%10R(E610SJU(6)IBET(6)Y,;DCiglrA(E)IELS)

REAL*8 aAlLIFsATMsAWCIBETASDENIDKIFZN,SI»TIMITKEX1oWCVaXsX1s2ZN0B» 2ZN
COMMEN ALIF2ATMsAWCIBETALDEN,DKsFZN,SI»TIM)TKEX1,WCV,2ZNO, 2ZN1,
1COnW, AIAKSBET,DCoDT, DT24+EsFB,FSUM,aSGIPOSIPOWN,POKINT,PSUM,
2 RIR1ISIREPSIRISIRMBV,RS,RSUM,RAN, SJUsTI,TKEXO,WC»IB, IBLK,ID, IHAM
3 JJJoa Ko NNaNNNINOBET A, NOPAWINPsNSTINSNWCHNKHCS

INPBW=1(10

IePOW=1(09%

DB & I=, 010

FB(II=RAW(I])

IF ID NEGATIVE SKIP CoMp OF FEEDBACK

POWER InPUT $0000e0eggtepae
CALL BUFFER Iinl2s1sFB(11)s 1000,1S,LL)

IF(IDeLT U IRETURN

DO 13 1=11,InNPOW
FB({l)=FB(])+0SG6
IF(IBeG1el)GE TO 29
ZNB=1 .0

RS=(

DB 19 1=11260
RS=RS+FUB(])

RSsRS#eu2

CENTINUE

DB 30 I=»11,INPONW
Fe(I)msFb(l)/RS

0B 31 1=1.,10
RAW(I)=sFB(I+1000)
IF(IRANEWQ) GO TO 34
De 33 Jsi,IHAM
XisFB(¢g)

X=FB (1)

De 32 Is 2,18POANW
FB(Il)meobaX1+e23%(X+FB(I+1))
X=Xl

X1sFB(I+1)
FB(INPOuIs(FI(INPEW)I+FB(IOPOW) 1205
FBI{ 1)s(FB1{ 1)+FB( 2})%0e5
FB(S)=ZnNO
IF(IBesGl1e1)GB TH 36
PEOWINTs o0

DIVi=10.

08 35 I=1i,20
PEWINT=sPOWINT+FB(1)
POWINT=FBWINT/DIVI



36

37
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OUTPUT FPOWER TO UNIT 0O
CaLL BUFFER BUT(0s1,FBta)s 50Q00ISTHICN)
CALL BUFFER BUT(0s1,FB(3506)s 5002ISTsICN)

be 37 I=1,1010
PEW(1)=FB(I)
ZN1=FB16)
RETURN

END




coco
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SUBROBUTLNE INITC

- DIMENSION FB(IJZO)JPOH(1320);PGS(510)JRAN(10)JNC¢41)J

10

11

14

1TI(18),R(6)sSJ(6)2BETIE),DC(6)2A(6)sE(6)

REAL*8 allFsATMyAWC,BETASDENIDKIFZN,SIsTIMITKEX12WCV ZNO, ZN2
COMMON ALIF ATHIAWC)BETA,DEN,DKIFZN,)SI,TIM,TKEX1,WCV,2ZNO,ZN1y
1CONK, A)AKIBETIDCIDT, DT2,EsFBIFSUMIOSGIPOSIPOW,POWINT,PSUM,
2 RIR1SIR2S5IR3ISIRMBV,Rg,RSUM,RAWN, SJ»TI,TKEXG,WCs»1B,IBLKsID,IHAM,
3 JJJ:KaNNJNNNJNEBETAJNBPQNJNP:NSTIN:NHCJNHCS

TKEXO=Q0.0

DB 3 I=1,10

RAW(I)= o0

FZN=l.

K=2

AWCENWC»)

AK =1e/ANWC

R1S=0+0

R25=Q.0

R3S=00

PSUM=Qey

RSUM=0 ey

FSUM=Q sy

TIM=s0.«0

TUus=Q»

ATM=0+ 4999

PESITION INPUT Se0s0vestene
CALL BUFFER IN(2,1,P8S(11)s 500,1S,LL)

IF(IDsLTe0)RETURN
INPES=510
NOPUBW=NUPBW+1

De 5 I=1,NOBETA
SJ(1)=0.0

LCONTINLE

D8 10 I=11,60
TU=TU+PES(I)

VU=Qe

ISEN=INPBS=29

DO 11 I=ISEN:INPOS
VUsVYU+PGS(1I)
FAC3sVU/30e+2.
FACLI=sTU*e02 +2¢=FAC3
NST=é61 :

D8 14 I=11,1INPOS
POS(I)=((PAS(L1)+2e=FAC3)/FACY)
IF(POS(L{)+3E+RMBY)NSTw]
CENTINULE

NiNsNST

NSTINSNST




NST=NST=10
PRINT &, NST
NST=aNST+10
ISENaNST+199
PRINT 8, (FOS(L)al= NST,1SEN)
PRINT 1019
DE 26 l=11,1InPES
26 PuS(l)i=jes=pPaS(])
De 27 l=1,10
27 Pes(l)=PBS(11)
RETURN
4 FORMAT( 2161}
8 FORMAT(L0F12.5) ‘ . . :
1019 FBRMAT('1 REACTIVITY,)POWER~CHANGE,FEEDBACK INTEGRALS',//7X'TIME',
* BXVINT OF RHE INT OF nELTA=P INT OF FEEDBACK RHOZ(INT DP)
*INT RHB/(INT DP)V/) '
END




