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ABSTRACT

The objective was to evaluate the Iowa State University
Harmonic Loadflow Program to determine if it fulfilled the
present need as an analysis tool for evaluating harmonic

effects.

The material is arranged in the sequence of actual steps
which occurred to accomplish the research objective. Most of
the system as shown on the next page was modeled. Actual
field measurements from this system were used to evaluate

the program.

Results show the present program is useful for predict-
ing harmonic effects to an existing system as a result of a
single new source. Here, the program predictions match very
close to measured values. The research also shows the pre-
sent program is of very limited value for analyzing multiple
harmonic sources on an existing system. Hence, it is recom-

mended the program be enhanced to perform this function.
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I. INTRCDUCTION
A. Preamble

There is a general need both from the utility and
industrial sectors for an analysis tool to evaluate the
effects of harmonics. From the utility point of view an
analysis tool is desired which can handle a multitude of
harmonic sources all applied simultaneously. The tool
needs to accept harmonic source inputs in a variety of
forms. This variety should include various converter
types, current and voltage waveforms in the form of oscil-
lographs, and spectrum analyzer results in the form of
photographs or computer recordings. The tool should be

able to analyze existing as well as new sources.

Thus, this research focused on evaluating the Iowa
State University Harmonic Loadflow Program to determine
how many of these needs it fulfilled. It also examined
the program's advantages and disadvantages. One of the
goals of the research was to answer the management gues-
tion concerning the allocation of manpower to use this

particular program.

The program was known to have a lot of flexibility at

accepting inputs. It appeared that the number of buses it



could handle could be easily expanded. It appeared to permit
more detailed modeling of a system compared to other harmonic

programs.

It was originally thought that the loadflow approach
used by this program could be expanded to permit multiple
sources on a system. This would permit determining
harmonics at various buses throughout a system. No major
documentation existed at the time this research commenced

noting the actual limitations of the program and its use.

B. Review of Previous Work

The harmonics program under study is the Iowa State
University Harmonic Loadflow Program. The program is a
continuing refinement of R. D. Schultz's, "Harmonic
Current Propagation on AC Systems Due to HVDC Links",
Ph.D. dissertation from Iowa State University, dated 1979;
K. H. Ruyper's, "Effects of Wind and Solar Converters on
Utility Distribution Networks", Master's thesis from Iowa
State University, dated 1980, and modifications to the
aforementioned by Dr. A. L. Day, beginning June, 1982 to

the present.

The program uses the bus impedance loadflow technique

and the superposition principle for analyzing each harmonic



frequency separately. The types of sources that can be
entered into the program include sampled harmonic voltage
or current waveforms, AC-DC converters, and voltage or cur-
rent harmonic magnitudes. The program was originally set
up to accept up to 130 nodes, 475 elements, and a three
digit bus number. When this research began, the program
had only been used for the analysis of small systems (less

than 20 buses).

C. Research Objective

The research objective was to evaluate the Iowa State
University Harmonic Loadflow Program to determine if it
fulfilled the present need as an analysis tool for evalu-

ating the effects of harmonics.

This was to be accomplished by comparing program output
from measured voltage harmonic source values to the program
output from measured current harmonic source values for the
same harmonic source location. This would indicate if the

program functioned correctly.

Following the initial verification, various other mea-
sured harmonic magnitudes, which were obtained throughout
the system, would be entered into the program. This would

then be used to determine if the program predicted what was



actually observed on the system. At this point, comparisons
and conclusions concerning its use as as analysis tool
should be possible and the appropriate recommendations

could be made.

D. Summary of Chapters

The material is arranged in the sequence of actual steps

which occurred to accomplish the research objective.

The test data that were used for input to the program
were taken from actual field testing prior to this research.
The data did have some deficiencies associated with them,

but the majority of the data were quite usable.

The program was modified to accept up to 500 buses,
4000 elements, and use up to a four digit bus number. The
research studies were run on an IBM 3083 Mainframe Computer.
Several errors that existed in the original program were

corrected.

Approximately 350 buses and their associated devices
were modeled in the electrical system for this research.

Examples and techniques to handle each device are included.



II. HARMONIC MEASUREMENTS AND PROGRAM MODIFICATIONS

A. Discussion of Measurements

The test data that were used for input to the program
were taken from actual field tests (1). These test data
are included in Appendix A and, a sequence of slides at
the end of this thesis. A slide listing is also included
in Appendix B. The slides show harmonics which were mea-
sured by a Hewlett Packard 3580A Spectrum Analyzer at

various substations throughout the electrical system.

Appendix A includes a listing of all the test equip-
ment. It also shows the current and voltage probes which
were used. This same test equipment and probe set-up were
used for every harmonic measurement taken and recorded via

the slides.

The data included in Appendix B differ from those
shown on the slides because of a scaling factor. The scal-
ing factor resulted from the current probes that convert
current to voltage. The Appendix B data are scaled cor-

rectly.

The current harmonic values which were measured and

recorded in the sequence of slides, have no measurements of



the line current in amps. Therefore, there is no way to
scale the line current magnitude to its appropriate per
unit value. This lack of information limits the value of
these measurements. The voltage harmonic values which are
shown in the slides, can be scaled to correct per unit

values and are quite usable.

B. Program Modifications

The harmonic loadflow program was modified to accept
up to 500 buses, 4000 elements, and four digit bus numbers.
Two unexpected logic errors in the original program were
discovered and corrected during this research. These
errors did not invalidate results obtained in previous re-

search.

The listing shown in Appendix C is the present oper-
ating program. The first page of Appendix D shows a coded
letter designator, followed by a corresponding program
modification type. These letter codes are included in the
program listing in Appendix D to indicate which lines must

be changed to complete each type of modification.

For example, a voltage base modification is assigned
the code letter "A" on the first page of Appendix D.

Every line where the letter "A" occurs in the Appendix D



listing should be examined to determine if it should be

changed.



I1I. ASSEMBLING THE SYSTEM MODEL

A. The Electrical System

The electrical network under study is shown on the next
page. This encompasses the major generation, transmission,
and distribution systems and their components in a signif-
icant area in the eastern part of Iowa. A few of the buses
in both the upper left and right hand corners of the network
were not included in the harmonic analyses because of their

remoteness to the harmonic sources.

Fossil, nuclear, and hydro generation, all at different
voltage classes, are present on the system as well as com-
bustion turbines. 1In addition, the system still has some
two phase which had to be addressed and incorporated; The
system also includes three-winding transformers, two-winding
transformers (both regular and auto), grounding transformers,
reactors (both series and shunt), capacitors, overhead lines,
underground cables, major interconnections, urban areas, and

rural areas.

B. ©System Bases

The harmonics program uses a 100 MVA voltampere base.

Thus, all impedances, voltages, and currents were trans-
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ferred to this base. To aid in base changes, some program-
mable calculator programs were written. Their listings
appear in Appendix E. These programs were used to save
time, to eliminate calculation errors, and to double check

calculations.

C. Line Data

l. Normal

The line data for the model were taken from system
data books covering 13.8 KV, 69 KV, 161 KV, and 345 KV
lines. These books furnished any available data concern-
ing circuit description, the length in miles, and the re-
sistance, reactance, and susceptance values in actual
guantities and in percent on 100 MVA base for positive,
negative, and zero sequences. Some of the data were miss-
ing for the older lines because it was not required in an
earlier era. In these cases, Anderson (2), the Westinghouse
Electric Corporation reference books (3), (4), and the
Electric Power Research Institute reference book (5) were

utilized to estimate any missing data.
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2. Circuits 13-A-12, 13, & 15

There are three circuits labeled 13-A-12, 13, and 15
that are cabled in such a way that they can be treated as
an extension to the buses at Substation A. These circuits
directly feed buses which power solid-state drives which,
in turn, feed aluminum rolling mills. One of these aluminum

mills is the largest of its kind in the world.

Because of the proximity of these circuits to a very
large harmonic source, a more detailed model for them was
developed. The only information available for these circuits
were lengths and cable descriptions. One reason for this is
that the present computer program used by the utility to cal=-
culate line data parameters cannot handle these cabling con-
figurations and routings. The geometries become too elabo-
rate with four conductors per phase. A second reason was
that this modeling information was not required for any of
the previous system studies performed by the utility. Hand
calculations were made for detailed models of these circuits

using references (2), (3), (4), and (5).
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D. Two-Winding Transformers

1. Regular Transformers

Assembling and incorporating transformer data into the
program had to be one of the more interesting, but laborious
facets of the modeling process. Each transformer test report
had to be accessed and reviewed so the necessary parameters
could be extracted. These consisted of:

1. type of construction, shell or core form

2. the number of windings

3. the voltamperes capability

4. the voltage transformation

5. the type of connections (i.e., delta, wye, etc.)
6. the impedances and their MVA base

7. the magnetizing current at 100% voltage and its
MVA base

8. the no load loss at 100% voltage and its MVA
base

Figures 1 through 6 show the twe-winding transformer
equivalents. In each succeeding figure, the model is fur-
ther simplified. For these equivalents, all 6f the series
resistance has been neglected. The magnetizing impedance
has been assigned to the H or Primary Winding. The equiv-
alent circuit shown in Figure 6 is derived by making the

assumptions that RR1/2 is much, much less that RRO and
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XX1/2 is much, much less than XCl. This is the model

used in the Harmonic Loadflow Program.

The exciting current at 100% voltage obtained from
the transformer test report is substituted into the fol-
lowing equation to determine the positive/negative sequence
shunt reactance XCl.

Voltage

oy Magnetizing Current in % @ 100% Voltage

100% pu
IMAG%

Similarly, the no load loss at 100% voltage obtained from
the transformer test report is substituted into the following
equation to obtain the positive/negative/zero sequence core

loss resistance RRO.

(Voltage}2 ohms
No Load Losses At 100% Voltage

RRO =

Next, divide RRO by the base impedance and express it in
percent. The positive, negative, and zero sequence series
reactance values for RR1 and XX1 are all directly obtained

from modern day transformer test reports.

However, there were many cases (due to the age of some
of the transformers) where some of the parameters were not

available. If the type of construction was unknown, a shell
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desgign was assumed because a majority of large power trans-
formers are shell type. If zero sequence information was
unavailable, then the zero seguence impedance was assumed

to be egual to the positive sequence impedance and the zero
seguence equivalent was assumed to be the same as that devel-

oped for three single-phase units.
Appendix E includes a TI-59 Program Listing that was
used to calculate the final transformer data values for

direct entry into the system data.

2. Autotransformers

Two-winding autotransformers do not reguire any special
treatment and are handled the same as a regular two-winding
transformer. Thus, the same parameters are extracted from
the transformer test report and the same process is uti-
lized to determine the sequence shunt reactance XCl and the

sequence core loss resistance RRO.

E. Three-Winding Transformers

1. Regular

The program is not set up to accept three-winding

transformers. To overcome this limitation, the appropriate
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three-winding transformer model is selected and then trans-
formed into an equivalent set of three separate two-winding

transformers via a STAR to DELTA conversion.

The positive segquence impedances and voltampere rat-
ings associated with each set of corresponding voltage
levels are obtained from the transformer test report. These
impedances are then transferred to the same voltampere base,
normally that of the H, or Primary Winding. Next, the im~-
pedances are transferred to the equivalent per unit values.
In this form, the model resembles the equivalent T model
shown in Figure 10. A STAR to DELTA conversion is then
made to transform the model to three two-winding trans-
formers connected in a triangle configuration as shown in
Figure 11. The equivalent circuits illustrating this mod-
eling process are shown in Figures 7 through 11. The same
technique is applicable for the negative and zero sequences.
The zero sequence connection codes must be carefully se-
lected to correctly model the zero seguence circuits. An
example three-winding transformer model is developed in

Appendix F.

For the X and Y windings, the no-load losses and
magnetizing currents at 100% voltage are set to values
approaching zero because the H winding already includes

these guantities for all three windings. Thus, the values
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WHERE : Vy « Vx < Vi
AND Reyys Xmyys Royy AND Xmyy ALL APPROACH INFINITY

. -4

FIG. 1. P.U EQUIVALENT AFTER STAR TO DLELTA CONVERSION ON A
THREE-WINDING TRANSFORMER DEFPICTING THREE SEPARATE
TWO-WINDING TRANSFORMERS CONNECTED IN & TRIANGLE
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for the sequence shunt reactance XCl and the sequence core
loss resistance RRO for the X and Y windings approach open

circuit conditions.

A TI-59 Program Listing for making the change to the
per unit equivalent circuit values is shown in Appendix E.
A TI-59 Program Listing to perform the STAR to DELTA con-

version is also included in Appendix E.

2. Autotransformers

Three-winding autotransformers do not require any
special treatment and are handled the same as the regular
three-winding transformer. That is, the appropriate three-
winding autotransformer model is chosen and then it is
modeled as three separate two-winding transformers con-
nected in a "triangle" configuration after a STAR to DELTA

conversion is made.

F. Scott Connected Transformers
(Three to Two-Phase Transformers)

In reviewing Anderson (2, Chapter 1), we know for
single-phase systems

S
z = B - 1 phase (2 ohm) py
2
V' B-LN
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and

v2

Y = B - LN (Y mho) pu

SB - 1 phase

But using LL to indicate "line to line" and 2 phase for

"two-phase", we write for a balanced system

Vp _ y = _B-LL

and

SB - 2 phase

2

S

B - 1 phase =

Making the appropriate substitutions we compute

Sg- 2 phase

72 = (Z ohm) pu
VZ
B-LL
2
vV7)
S
= "B - 2 phase (Z ohm) pu
v2
B-LL
and
v2
Y = B-LL (Y mho) pu
SB-2 phase

Writing voltages in kV and voltamperes in MVA

g = DARE MVAg phase (2 ohm) pu

2
(Base kVLL)
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These equations are almost identical to those derived in
Anderson for three-phase systems. In fact, if the arbi-
trary two-phase voltage and voltampere bases are equal to
the arbitrary three-phase voltage and veoltampere bases,
then the results will be identical. Therefore, if the
impedances are transferred to these bases, the program
will handle both the two-phase and three-phase systems

the same way.