13
a1
a2
23

24
ab
71
72
73
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SUBROUTINE INPRNT
DIMENSION FB(1320),PBW(1320),POS(5101,RAW(10)sWCL&E1),
1TI(18)sR(6)2SJI6)IBET(6),DC(6)2A(6)sE(E)

REAL*8 ALIFs ATMsAWC,BETASDENIDKsIFZNySI»TIMITKEX1oWCVY ZNO, ZN1
COMMEN ALIFsIATMIAWCIBETADEN,DKIFZN,SI,TIM, TKEX1,WCV,ING,2ZINL)»
1CONW, ArAK,BETIDCaDT, DT2,E»FB,FSUMIBOSGIPOSIPOBW,POWINT,PSUM,

2 RIR1ISIRESIRISIRMOV,RS,RSUM,RAW, SU»TI,TKEXO,WC,18,IBLKsID, IHAM,
3 JJJrKaNNaNNN) NOBETA, NOPOWINPINSTINSNWC2NWCS

READ 13,688V,GAINLID

IF(ID«LTQ)RETURN

8SGa10sU/GAIN » BSV » 327647

PRINT 21»(TI(1)sI=1,18)

PRINT 740 (A(]1)sIm1,NOGBETA)

PRINT 72+ (DC(I)sImi,NOBETA)

PRINT 73sBETAsALIF

PRINT 22+ CONW

PRINT 23s0TsB35VsGAIN2ID

PRINT 24

PRINT B, {WC{I)sIsmslaNuwC)

PRINT 25

RETURN

FORMAT110F12+9)

FERMAT( Ei1Re5,106)

FERMAT(t1'51X,18A4%)

FORMAT('0 WORTH = '",F12.6s/)

FORMATI('0 DT(SEC) = ')F12e5,% OSV & ':F12:5,' GAIN = ',F12+5,
1 RO0 DRABP NOe ',160/)

FERMAT('0 ROD CALIBRATION IS's/)

FORMAT('0 NBRMALIZED PASITION IS',/)

FURMAT(.H 'BETA(I)/BETAesetsEL4:5)

FERMAT(LH '"LAMBDAS+eecoqee1gE1RT)

FORMAT( H 'BETAssensesoanet gElReSr14Xo'LIFETIMEsosesotyEL405)

END
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PROGRAM RPL
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VERS1Uiy COQ

REAL*8 XTIaXTFaYL1aYLFaYRI,YRF
DIMENSIUN P{1400):PT(18)
CALL LIMITSIm2e5,7e5)

C

Cessass PREAGRAM FLOTS REACYIVITY FEEDBACK, PBWER FROM BIMNARY TAPE

C

CeeoeeosNG = # uRAPH JRIDS » NPG = # PLOTS/GRID

CosveessNP = % UF POINTS T8 PLAT NI = ¢ OF POINTS INPUT( BUFFERED IN )

i READ 10ws NGIoNPGINP,NI
READ S3,(PT(l)sI=1,18)
IFiINGeEGeD)GO THO 5000
READ SglsbdX
READ 935 TMNITMX»TDIPMNsPMXL»PDI)RMNSRMXLRD
READ 29/7aXTILaXTFaYLIIYLF2YRISYRF
Xo=TMN
XS=(TMXaTHN) /8
0B 200 LIK=1,nNG
CALL PLOUT(8es0e0s2)
CALL PLUT(8¢0s5e22)
CALL PLET(O0e0s50s2)
CALL PLUT(U«0,0e02)
CALL SYMBEL(we12,20¢20,0¢12XTI150+0,6)
CALL SYMBOGL(=Uue6s=0s05,50eLlsYLI»00s6)
CALL SYMBOL(=160s1e8,01,'FEEDBACK($)'290.211)
CALL SY!iBBL(=0e6s4¢95,0¢10YLF20:0,6)
CALL SYMBEBL(2¢38304¢0s0U1,'POWER'20¢0,5)
CALL SYMUBOL{2+82100:,0+1,'FEEDBACK'»0e028)
CALL SYMOOBL(2v80=0e5,004," TIME (SEC)'5040,11)
CALL SYMDOL(1e4s=0e8,00122'PINER,NEGATIVE FEEDBACK',0+0,23)
CALL SYMbOL{1e40w1el)012,PT(1)20+0s4R)
CALL SYMBEL(7e85,2Ce20,010XTF2000s6)
CALL SYBOL(Be1s=0e05:0.1sYRI0:0,6)
CALL SYMBOL(Be2s107s001,'NORHALIZED POWER's90¢e,16)
CALL SYMBUL(Be1s4¢9500e12YRF20c026)
CALL PLET(OeU0,»0es3)
X=0.0
Y8
N { TMX=TMN)/TD+0.1
AMsNM
DD=Be /Al
IF(NMeEWe1)GO TO 1311
D 1305 l=i,nnr
X=X+DUL
YeSemY
Calll PLCT(XsY,2)
YaBemY
CALL PuLtT(XsYs2)
1305 YsHeey
CALL PLET(0¢0s000,3)
X=8a
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Y=0.0
Nh= (RMX®RMN)/RD+(e1
AMENM
DD=Se/AN
Ot 1310 Isl,nM
x=8swX
Y=Y+DD
CALL PLUT(XsY22)
XuBewX
CALL FLCT(XsYs2)
1310 X=Bee=X
1311 CALL PLUT(O«0,0+0,3)
DB 199 JKkel,2
CALL BUFFER IN(Za1sPaNTJISHLL)
133 FORMAT( QEl24%)
IF(JKsELe2)G8 TO 160
YO=PMN
YSE(PMXePMN) /5 e
Ga T8 lel
160 YO=RMN
YS=(RMXmREN) /50
161 CONTINUE
DT=DX
CALL OFFSET(X0sXS,YBaYS)
T=0.
Cabi PLETITsPI1)23)
DB 166 [=12NP
CALL PLET(T,P(I)212)
T=T+DT
160 CENTINUE
Call PLUBT(QesJ9,3)
199 CENTINULE
Catl PLET(OQes 00,3}
CaLL NUFAGE(3.5)
200 CBNTINUL
Go TU 1
5000 CBNTINUE
95 FERMAT(10F8+0}
99 FORMAT( BAd)
100 FERMAT(1016)
297 FORMAT (6AB)
END
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PROGRAM MODELF



[ ol ol o BN el o

ccCo

1600

100

11

15
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VERSIOHN COO

FEEDBACK MODEL = 7 TERMS UP TB 3 TRANSPORTS NBY 10,1970

CIMENSION A(7)sX(400)2Y(4001,2(400),8(7)2CL7)2R{666),RD(710AM(7
XAB(7)sPL666)
READLls naOT
READ 4o XMINIXMAXsXLsXDoYMIN, YMAX2YL,YD
X0=XMIN
XS=(XMAX=XMIN) /XL
YU=YMIN
YXs(YMAX=YMIN) /YL
CALL OFFSET(XBsXSsYB,sYX),
CALL BUFFER IN(gslaPaNsIS»IL)
CALL BUFFER IN(2s10RoiNs1S,IL)

FBEPL oLEte Qe TO INMITIATE NEW GRID, ¢LEe O TO PLOT INPUT,
*GTe O Tu PLABT MODrL

N m # POLNIS , DT = TI4E STEP T1,2,3 = DELAY TIMES

FMUL = #ULTIRPLIER FEGR PLOT DATA

READ 4, T12T22T3,FBPLIFMUL

T = YMAX

[F(FBPL ¢GTe Qo )GE TO 3

CALL PLOT(XLAIV022)

CALL PLOT(XLaYL22)

CALL PLODTI(uL0sYLa2)

CALL PLOT(O0su0s2)
CALL PLUTUXMIwaYMAX,13:
IF(FBPL.LT*0¢)GO 7O 5

READ 1+NTC

RKEAD 42 (sa(l)al=1,NTC)}

KEAD 4, (kDI Imi nTC)
GE 18 12

B 1u Jd= N

KiJ)=R{J)»FMUL

CALL PLOTIR(114T»13)

08 11 Jd= . sN
CALL PLUTIRIU)ISITS13I)

CALL PLOTIR(J)sTr12)

TaTe(T
CALL PLUTIR(N)SITS13)
CALL PLUOT(XMINIYMINS13)
IF(FEPL«GTel0e) GO T8 1000

68 T8 10v

PLOT MODEL
T4=0e0

EE=2,7182818
UB 16 1=1sNTC



le

18

15

-2

e

25

26

a7

243

a9

3u

"= 65 -

RD(I)uwleO/RD(I)
AM(I)=EE*»» {(DT#RD(I})
AB(Ii=leu=AM(]}
B(I)=CeC

C(I)=0e0

Cla)=iet;

CU&) - ae

Cio, =iy

Clz2,-dsel
J=1
Kej

L=1
LG 50 1= »N

R(IV=P(])
R(I)=(leumwR(I))aFMUL
DB 18 MN=L,NTC
B(MNISB(MN)®AMI(MN)I+R(I)+aB(MN)®*A(MN)
8 19 MN=1,NTC
CirMIsB LN
S=ELi4)+0L(n)+C(e)+C(?)
IF(TL enNce QJUY TO 20
S=5+0(1)
GO T 24

IF(T4 «GEe T1)u® TO 22
X(Jr=C(1)
JeJ+i R
Gb TE& 24
S=S+Xt1)

AJI=C(L)
tmjm]
vB 25 tMhE1aM
XIMNIsXR{PN+L)

1IF(T2 einte Q0¢)GO TO 25
5=5+C(2)
GO To 28

LFtTz et T4)uD TH 26
YiK)=C(2)
K=K+ ]
LU TH 28
S=8+Y(]1)

Y(K)=C(2)

ixKe]
LB 27 MN=1,M

YIMNI=Y {MN+1)

IF(T3 ente 0e¢0)GH TO 29
S=5+C(3)