An example of a three-winding, three-two phase trans-
former is included in Appendix G. The impedance values list-
ed closely resemble those of the three-winding transformer
values shown in Appendix F. The three-winding, three-two
phase transformer parameters are determined in the same

manner as for a regular three-winding transformer.

G. Grounding Transformers

Grounding transformers are modeled as linear elements
connected from the bus to ground. The program will reguire
three parameters to be entered consisting of RR1l, XX1, and
XCl. RRl is the series resistance of the grounding trans-
former. If the resistance is to be neglected as it was
for the other transformer models, then RRl1 can be entered
as a zero value. XX1 is the shunt reactance of the ground-
ing transformer. The same technique used to calculate the

shunt reactance for the other transformer models can be
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used to calculate XX1. XCl is the zero sequence reactance
of the grounding transformer. This reactance is equivalent
to the series reactance of a conventional transformer. The
same technigue for calculating the series reactance of a
conventional transformer will be used to determine values

for XC1l in this model.

Appendix H shows an example of a grounding transformer

modeling procedure.
H. Power Capacitors

Power capacitors are normally rated in three-phase

kilovars. From elementary circuit theory we know:

2
N T

Xctohms)l phase 0.
3 phase
The program requires the capacitive reactance values
to be entered on a per phase basis. Thus, knowing the
three-phase line to line voltage and the three-phase
kilovar rating (as furnished by the manufacturer), the
capacitive reactance per phase can be easily determined.

This value is entered into the Harmonic Loadflow Program

as a linear element.

The kilovar manufacturing tolerance on power capac-

itors is minus zero and plus 15 percent. A normal dis-
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tribution curve covering this variation is available from
the various manufacturers. By taking this into account,
more representative values of the actual KVAR capability

can be entered into the program.

In the studies associated with this research, there
was no allowance made for the manufacturing tolerances.
In addition, the capacitors were all assumed to be located
at the respective buses. This is in contrast to actual
system conditions where the capacitors are usually located
somewhere out on the line itself. To include the actual
location of the capacitors in the model, the line lengths
would have to be taken into account and appropriate cor-

rections would have to be made.

If the program results identify a specific problem
area resulting from capacitor resonance, then the addi-
tional modeling may be appropriate for the capacitors

in that area.

Capacitor banks are often a major contributing
factor to harmonic problems. Resonance at harmonic
frequencies can cause overvoltage at the capacitor. 1In
addition, since impedance of capacitors decreases with

frequency, high harmonic voltages will result in high
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current causing blown capacitor fuses, overheating, and
possible failure. See references (4), (6), (7), (8), (9),

(10), (11), (12), (13), and (14).

Appendix E includes a TI-59 Program Listing that was

used to calculate the capacitive element reactances.
I. Power Reactors

Power reactors are normally rated in three-phase

kilovars. From elementary circuit theory:

2
XL (ohms) _ (E

i)
1 phase Lok

Q3 phase
The program requires the inductive reactance values
to be entered on a per phase basis. Thus, knowing the
three-phase line to line voltage and the three-phase
kilovar rating (as furnished by the manufacturers) the
inductive reactance per phase can be easily determined.
This value is entered into the Harmonic Loadflow Program

as a linear element.

1. Shunt Reactors

There were only five shunt reactors associated with

the system studies. These were of 13.8 KV and 345 KV
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classes. Their inductive reactance values in ohms were
all determined in the manner just described. Then, these
impedances were transferred into percent reactance on a

100 MVA base by utilizing the appropriate Z base.

2. Series Reactors

There were only six series reactors associated with
the system studies. These were all located in the 13.8 KV
network. Their inductive reactance values in ohms were
determined by utilizing their respective test reports where

the voltage drop across the reactor is given at rated current.

Then using

which is the voltage drop equation across the inductor yields
X = EL (ohms)

L
The impedance in percent is

E
= (100)
Z(%) = L

where

L voltage drop across the inductor at
rated current

IL = rated current of the inductor



28

<
I

voltage base

142}
il

voltampere base

Appendix E includes a TI-59 Program Listing which can
be used to calculate the inductive element reactance for

shunt reactors.

J. Generators

Obtaining the necessary data for the generator model
was fairly easy. Usually, good records are kept on these
machines. There were twenty-four generators included in
the system model ranging from generator voltages of 2400
Volts to 24 KV. A problem was encountered associated with
four very old two-phase hydro units. These generators had
been rewound, but no testing was performed. For these
particular units, both references (2) and (9) were uti-

lized to arrive at acceptable representative values.

K. Loads

Representative loads were obtained for the various
substations for input into the model. These were oOb-
tained from utility company system studies. Depending
upon the particular substation configuration, the loads

were then apportioned to the various buses.
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IV. RESULTS

A. Entering Data Into Program

Entering the harmonic magnitude values into the program
from the slides is straightforward and is per the instruc-
tion sheet (see Appendix I). The particular harmonic mag-
nitude value (in decibels) was read from the slide. The

decibel equation is:

20 log V1 db
v

)
2
To transfer directly to per unit or percent values requires
that v, be chosen as 1 pu or 100% voltage. For voltage

harmonics,

v, = base voltage (volts) = 100% voltage = 1 pu

For the current harmonics measured as voltage equiv-

alents,

V, = base current (amps) = 100% current = 1 pu
Thus:

V1 =Y1__ = antilog db,

1 pu 100% 20

which yields Vldirectly in percent cor per unit for that
particular harmonic. This process is repeated for each
successive harmonic until they have all been transcribed.

See references (1), (10), (11), (12), (13), and (14).
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Appendix E includes a TI-59 Program Listing which was
guite useful to obtain the per unit voltage or current
values from the harmonic measurements given in decibles.
Appendix E also includes a TI-59 Program Listing which is
useful for calculating harmonic distortion factors from

the data obtained from the spectrum analyzer.

B. Actual Results

There were specific measured test data available only
for Substations A, 36, 76, 78, 88, and 91. Of major inter-
est to this research is Substation A. This particular sub-
station supplies both arc furnace loads and solid-state con-
verters for rolling mill drives. These loads combine into
the dominant harmonic source in the area. The measurements
at this substation and Substation 88 were used to verify
that the Iowa State University Harmonic Loadflow Program

functioned correctly.

The voltage harmonic distortion factor values for each
bus in the system are printed at the end of the program out-
put for each case. These values were used for the comparisons
to actual measured data. A sample of the program output
is shown in Appendix J. This sample output corresponds to
the case where the harmonic source values are entered as

the measured voltage harmonic values at Substation A.
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The harmonic distortion factores at Substation 88 matched
within .01 percent of the fundamental, with no unanticipated
results. The program output showed that the effects of the
harmonics produced by this source at Substation A could
easily be observed as far away as Missouri. Voltage harmonic
distortion factor contributions in the range of .3 percent

are shown to exist on the 345 KV system in Missouri.

The measured system data at Substation 36, 76, 78,
and 91 do not correlate to the Iowa State University Harmonic
Loadflow Program output. This is because the test data which
were taken reflects the actual system with a multitude of
harmonic sources applied. There is no way the system
harmonic measurements can be obtained with only one harmonic
source present, which is the way the Harmonic Loadflow Program

treats each case.

Measured test data from Substation A were entered to
compare the program output from "measured voltage harmonic
source values" to the program output from "measured current
harmonic source values" for the same harmonic source location.
Eighty-seven percent of the harmonic distortion factors
showed less than one-half percent variation between the
vcltage and current cases. Ninety-eight percent of the harmonic-
distortion factors showed less than one percent variation.

Some of the differences were the result of the system being
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sensitive to resonance at different locations for different
input harmonic frequencies. The measured current harmonic
source data peaked at different harmonic frequencies than
they did for the measured voltage harmonic source data. This

is also covered in Appendix A.

A case was analyzed using the detailed line model for
circuits 13-A-12, 13, and 15. The results from this case
were compared to cases which did not include the detailed
line model for these circuits. These comparisons showed
essentially the same results, with or without the detailed

line model.

The computation times for the actual system data
consisting of approximately 350 buses were in a range of
approximately five to fifteen minutes. For this system,
harmonic source location appeared to play the major role

in determining CPU time.

It should be noted that the printout will vary depend-
ing upon harmonic source location. The variations will be
in the bus numbers included in the printout. The reason
for this difference is directly attributed to the trans-
former connection codes. The program takes these into

account and incorporates them directly into the printout.
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In addition, if a converter input is used, the computer
printout will only show certain harmonics. These will be
determined by the formula h = pg + 1, where p equals the
nubmer of pulses and g is an integer. This is guite ap-

parent in the printouts.
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V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

The program is operating smoothly with an excess of
345 buses, a large number of linear elements, and four
digit bus numbers. It can accept up to 500 buses, 4000
elements, and use four digit bus numbers up to 92,998.
Expanding the dimensions of the program is fairly easy
provided that the computer system is large enough to
handle the increased array sizes. Using the techniques
outlined in Chapter III, the unique system devices are

easily incorporated.

The program, as it currently exists, appears to be
useful only in analyzing new harmonic sources which are
being added to the system. A program, as such, would
give an indication of the percent harmonic distortion
factor increase for the various buses on the system. The
test data available support the fact that the program is

functioning correctly and as designed.

There were differences in the harmonic distortion
factor results between the cases that used measured volt-
age and measured current harmonic source values for the

same circuit. These differences were attributed to
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amplitude variations associated with select harmonic orders
which were different for the voltage harmonic measurements
than they were for the current harmonic measurements. Each
study indicated that certain areas of the system were sen-
sitive to resonance at different harmonic frequencies and
at different locations. The suspected cause of the differ-
ences is that the phase angle differences between the volt-
ages and currents were not included. Since the phase angle
data were unavailable, then the procedure is to run analyses
of both the current and voltage harmonics for the same
circuit. This will indicate any specific resonance for

each case.

Based on the closely matching comparisons of the cases
with and without detailed line modeling for circuits 13-A-12,
13, and 15, the extra work involved in calculating the de-

tailed models for bus extensions is not recommended.

The algorithms used in the program are not highly effi-
cient in terms of CPU time and memory requirements. How-
ever, it was observed in this research that even when the
program was used for a large system, it arrived at solutions
in reasonable times. Modifications to reduce computational
times is not recommended and are not seen as a major benefit.
This recommendation is based upon the fact that most programs

of this type are run during off-hours and weekends. During



35

these low use periods the computer time is discounted be-

cause, frequently, the computer is idle.

The harmonic source location affects the CPU time re-
quired for a program solution. However, it appears that
reasonable solution times are obtained no matter where the
harmonic source is located. There was no obvious advantage
of using a voltage over a current input in the studies per-
formed as they had essentially the same execution times for

the same circuit.

One of the print options in the Iowa State University
Harmonic Loadflow Program is "to print harmonic analyses
of elements adjacent to the harmonic source bus only".
Based on the results obtained during this research it is
concluded that this is not a recommended option. It will
overlook significant harmonic distortions located further

out in the electrical system.

Based on the experience gained during this research,
it would require about ninety man-days to model a 350 bus
electrical system. This estimate includes the time re-
quired to gather the necessary system data, to make cal-
culations for the device models, to enter the data into

a computer file, and to verify the data.
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This thesis provides the necessary assistance and
guidance to others who will use the Iowa State University
Harmonic Loadflow Program. It reduces the confusion asso-
ciated with the modeling of the unique system elements and
devices. Finally, it provides good insight to the limita-

tions c¢f the program and its advantages.

B. Measurement Recommendations

An additional effort should have been made to obtain
measurements associated with phase angles. 1In addition,
the daily and seasonal variation of harmonic levels should

be considered when interpreting measured data.

For any measurements obtained, there is engineering
judgement required to understand what they show and how
they are associated with the Iowa State University Har-
monic Loadflow Program. For many locations the measure-
ments show the composite of all harmonics at a particular
bus resulting from a multitude of harmonic sources. It is
not feasible to have only one harmonic source connected to

the system.

In summary, it is recommended that the measurement
data cbtained include at least as much data as that shown

in Appendix A. Current and voltage waveforms should be
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recorded in addition to photographs or computer recordings
of the actual spectrum analyzer settings and traces. This
will help answer questions involving the measurement data
and provide for a cross-reference. Good communications
between the parties cobtaining the measurements and those
requesting the measurements are also needed. This is to
assure that pertinent details associated with the measure-

ments are not overlooked.

C. Program Enhancement Recommendations

The program as designed, can only handle one source
at a time. 1Its major intended use would be for analyzing

new sources.

However, what is truly needed is a program which
handles multiple harmonic sources derived from measured
data. The program should resemble a true loadflow program
in which multiple generators can arbitrary be connected to
various buses. This would limit the number of locations
where test data would need to be obtained. It would also
permit analyses in areas where test data can not be ob~-
tained. It would overcome the obstacle of single source
analysis that reguires the removal of customers or systems

from service to obtain harmonic source data.
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The use of a multiple source program appears to be the

logical solution. Entering harmonic measurements from key

locations in the system would permit a complete harmonic

picture of the overall system. The contribution from

each customer's harmonic source could be determined.