G8 Tu 32

JF(T3 eblie T4)aB TH 20
Z(L)=C(3)

L=EL+]

GO T s

S=S+4(})

M=l =]




31

by

[l A PR S~

2iL1=C(3)
08 31 MN=1.M
ZIMNI=Z (iN+1)
CALL PLEI(SaTs12)
T4=T4+DT
T=TeD71
CalLl PLuT(S,Ts13)
CALL PLOT(ueQayye0s3)
Call NUFAGE{(4.0)
IF(FBPL«GTelUe) GO TO 1500
GO Ty 10
FORMAT(18F6s %)
FORMAT(&E1Qe4)
FORMAT (6L 125)
FORMAT I loa5EL12¢5)
END
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PROGRAM ROSCIL



e e iera o ries MR o L e

Ti1
T2
T3
T4
Li-]
CcCi

cce

ccs3
CC«4
CCo

ENTER

. INFLAG
. ENTRY
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TRANMSFER FUNCTION ANALYSIS USING ROD OSCILLATOR

REF

SREF

RES

RES

RES

RES

RES

DATA
GENs4228
DATa
DATA
DATA
GEN,4228
DATA
DATA
DATA
GENjs 1231
DATA
DATA
GEN, 12031
DATA
DATA
GEN»1231
DATA
LIsta
BAL,315
DATA
DATA
DATA
DATA
CAL1,5
CAL1,5
CAL1,5
LI,3
STW,3
LIs1
STB,1
Lis1
STB, 1
CAL1,9
RES

LWs g

BEZ
LWsé
STHs 4k
LWwsé

9SIN,ICOS,»SATAN2,9SORT,CONEB
FPIMBAX,MAINIMSET
26

26

26

26

26

X'04000059¢
12,T11

CAL

10

X'0400005A"

12,72

RODO

1

X1 04000070
1273

ENTRY
X'04000071"!
1sT4

GO
Xto4000072!
1,75

GONE

4

MSET

NN

IHDL

ICBNTR
IDATA

cCca

CCs

ccs

0

INFLAG

119

PP2

59

PPS

1

1
FP:MBOX+100
GOz

w1721
ILBC+1
FP:MB3OX+101

CONNECTS TO 70 FeR INITIATE FReM scCOP
REENTER PORTION OF CALIBRATIBN
REENTER PORTION 6F REDe

USED TO INDICATE WHETHER CONS ARE CAL




" REF
. SREF
. 'RES
L .RES

. RES

. RES

" RES

. DATA

" GENs4228
L DATA

. DATA

« GENs 4228
. DATA
- DATA
© DATA
" GENs1231
. DATA
- DATA

 GENs1231

Y DATA

- DATA

. GENs1231

- DATA

- LIsta
. BAL,15
. DATA

. DATA
DATA

" DATA

- CAL1,S

. CAL1,5

.- CAL1,5
CLiIe3

- STH,3
- LI’I

- 8TBs 1
 LIs

i STBJ1
- CAL1,9
. RES

- LWak

- BEZ

- LWab
3 STNJ6
| LWsb
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" TRANSFER FUNCTION ANALYSIS USING RED OSCILLATOR

9SIN,9COS» IATANZ2,9SART, CONEB
FPIMBEBXsMAINIMSET '

26

26

26

26

26
X'04000059"
12,T11

CAL

10
X10400005A?
12, T2

RODO

i
X'04000070"
1,73

ENTRY
X'04000071"
1274

GO
X'04000072!
1,75

GONE

4

MSET

NN

IHDL
ICONTR
IDATA

CcC3

CC4

ces

0

INFLAG

119

pPpP2

59

PP5

1

1
FP:MBEaX+100
Goz

-x|7a|
ILEC+1
FPIMBBX+101

s

CONNECTS TO 70 FeR INITIATE FReM SCOPE
REENTER PORTION OF CALIBRATION
REENTER PORTION @F RCOO

USED Te INDICATE WHETHER CONS ARE CALC.
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LWa?7 FPi:MBOX+102
LWsS8 FPIMBOX+103
Lws9 FP:MBOX+104
LWwsty FP:MBOX+105
Lwsy &
FDS,11 =sF5124
STWatd AM
FAS, A uFSte5!
LWa11 6
AND,11 =X'0F000000"!
SLS,1i1 =24
AND, 5 sX'QOFFFFFF !
LI,2 [
SwWr2 11
BEZ $+3
SLSy,e wi
BDR, P $=1
STWy4 TEMPM
STwy7 CS
STw, R WC
5TW,g Fo
STw,10 E®
LIs»6 0
S5Twye ARS
STWy6 AlS
5Twya AFS
Lise 3
STWs6 NUM
CAL1.2 PR3
CAL1,2 PR6

AGAIN LWs7?7 INFLAG
BNEZ $+5
LWsb mFSt].!
ST KK1
LIse 0
STwsb KKe
LWs? TEMPM
STw,7 M
Lls1 INIT
STwWat RETURN
STW,6 FR
SThin FI
STwys CONST
STHy5 RMS
STwys N
CAL1,5 CC2 CONNECTS TO S5A FOR DATA ACQUISITION
CAL1:9 1