In addition, the following modifications are recom-

mended:

=
.

Modify the program to output a summary of the
ten, twenty, or any assignable number of the
largest bus harmonic magnitudes listed in de-
cending order. This would greatly simplify
review.

Modify the program to accept both alpha and
numeric bus designations.

Modify the program to facilitate entering
values directly from data sheets, test
reports, etc.

Include an arc furnace harmonic source

model (7).
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VIII. AFPENDIX

A. CIRCUIT 13-A-12 TEST DATA BND REPORT
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Circuit 13-A-12 Test
August 27, 1985
Personnel Present
Davis, Coppens, Hender, Mathias
Equipment Used
A. Reccrding Voltmeters EM100, EM101, EM102
B. Bell and Bowell Portable Oscillograph
cC. Hewlett Packard 3580A Spectrum Analyzer
Equipment Calibration
A. Potential Transformers 7976/66.4 or 120/1
B. Current Transformers 2000/5
cC. Potential Probe on Spectrum Analyzer x10.
Voltages derived from an uncalibrated voltage divider.
Voltage information is relative to 60 BZ fundamental.
D. Current Probes Bell clamp-on Ball effect - 1 volt equals
10 amperes
E. Scale Settings indicated on oscillographs and
photographs
Quantities Measured
A. 13 kV bus 1A volts phases 1, 2, 3
B. 13-A-12 currents phases 1, 2, 3
System Conditions
A. 161-69 kV transformers #1 & $#2 OFF
B. 69-13 kV transformer #4 OFF
C. 69-13 kV transformer #5 ON
D. 69-13 kV transformer #6 ON

E. 25.2 MVAR 69 kV capacitor ON
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13 kV capacitors

C-156 C-326
Test 5400 kVAR 4200 kVAR
1 OFF ON
2 OFF OFF
3 ON OFF
- ON ON

Note: OCC would not permit tests to be done with

only one 69-13 kV transformer in-service.

6. Test Results

A.

B.

Recording Meters

Exhibits 1 and 2 show recording voltmeter charts on

8/27/85 and 8/28/85. Both of these charts are typical

of the voltage variations recorded from 8/27/85 to

8/30/85 and from 9/3/85 to 9/6/85. The voltages were

fairly flat during the Labor Day holiday weekend.

Some of the more severe voltage excursions are

indicated on the exhibits. The worst is point "B" on

Exhibit 1 which showed a dip from 14.0 to 13.3 kV. This

represents a 5.3% chance on a 13.2 kV base.

Point "D"

on Exhibit 2 shows an incident where the voltage dropped

to 13.1 kV.

The frequency of the voltage dips ranged from about

35 to 60 occurrences per hour.

Oscillograph

The portable oscillograph was used to record all

three voltages and currents on circuit 13-A-12. When

" the paper feed was set at a low speed, the variations of

voltage and current magnitudes can be seen.

A fast
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paper feed rate was used to monitor the individual
wave forms to detect harmonic distortion.

Exhibit 3 graphically illustrates the varying
current demands of the rolling mill at 12:05. The
current varies rapidly from 353 to 990 amperes (rms).
The voltages are also varying but the percentage change
is too small to measure with this device.

Exhibit 4 is another slow speed run taken at 13:00.
The maximum current spike was 1272 amperes. The voltage
trace is very uneven.

A fast speed run done during test #l1 is shown on
Exhibit 5. The phase #l1 current shows a definite
harmonic content. The peaks of the current waveform
have been "chopped" by operation of the solid state
devices. The sides of the waves show when different
pulses of the convertor are fired. The voltage waveform
is more uniform but it definitely has a harmonic signal
riding on top of the 60 HZ fundamental.

Exhibit 6 shows the waveforms during test #2 when
there were no capacitors on. The harmonics in the
current waveform are a little more pronounced.

Exhibit 7 was produced during test #3 when the 5400
kVAR capacitor bank C-156 was on-line. High frequency
harmonics are very evident.

The presence of both capacitor banks in test #4
really emphasized the harmonic problem as shown on
Exhibit 8. By looking at the entire oscillograph which

includes several seconds of time, the following
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observation was made. The worst harmonics appear to be
generated when the mill is coasting down from a high
current level to a lower one.

Spectrum Analyzer

The spectrum analyzer was used to resolve the
voltage and current waveforms into their harmonic
components. This device plotted the signal magnitude at
a specific freguency on the verticle axis while it swept
through the freguencies on the horizontal axis. The
vertical axis was a logarithmic scale measured in dB.

{a voltage ratio in decibels is equal to 20 log (VE/VE)}
This allowed the small harmonic components to be shown
on the same screen as the 60 HZ fundamental. The
results were a percentage of the fundamental. The
frequency sweep took about 20 seconds to complete. This
introduced some error because the magnitude of the
waveform was changing during the sweep.

Exhibits 9 and 10 show photographs taken of the
spectrum analyzer screen. The locations of the 1st,
3rd, 5th, 7th, 9th, llth and 13th harmonics are shown.
These correspond to the signals at 60, 180, 300, 420,
540, 660 and 780 Bertz, respectively.

These pictures show that the predominant harmonics
are the odd multiples of 60 HZ. Since these graphs are
on a logarithmetic scale, they are difficult to read.

Therefore, the results will be summarized in Figure 1.
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FIGURE 1
SPECTRUM ANALYZER RESULTS
System Conditions Harmonics
Cl1l56 C326 3rd 5th 7th B9th 1llth 13th
Test# 5400 kKVAR 4200 kVAR Quantity & % % % % %
OFF ON v .8 5.0 1.0 .4 .6 1.8
OFF ON I .6 1.6 -5 - -l o
OFF OFF A% .8 4.0 2.5 .6 .6 8-
OFF OFF b 1 e w16 sid 7.9 .4
ON OFF v «3 5.0 .8 ek 1.0 1.6
ON OFF I il .9 . .0 .4 2.5
ON ON A% .4 4.0 .8 W 2:5 .4
ON ON I o5 lud .4 .0 ) 6.3
Current DF = Distortion Factor

V = Voltage

P i ] 2 2
Distortion Factor = |V, + V: + Ve + o Uy

where 1,

2; 3;

v,?

vk v

o
o0 i

(=20 - S T, s - e V]

. 5 % & 8 8 s =

[V, I R R Y Ve R E ]

and 4 refer to first, second, third and fourth harmonic

This analysis only included the odd harmonics from 3 to 11 for example.

|

* 3 1 1 1 1
0.8 +5.0 + 1.0 + 0.4 + 0.6 + 1.8

i N[~

5.5

1.0°

1.0

1 )
1.0 1.0° 1.¢
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The predominant harmonic in the voltage waveforms was
the 5th. This 300 Hertz signal was 4 to 5 % in all four test
cases. The switching of capacitors did not seem to affect
it. The next worst at 2.5% was the 7th in case 2, the 1llth
in case 3 and the 13th in case 4. Increasing shunt
capacitance tended to shift the second highest harmonic to a
higher freguency.

The current waveforms exhibited different
characteristics. The largest harmonic was the 1llth at 7.9%
in case 2 with no capacitors. The second largest was the
13th at 6.3% in case 4 with both capacitors on. The other
two cases showed small harmonics.

Other Observations
A. Recording Voltmeter
There is a recording voltmeter permanently attached
to the 13 kV bus. This meter has an unknown
calibration and it appears to be overly damped.

However, it does allow a comparison between the voltage

before and after the installation of the solid state

drive.
Exhibit 11 shows the voltage record on June 12,

1985, which was the roughest observed on the June chart.

This was before the mill drive was installed. The

maximum voltage dip was about 250 volts or 2%.

Exhibit 12 shows the record made on August 13,

1985, by the same meter. This trace is much rougher.

The maximum voltage dip approaches 500 volts or 4%. The
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frequency is approximately 10 to 20 times per hour.
B. Operator's Digital Voltmeter
The 13 kV bus voltage at is controlled by
changing taps on 69-13 kV transformers #5 and #6. The
tap changer control is located in the 800#%# boiler
control room. The bus voltage is shown on a digital
voltmeter that changes state about every second. The
operator attempts to keep the voltage at 13.8 kV.
On August 27th, the operation of this digital
voltmeter was observed. During a five-minute time span
the meter varied from 14.1 kV to 13.3 kV. The right
most two digits which represent the decimal parts of the
kilovolt reading were very rarely the same each time the
display was refreshed.
It is almost impossible for the operator to keep
the voltage within tolerance. It moves so much he does
not know whether to raise or lower at any given time.
The best he can do is to limit the high voltage
excursions and ignore the voltage dips.
Conclusions

The voltage flicker on the Sub A 13 kV bus exceeds the
limits set forth in Planning Standard P820-200. 1In addition,
the voltage dips may also put us in violation of voltage
minimums at our other customers served at the end of Sub A 13
kV circuits. Comparison of the voltage conditions before and
after the installation of the new mill drive indicates that

it is the source of the problem.
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The harmonic content of the voltages and currents
measured at also violates criteria. IEEE Standard
519-1981 lists the limits for voltage distortion factor as
5.0% for voltages from 2.4 to 69 kV and 1.5% for 115 kV and
above. Figure 1 lists voltagé distortion factors as high as
5.5%.

In addition, the presence of harmonic currents may be
detrimental to the generating unit R-4 which is directly
connected to the Sub A 13 kV bus. Harmonics can cause
overheating of the rotor. Further research would be
necessary to determine the extent of the problem.

In order to properly identify the new solid state drive
as the source of the harmonic problem, it will be necessary
to perform the harmonic tests with the mill not in service.
Harmonic problems can show up at buses remote from their
service. The harmonics measured at could be coming
from a number of sources inside and outside of .
Possible Solutions

There are three possible solutions to the voltage

flicker problem:

A. Make adjustments to the solid state drive system
controls

B. Put on its own separate transformer

C. Install a static var generator

Possible solutions to the harmonic problem are:

A. Put on a separate transformer
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B. Install tuned filters
Isolating on its own transformer would allow the
application of the IEEE suggested limit of 8% for the voltage
distortion factor. It would also place the customer on the
lower impedance 161 kV system further away from other
customers and generator R-4.
10. Recommendations
A. A test should be coordinated with  which would
allow us to measure harmonics with the new mill drive on
and off. This would positively determine if the new
drive is the source of the harmonics.
B. A meeting should be arranged with representatives of
and (manufacturer of the solid

state drive) to resolve the problem.

LTD:s3ib
09-09-85
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IX. APPENDIX

B. SLIDE L1STINGS



83

SLIDE LISTINGS

SUB S TR #1

CURRENT - HICH S1DE
Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 1

SUB & Tk #1

CURRENT - H1GH SIDE
Vert = 10db/div

Horiz = 100 cycles/div
Phase 2

SUB S TR #1

CURRENT - HIGH SIDE
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB S TR #1

CURRENT

Vert = 10dB/div
Horiz = 100 cycles
Phase 1

SUB S TR #1
CURRENT

Vert = 1l0dB/div
Horiz = 1006 cycles/div
Phase 2

SUB S TR #1
CURRENT

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB S TR #1l

CURRENT - LOW SI1IDE (13 KV)
Vert = 104B/div

Horiz = 100 cycles/div
Phase 1

SUB S TR #1
CURRENT - LOW SIDE
Vert = 104aB/div
Horiz = 100 cycles
Phase 2

(13 KV)

10.

13

11

13

155

l6.

SUB S TR #1

CURRENT - LOW SIDE (13
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

sSu3 &
13 KV Bis 1 vOL1s
Vert = 1l0dB/dav

Horiz = 100 cycles/div
Phase 1

SuB S

13 KV BUS 1 VOLTS

Vert = 1048/div

Horiz = 1060 cycles/div
Phase 2

SuB 8

13 KV BUS 1 VOLTS

Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 3

SUB 5 TR #1

CURRENT - HIGH SIDE
Vert = 10dB/div

Horiz = 100 cycles/div
Frase 1

SUB S TR #1

CURRENT - HIGH SIDE
Vert = 10dB/div

Horiz = 10U cycles/div
Phase 2

SUB S TR #1
CURRENT - HIGH SIDE

Vert = 10dB/div
Horiz = 100 cycles/div
Phase 3

SUB S TR #1

CUKRENT - LOW SIDE (13
Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 1

KV)

KV)



17.

186.

19.

20.

2l

22.

23,

24

84

SLIDE LISTINGS

(Continued)

SUB S TR #1
CURRENT - LOW SIDE (13

Vert = 10d4dB/div
Horiz = 160 cycles/div
Phase 2

S8 & TR #1
CURRENT - LOW SIDE (13

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB S

69 KV BUS 2 VOLTS

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 1

SUB S

69 KV BUS 2 VOLTS

Vert = 10d4B/div

Horiz = 100 cycles/div
Phasel

SUB S

69 KV BUS 2 VOLTS

Vert = 104B/div

Horiz = 100 cycles/div
Phase 2

SUE §

69 KV BUS 2 VOLTS

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 36 VOLTS - 13 KV
13 KV BUS

Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 1

SUB 36 VOLTS - 13 KV
13 KV EUS

Vert = 10dB/div
Horiz = 100 cycles/div
Phase 2

KV)

KV)

25,

26.

27

28.

29,

30.

31.

32,

SUB 36 VOLTS - 13 KV
13 KV BUS

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 36 VOLTS - ©9 KV
66-36-38-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 36 VOLTS - 69 KV
66-36-38-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 36 VOLTS 69 KV
66-36-38-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 36
CURRENT = 13 KV
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 36

CURRENT ~- 12 KV

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 2

SUB 36

CURRENT - 13 KV

Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 3

SUB 36

CURRENT - 69 KV

69 Trans #1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1



33.