M RES 1

AM RES 1



SET RS TG TACAS S TR T AT R e e AT T TR S YT

cﬁUNT
81

32

83

AA

BB

(of

A

3

C

ES

w

AN

FR

Fi
AMge
ANG
COnST
FREW
KK1
KK2
GZAMP
GZANnG

- 70 -

RES 1
RES 1

RES 1

RES 1

RES 1

DATA X13100005A¢
UATA X1'010000589!
CALIBRATI®ON

Lwsé FP:MBax+101
LNa7 FPiMROAX+102
LiWs 8 FP:MBAX+103
5TW,y4 AA

STWs7 B8

STW, R cc

Lise 2000

STwsa COBUNT

Liss 0

STWya S1

STwys 52

SThys S3

LHss aX'71¢
STWya ILEeC+]
CAL1.S5 cCi CONNECTS TU 59 FBR CALIBRATION
caLi1,9 1

RES 1

RES l

RES 1

RES i

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES 1

RES i

RES :

RES i

RES 1



wC
Fo
Cs
CAL

RES
RES
RES

LI»1
LHs 6
LHs7
LH, 8
SAS, s
SAS,7
SAS,R
AWM, R
AWMa7
AWMy 4
Lese
HBDRy»n

8§TWya
CAL1.,9
CAL1,5
LW2S
BAL,7
FOS»4
STWan
LW2S
BAL,
FDS»4
STWa s
LWsS
BAL,7
FDS)y«
STWs4
FOS,=®
FDS, g
FOS,10
FDS, R
FDSs9
FDS,10
STwsR
SThasg
STwy10
STWyR
BAL,15
STws1r2

STwW,13

STWy 14
STwW,9

BAL,15
STW,12

-

GDAT

1

IDATA,
IDATA+1
IDATA+121
-]

-]

-]

s3

s2

S1

COBUNT

$+2

$+3

COUNT

1

D59

$1

FLOT

vaLT

8

s2

FLOT

VoL T

9

83

FLarT

veLTy

10
=sFS12000.!
=FS'2000."
=FS12000.!
AA

BB

cC

A

B

c

7
CONEB
M2+2
M2+3
M2+4
7
CONER
M2+6
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DISABLES 59



[

PR2

M2

]/MS
RMS1
RETURN
ROLY

STw,13 M2+7
STyt s M2+8
STw,10 7
BAL,» 15 CONEB
STWy12 M2+10
STW,13 M2+11
SThy1h M2+12
CAL1.2 PR1
CAL1,2 PRé6
CALL,2 PR2
CAL1,2 PR6

CAL1,9 1

DATaA F8'1638¢3!
DATa X'01000000°
GEN,1+26015% 150,120
DATA PP

TEXTC 1Cal CHANNEL #1
DATA Xt01000000!
GEN,1226,124 120,1,0
DATA M2

TEXTC '

RES 1

RES b

RES 1

8 GDAT
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CHANNEL

22

CHANNEL #3!



G0

STURE

INLI

ce

LN»?7

b

List
LHs &
LM 7
LHy -
LHs10
S3AS,» A
SAS 2
SAS,9
SAS,10
LWs 3
SThHe b
sTH, 7
STr,g
§TH,, 0
Mu, 7
Finae 9
AWM, 6
Lwaln
LW2S
BAL, ¢
FAS,10
STwa 0
LWwslan
LW,5
BAL, 7
FAS,10
STw,y,10
AWPF
CAL1.,9
LHs 6
8G2
L1,

b

Lir
5TwWan
CaL}1,9
LHs b6
862
CALL,9
Liast
STwst
b

LHs 6
BGZ
Lis1
STwet
B

RETURN
.7

i
IDATA,1
IDATA+
IDATA+1,1
10ATA+201
-y

-]

-l

ol

N

0,3
D+1%00,3
D+3000,3
D+4500,3
6

6

CONST

FR

7

FLOT

'y

FR

Fl

9

FLoY

'Y

FI

N

1
IOATAS2
8+3

C1

8+2

ce
RETURN

1
ICATA+2
8¢+2

1

Pl
RETURN
STORE
IDATAS+?
$+4

N1
RETURN
STORE

-73 -

INDEX FOR GE7TING HALFWORDs aUF ¢
16N CHAMBER SIGNaL

COSINE POT

SIN PET

INLET TEMP

10N CHAMBER

NUMBER OF SAMPLES

FIRST FOINT 1S NeGaTlve

LOSKING FOR FIRST POSITIVE CROSSE
STILL IN NEGATIVE HALF CYCLE
NOW IN POSITIVE wWALF CYCLE

LOBKING FOR NEGATIVE CROSSOVER

NSW IN NEGATIVE HALF CYCLE



RETURN
s7

i
IDATA,1
IDATA+y
IDATA+1,)
I0ATA+22Y
-]

wi

-y

LD |

N

D»3
D+1500,3
D+3000,3
D+4500,3
é

]

CONST

FR

7

FLoT

4

FR

FI

IDATA+Z
s+3
Ci

RETURN

1
IDATA+?
s+2

1

Pi
RETURN
STORE
IDATA+2
S+d

Ni
RETURN
STORE
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INDEX FOR GETTING HALFWORDS 6UF oF TABLE
IoN CHAMBER »IGNAL