34.

36.

37.

38.

39.

85

SLIDE LISTINGS

(Continued)

SUB 36

CURRENT = 69 KV

69 Trans #1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 36
CURRENT - 692 KV
69 Trans #1

Vert = 10dB/aiv

Horiz = 100 cycles/div
Phase 3

SUE 36

CURRENT - 13 KV

Vert = 104B/div

Horiz = 100 cycles/div
Phase 1

SUB 36

CURRENT - 13 KV

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 36

CURRENT - 13 KV

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 76 VOLTS 16l KV
1€i-76-58-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 76 VOLTS 161 KV

161-76=58=1
Vert = 10dB/div
Horiz 100 cycles/div

Phase 2

40.

41.

43.

44,

45,

46.

SUB 76 VOLTS 161 KV
161-76-58~-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 7¢

CURRENT - 161 KV

161 KV Trans #1

Vert = 104B/div

Horiz = 100 cycles/div
Phase 1

SUB 76
CURRENT - 161 KV
161 KV Trans #1

Vert = 10dB/div

Horiz = 100 cycles/div
FPhase =z

SUB 76

CURRENT - 161 KV

161 KV Trans #1

Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 3

SUB 76 VOLTS 13 KV

13 KV BUS 2

Vert = 10dB/dav

Horiz = 100 cycles/div
Phase 1

SUB 76 VOLTS 13 KV
13 KV BUS 2

Vert = 104B/div
Horiz = 100 cycles/div
Phase 2

SUB 76 VOLTS 13 KV

13 KV BUS 2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3



47.

48.

49,

50.

Sils

5]
o
.

53.

86

SLIDE LISTINGS

(Continued)

SUBR 76
CURRENT = 13 KV
161 KV Trans #1

Vert = 10dB/div

Horiz = 100 cycles/div
hase 1 4

SUB 76

CURRENT - 13 KV

161l KV Trans $1

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 2

SUB 76

CURRENT = 13 KV

161 KV Trans #1

Vert = 10d4E/div

Horiz = 100 cycles/div
Phase 3

SUB 78 Thu 6-21-84
Tr #1 13 KV Current
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 78 Thu 6-21-84

Tr #1 13 KV Current
Vert = 104B/div

horiz = 100 cycles/div
Phase 2

SUB 78 Thu €6-21-84

Tr #1 13 KV Current
Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 2

SUB 78 Thu 6-21-84
Tr #1 13 KV Current
Vert = 104B/div

Horiz = 100 cycles/div
Pnase 3

54.

55.

56.

5%

58.

59.

60.

SUB 78 Thu 6-21-84
161-58-74-78-1 line
current

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 78 Thu 6-21-84

161-58-74-78-1 line
current

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 78 Thu 6-21-84
161-58-74-78-1 line
current

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 78 Thu 6-21-84
161-58-74-78~-1 line
current

Vert = 10d4dB/div

Horiz = 100 cycles/div
Phase 3

SUB 78 Thu 6-21-84

Tr #1 13 KV Current
Vert = 10d4dB/div

Horiz = 100 cycles
Phase 1

SUB 78 Thu 6-21-84
Tr #1 13 KV Current
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 78 Thu 6-21-84

Tr #1 13 KV Current
Vert = 10dB/div

Horiz = 100 cycles/div

S

Phase 2



61.

63.

64.

65.

66.

67.

68.

69.

70.

87

SLIDE LISTINGS

(Continued)

SUB 78 Thu 6-21-84 Tl
Tr #1 13 KV Current
Vert = 10dB/div
Horiz = 100 cycles;div
Phusge 3 72.
SUB 78 Thu 6-21-84
Tr #1 13 KV Volts
Phase 1 73.
SUB 78 Thu 6-21-84
Tr #1 13 KV Volts
Phase 2 74.
SUB 78 Thu 6-21-84
Tr #1 13 KV Volts
Phase 3 75.
SUB 78 Thu 6-21-84
161-58-74-78-1 line
voltage 76.
Phase 1
S5UB 78 Thu 6-21-84
161-58-74-78-1 line 7.
voltage
Phase 2
SUB 78 Thu 6-21-84 78.
161-56-74-78~1 line
voltage
Phase 3

79.
SUB 78
161 BUS Volts
Pnase 1

80.
SUB 78
161 BUS Volts
Phase 2

Bl.
EUB 78
161 BUE Volts
Pnese J

SUB 78
13 BUS 2 Volts
Phase 1

sUB 73
13 BUS 2 Volts
Phase 2

suB 78
13 BUS 2 Volts
Phase 3

SUB 78
Trans #2
Phase 1

13 Currents

SUB 78
Trans #2
Fhase 1

13 Currernts

SUB 78
Trans #2 13 Currents
Phase 2

SUB 78
Trans #2 13 Currents
Phase 3

SUB 78
161-58-74~-78-1
Phase 1

SUE 78
161-58-74-78-1
Phase 2

SUB 78
161-58-74-78-1
Phase 3

SUB 78 - Volts = 13 KV

13 KV BUS
Vert. = 1048B/div

Horiz = 100 cycles/div

Phase 1



82.

H3.

84.

85.

B6.

87.

B8.

83.

88

SLIDE LISTINGS

(Continued)

SUB 78 - Volts - 13 KV
13 Kv BUS 1

Vert = 10d4dR/div

Horiz = 1C0 cycles/div
Phnaze 2

SUB 78 - Volts - 13 KV
13 KV EUS 1

Vert = 10 dB/div

Horiz = 100 cycles/div
Phase 3

SUB 78 - Volts - 13 KV
13 KV BUS 2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 78 - Volts - 13 KV
13 KV BUS 2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 78 - Volts - 13 KV
13 KV BUS 2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 78 - Volts - 161 KV
161-74-78-1

Vert = 10d8/div

Horiz = 100 cycles/div
Phase 1

SUB 78 - Volts - 161 KV
161-74-78-1

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 2

SUE 78 - Volts - 161 KV
161-74-78-1

Vert = 1l0dB/div

Horiz = 100 cycles/div
Phase 3

90.

9.

92.

93.

94.

96.

SUB 88
CURERENT - 13 RV
69/13 Trans #2

Vert = 104B/div
Horiz = 100 cycles/div
Phase 1

No Title - Assumed to be
SUB 88

current = 13 KV

69/13 Trans #2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 88

CURRENT = 13 KV

69/13 Trans #2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB B8 - Volts - 13 KV
13 KV BUS 2 (Alcoa Pots)

Vert = 10dB/div
Horiz = 100 cycles/div
Phase 1

SUB 88 - Volts - 13 KV
13 KV BUS 2 (Alcoa Pots)
Vert = 10 dB/div

Horiz = 100 cycles/div
Phacse 2

SUB 88 - Volts - 13 RV
13 KV BUS 2 (Alcoa Pots)
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB &8
CURRENT - 69 KV
69/13 Trans #2

Vert = 10d4B/div
Horiz = 100 cycles/div
Phase 1



B

98.