COSINE PAT

SIN POT

INLET TEMP

ION CHAMBEK

NUMBER OF SAMPLES

FIRST POINT IS NEGATIVE‘

LOIKING FOR FIRST PUSITIVE CROSSHVER
STILL IN NEGATIVE HALF CYCLE
NOW IN POSITIVE RALF CYCLE

LOBKING FOR NEGATIVE CROSSOVER

NOW IN NEGATIVE HALF CYCLE




N1

P

P1pP

"

CAL1,9
LHs s
BGZ

LH, %
B8G2Z

LWsb
8DR, 5

ST, 5
LIs1
STha

l.LWss
BDR,&

STw,a
LIsa
STN)1

B
CAL1,5
LW2S
8AL,7
FOS,s
STwau
LWs5
BAL,
STN:Q
LWy ?7
FOS,7
STw,/
Li,®
Lisi
lL.wasg
LHsS
BAL,7
FDSsu
F3Ss4
FMS,4
FAS, R
als1
B8DR, >
FOS,R
FDS:8
LWs9
FAS,9
FDSs2
FDS,sR
FDS,Rr

1
IDATAS?
P1P
STORE
IDATA«2
STORE
M

8+ 2

T1

M

Ni
RETURN
STORE
M

P+2

T1

M

P1
RETURN
STORE
LY
CONST
FLev
veLT
CONST
N

FLeT
AN
CBNST
AN
CONST
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STILL IN
CHECKING

STILL IN
CHECKING
STILL IN

o IRES AT By TeTENTRTRE ST SRS AT Ay R E T TR S T e -

PBSITIVE HALF CYCLE
FOR NEXT PUSITIVE CRESSEVER

NEGATIVE HALF CYCLE
FOR NeGATIVE CROSSOVER
POSITIVE HALF CYCLE

DECREMENT HALF CYCLE CEUNT
IF ZERO® wWE'RE FINISHED

NOW IN NEGATIVE HALF CYCLE

DECREMENT HALF CYCLE COUNT
IF ZERY WE'RE FINISHED

NOWw IN PeSITIVE hALF CYCLE



FMS, 8
FMS),«
STwax
LWa7?
FDS,7
STwy,7
LiWs 6
FAS, 4
LWwsg
Lwsg
FDSs <
FDS»3
FDS,s
FOS,"
rosS,R
FDS,s
DS,
FDS,»q
FDS»Rr
FDS;9
STw,R
STw,q
XWo 8
BAL s %
FMSyx
FAS, %
STN;‘:'(
LWsg
LWws?7
FMS,7
FMS, <
FAS,®
BALsS
STw,xn
Lusb
FMS, 6
FDS,4
STW,s
LW g
Lwr9
LWs1s
FMS; 8
FMS, 3
FMS,10
Lus 1
LWs1>
LWs13
FAS,11
FAS,12

KK1
KK1
RMS1
CONST
A
CONST
EB8

7

FR

FI
=FS11e342014E+06"
2FS'1e342014E+06!
6

6

A

A

AN

AN

B

c

FR

FI

9
9ATANR2
cena
KK2
ANG
FI

FR

FR

FI

9SQRT
AMP
AM
Cs
AN
FREQ
FR
Fl
AMP
KK1
K«l
KK1
ARS
AlS
AFS
8

9
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12/(1638,3%%2)

REAL PART
IMAG PART

PHASE

AMPLITUDE

FREQUENCY

FR IN &
FI IN 9
AMP IN 10

2o



st TP

WRIIE

POw
H1

H2

FAS,13
STN,II
STwyr2
STwy13
STws
5Twseo
STwsil
LWs9
LwsR
FMS,R
FS8,9
FOSsa
LAW’R
BAL,s
FMS, R
STWy 8
BAL»s7
LI,
STB,1
CALYL,2
CAL1,1
Li,3
LI,
STHs s
ST s
CaL1, ¢
LIss
LI,2
L¥%2 3
*1s 3
aThH,
STwWyp
CAL1,1
Al,2
BlR:4
CaL1,1
2

6

ARS
Als
AFS
FR

FI
AMP
RMS1
AMP
AMP

8

8

9
9SART
=FQ 100!
RMS
PRINT
119

P

PR4
aP
152

A
DCR+3
DCB+2
WR

-

]

N

4
DCB+3
OCB+2
WR
1500
Se3
cL

Hi

SECAND H4RMBNIC aNALYSIS

RES
LIs
Lus2
LI»t?
L1,
L1,3
LWse
Lws8
FAS,

» 1 0C2C W

E@
CansT
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INDEX
# daF PYINTS
REAL
IMAG



H3

LHsS
BAL,7
FDS,s
FDSs 4
FOS,4
STWys4
Al,6
BIR,3
LWss
FHMS,a
FMSy,e
FMS,a
FAS,13
LHs?7
LWsé
FMS»a
FMS, &
FSS,7
FMS,7
FAS;12
alsi
BDR,y»
FDS,312
F0S,13
FMS,12
FM8,13
FMS,12
FM8,13
SThwy12
STwy13
LWs8
LWs3
FMS, R
FMS,9
FAS,R
BAL, &
STwya
LW, R
LWs9
BAL, &
FMS,8
STy
BAL»
LI,
STB,1
CAL1,2
CAL1,2
CAL1,2
LWsb

Dsé
FLET
aFS11638.3!
A+3:3
g
POwW+3,2
1500
H3
sFS12.0
POW
PBW+1
PBW+2
é
sFS11e
sFSt2.!
POW+2
POW+2
é

Pew

7

1

He

AN

AN
-FS'E.'
sFG12et
KK1

KKi

FR

Fl

12

13

12

13

9

9SART
AMP

13

i2
9ATAN2
cane
ANG
PRINT
65

P

PRé&

PR4
PR6
NUM

-77 =

GET DATA

FLOAT IT :
CONVERT T8 VOLTS
DIVIDE BY GA[N
DIVIDE BY EO

POW2COS, AND SIN ARE NgW NeRM

2 2P x» CcOS % SIn
IMAG

1 » 2 ¥ SIN »4 2

REAL
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B8DR, 5 $+2
8 6+3
STWs & NUM
B AGAIN
CAL1,1 aP
CAL1.,1 WEGF

CAL1,1 CcL
CAL1,2 PRé
CAL1,2 PRS
CAL1,2 PRe
CAL1,2 PR3
CAL1,2 PRé

LWsB ARS

LWs9 AlIS

LWs19 AFS

FDS,8 sFS13e!

FDS,9 =FS13e0

FDS,1i0 aFSt3.!

STwuR ARS

STW,s9 AlS

STWs10 AFS A
STW,»10 FREQ FREQUENCY
FMS,a ARS

FMS,9 AlS

FAS, R 9

BAL,e6 9SART

STwWyR AMP

Lws3 AFS

FMS,8 AFS

LWsé Fo

FMS,6 Fo

FDS,3 6

FAS,R sFS11.!

BALs& 9SGRT

LWa? AMP

FMS,7 8

STWy7 AMP AMPLITUDE
LWso ARS

LWsB AlIS

BALs& SATAN2

STH, R ANG PHASE
LWs9 AFS

LWs8 wC

BAL, 5 9ATAN2

Lwe? ANG

FAS,7 8

FMS,7 CON2

FAS,»7?7 KK2

STH,? ANG ANGLE IN DEGREES



LP1

FOS, 7
STwW, 7
BAL,s
5TwW,8
STW,?
BAL 4
STW, ¥
FMS,13
FMSs12
STwy12
STwp13
LI,
S$TB,1
BAL,7
CAL1,2
CAL1,2
LWséb
FMSs8
STwag
FMS,a
STWas
LWat2
LIr1a
Lisrg
Lins 8
Lwse9
BAL, &
FMS, R
s$TL -8
Lws3
FMS, R
FAS, 8
BAL, &
STW,R
LWsB
FDS,8
SThWeR
LhWs8
BAL,s
STWsg
LiWs8
BAL s
FMS,7
FMS, 8
FASs12
FAS,13
BIk,1
5TWy 12
STW,13

CONZ

8

9SIN
12

8

acCes
13

AMP
AMP

Fl

FR

119

P
PRINT
PR4
PRé
AFS
PI2

AA

AA

AFS
LSTR

0

-6

AA
LAM+6,1
9ATANZ
mFS'leyl, !
14
LAM+6,1
8

AFS
9SQRT
9
BETA+6,1
S

15

14
aces

7

14
9SIN
15

15

7

R

LP1

RT

1T

-79 -



LWsR
Lwss
BAL»o
FAS,R
FMS, 23
FMS, 8
STwy g
FMS,12
FMS,13
FAS,12
LWo R
BALso
FMS, 38
Liks g
FDS,6
STwirp
LWo7
BAL»15S
STws12
STWs13
STW, 14
LWwa7
B8ALs15
STws12
STWs13
STHyt S

"CAL31,2

caLi,2
CAL1,2
LWsb
LWs»7
FDS, ¢
FDS,7
STN)&
SThy7
LWs R
BNEZ
LIsg
STW,R
LWsg
FDSsR
STy
LWs&
FSS8,1
FMSs 8
SThag
LW2?
BAL»1S
STws12
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13
12 REAL IN 12
9ATANZ
PI4
CBN2
sFSiml,?
GZANG
12

13

13

12
9SERT
AA

mFS 11!
8
GZAaMP
GZANG
CONEB
PP6&+9
PP6+10
PPE+11
GZAMP
CBNEB
PP6+2
PP6+3
PP&+4
PR&
PRS
PRé
ANG
GZANG
coON2
CON2
ANG
GZANG
INFLAG
LP2

1
INFLAG
GZAMP
AMP
KK1
GZANG
ANG
con2
KK2
KK2
CONEB
PP5+12

1MaG IN L3



3SVYHd @9

Ldd viva
0fT70¢T 4r1792¢1¢N39

100000010+ X vivn
T S3y
1 S3y
= dWV 09, Jix3l
9dd viva
OfTf0’T #°1°92¢1N3D
1000000704 X viva
= LNVISNOD 3SvHd, ix3t
= INYISNGD NIVO, Jix3L
Sdd viva
0fT 0T 471°92¢1rN3D
1000000101 X vive
2d1 g

¥d 2ty
L¥d 2'1y)
9+Sdd ylefm)s
S+Sdd €1rMlS
h+Sdd 2irm]s
83N0B2J glfvs
Ty FA X
#1+Gdd #lrN)8
€1+Sdd gVLfM)1S

AT *
11
1y

Sdd

RYd

Gdd

,ud



PP/

Pe

FLYT

TEXTZ

Liws s
LwseS
FMS,e
FMSys
FMSya
LWs1?
FDS,12
Lwy?
FHSI 1'
ST, 7
BAL &
Lwusii
FMSs12
£85,12
STw,12
LWs8
GAL A
FMS,13
F§85,13
STt 3
LWsR
FMS, R
LWsd
FMS,9
FAS,RA
BAL,s
STusn
LWs8
LWs9
BAL:6
FMS, R
STwWar
BAL,7
Llsy
8T8,
CaL1,2
CAL1,2
CALi,2
CAL}1»2
CALL,9

BAL,?

LWss
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'FEEDBACK CORPONENTS!

IT

RT

AA

AA
sfFStw],.!
wFSt1e?
AMP
ANG
sfFSley,!
8

9Ccos
12

8

L)

FR

7

9SIN

8

S

Fl

FR

FR

FI

Fl

9
9SART
AMP

FI

FR
9ATANZ
con2
ANG
PRINT
65

P

PR10
PR&
PR6
PR

1

FLOT

PS
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cl,5 o
BEZ $+8
BG2 842
LWs & NEG
SFL,4 14
8 $+2
Llsa o
8 %7
PS OATA X'4E000000"
NEG OATa X'BiFFFFFF?
»
. bBAL,7 GDATA
»
NN ODATa 1
InDL RES 7
ICONTR DATA 0
DATa 3
IDev DATA 12
InalT DATA o
1Lec DATA 2
) RES 1 INTERRUPT ¢
ISTAT RES 1
IDATA GEN,»s28 850
, RES 2
GDAT LIris 6
BAL,1S MAIN
DATA NN
DATA IHOL
DATA IDEYV
DATA INALT
DATA ILeC
DATA ISTAT
CAL1,9 1
»
» PRINT ROUTINE
»
TEMP RES 1
PRINT STw,7 TEMP
’ LWs7 FR

BAL,1S CONESB
STwy12 P+t
STw,13 Pe2
STwy1h P+3
LWs7 Fl
BAL,1S CONESB
STh,12 P+S
STW,13 Pe+b
STwy1h P+7
LWs?7 ANG



PR3

PP2

- 84 -

BAL,15 CONEB
STwr12 P+9

STws13 P+10
STt h P+t
LiWs?7 AMP
BAL»15 CONEB
STWst2 P+13

&Tws13 Pelh
STWo1 s P+1S
LWs? FREQ
BAL»15 CONEB
STWy12 Petl?7

STW,13 Pe+e18
STw,14 P+19
Lis2 L L)
LI»3 3

Lws?7 N

Lwo b sX'FOFQOFOFO'
STw,se Pe+2
LIséb 0

DwWsé sXIAY
LBsio PR9s6
STB,10 P+21,3
Al,3 -]
BIR,? =5
Liws?7 CONST

BAL,»1S CONEB
STw,12 P+23
STW,13 Pe2é

STho1% P+25
Lwas? RMS

BAL,»1S CONEB
5Twe12 P+27

STwst3 P+28
STwstéh P+29

LWse? TEMP

B8 »7

DATA X'01000000!
GEN» 12265104 150,150
DATA PP2

TEXTC ' REAL IMAG

PHASE!



PR4

TEXT

TEXT

DAT A

DATA
TEXTC

TEXT

TEXT
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AMPL I TUDE FREQUENCY

CONSTANT X DiISTORTION

X'01000000°'
GEN»120265124% 140,150

-]
'

# OF PUINTS?



e T

- 86 -

PRS OATA X'01000000!
GEN, 12265124 150,150
DATa PP3
PR3 TEXTC 'AVERAGES!
PRé6 CATA X'01000000!
GENs 12262104 1,0,3,0
DATA PPs
PP TEXTC ' '
PRY DATA, XTFOIaX"FL'IX'FRV X 'FIANOXIFR1aXIFB1 X IF6 "o X'F 7

DATa, XI1FBI,X'FI!

BOUND o -
LSTR DATa FS'+110026E=06"
B8ETA UATA FS§'¢2329035E=03"
DATA FS'el406622E=02"
DATA FS'¢129913E=02"
DATA FS'.28538856E=02"
DATA FS!'e104950E=02"
CATA FS'e2577885E=03"
LAM DATA FSteQ127!
DATA FS'e0317!
DATA FS'+1185"!
DATA FS'e311"!
DATA FS'1ebt
DATA FS'3.87"!
CONg DATA FS'57.,2958"
Pl2 DATA FS'6.2831853"
Pls DATA FS'1.5707963!
orP GEN,Bs24 X'14',DCB
DATA 0
CL GENsRs24 X'15',DCB
DATA 0
WR GEN>R224 X'i1',DCB

GEN»10222 12X'10!
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10.

11.
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