99

100.

101.

1c2.

103.

89

SLIDE LISTINGS

(Continued)

SUB 88

CURRENT - 69 RV

69/13 Trans #2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 8E&
CURRENT - €9 RV
6€9/13 Trans #2

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 88

CURRENT - 69 KV

69/13 Trans #2

Vert = 104B/div

Horiz = 100 cycles/div
Phase 3

SUE 88§
CURRENT - 69 KV
€9/13 Trans #2

Vert = 10dB/div
Horiz = 100 cycles/div
Phase 3

SUB 91 = Volts = 345
345-0C-91-1

Vert = 10dE/div

Horiz = 100 cycles/div
Phase 1

SUB 91 - Volts - 345
345-QC-91-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 91 - Veolts - 345
345-pC-91-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

104.

105.

106.

107.

l108.

109.

110.

SUB 91 - Volts 161 KV
Vert = 104B/div

Horiz = 100 cycles/div
Phase 1

SUJB 81 - Volts - 161 KV
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB 91 - Volts - lel KV
Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 91

CURRENT - 345 KV
345-91-QC-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB 91

CURRENT - 345 KV
345-91-QC-1

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 2

SuUB 91

CURRENT - 345 KV
345-91-0C-1

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB 91
CURRENT - 161 KV
345/161 Trans

Vert = 10dB/div
Horiz = 100 cycles/div
Phase 1



(5 2 O

p &R

113

114.

115.

1l6.

90

SLIDE LISTINGS

(Continued)

suB 91
CURRENT - 161 KV
345/161 Trans

Vert = lddB/div

Horiz = 100 cycles/div
Phase 2

SUB 91

CURRENT - 161 KV
345/161 Trans

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 3

SUB A 13-A-12
CURRENT
Vert =

Horiz =
Cl56 On
C326 On
Phase 1

10d4B/div
100 cycles/div

SUB A 13-aA-12
CURRENT
Vert =

Horiz =
Cl56 On
C326 On
Phase 1

104B/div
100 cycles/div

SUB A 13-A-12
CURRENT
Vert =

Horiz =
C1l56 On
C326 On
Phase 1

20 volt/diwv
100 cycles/div

EUB A 13-A-1
CURRENT
Vert =

Horiz =
C156 On
C326 On
Phase 1

10dB/div
100 cycles/div

G 5 57 88

J. 1.8

119.

120.

121,

122.

SUB A 13-A-12
CURRENT
Vert =

Horiz =
C156 On
C326 On
Phase 1

.2 v/div
100 cycles/dav

SUB A 13-A-12
CURRENT
Vert =

Horiz =
Cl56 On
C326 Off
Phase 1

10dB/div
100 cycles/div

SUB A 13-A-12
CURRENT
Vert =

Horiz =
Cl56 On
C326 Off
Phase

20 v/div
100 cycles/div

SUB A 13-A-12
CURRENT
Vert =
Horiz =
Cl56 On
C326 Off
Phase 1

10dB/div
100 cycles/div

SUB A 13-A-12

CURRENT

Vert = .2 v/div

Horiz = 100 cycles/div
Cl56 On

C326 Off

Phase 1

SUB A 13-A-12

CURRENT

Vert = l0dk/div

Horiz = 100 cycles/div
Cl56 Off

C326 Off

Phase 1



123.

124.

125.

126.

127.

128.

129.

SLIDE LISTINGS

91

(Continued)

SUB A 13-A-12

CURRENT

Vert = 20 v/div

Horiz = 100 cycles/div
Clse Off

C32p Off

Phase 1

SUB A 13-A-12

CURRENT

Vert = 10dB/div

Horiz = 100 cycles/div
Cl56 Off

C326 Off

Phase 1

SUB A 13-A-12

CURRENT

Vert = .2 v/div

Horiz = 100 cycles/div
Cl56 Off

C326 Off

Phase 1

SUB & 13-A-12

CURRENT

Vert = 10dE/div

Horiz = 100 cycles/div
Phase 1

SUB A 13-A-12

CURRENT

Vert = .2 v/div

Horiz = 100 cycles/div
Phase 3

SUB A 13-a-12

CURRENT

Vert = .2 v/div

Horiz = 100 cycles/div
Phase 1

SUB A 13-A-12

CURRENY

vVert = .2 v/div

Horiz = 100 cycles/div
Fhase 1

130.

131.

132

133.

134.

135.

136.

137.

138.

139,

SUbk A 13-A-12

CURRENT

Vert = 10dB/div

Horiz = 100 cycles/div
0 édb Irput

Phase 1

sUB A 13-A-12

CURRENT

Vert = 20 v/div

Horiz = 100 cycles/div
Phase 1

SUB A 13-A-12

CURRENT

Vert = +3048B/div

Horiz = 1060 cycles/div
Phase 1

SUB A 13-A-12

CURRENT

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 1

SUB A 13-A-12

CURRENT

Vert = 10dB/div

Horiz = 100 cycles/div
Phase 2

SUB A 13-A-12

CURRENT

Vert = 10d4B/div

Horiz = 100 cycles/div
Phase 3

Picture of Test
Equipment

Picture of Test
Equipment

Picture of Test
Equipmenc

Picture of Test
Equipment
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X. APPENDIX

C. MODIFIED HARMONIC LOADFLOW PROGRAM LISTING
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I0OwWA STATE UNIVERSITY HARMONICS PROGR2M
ENERLY SUIPOLY DEPARTMENT
QuAD CITIES PRODUCTION DIVISON

HABMONIC LNADFLOW USING FFT 0F SAMPLED HARMONIC SOURCE
VOLTAGE OF CURRENT wa EFORM MR AC-0C (ONVERTER CURRENT
wWAVEFDEN
REE: KUYPER K M, “EFFECTS GF WIND AND SOLAR CONVERTERS
ONM UTILITY DISTRIBUTION NETWORKS', MaASTER'S TrESLS,
IOWA STATE UNIVERSITY, '980.
RDEF: SCHULTZ , R.D. "=atMONIC CURRENT PROPAGATION ON AC
SYSTEMS DUE TO HVDC LINFS', PHD DISSERTATION, 10wWA
STATE UNIVERSITY, 1979,
WODIFIED By A . L.DAY BEGINHING JUNE, 1982,
IMPLICIT INTEGERP*Q(1-N)
INTEGER*®4 JRD,IWT NEX NEL M8H WNBS NBX M5 MBUS TDSH, W, N, Twx
COmMPLEX=8 D1,02,DD)Y,00,D2,02 08,054,004, 0VS,DZS.CMPLX , C50RT _CEXP
COMBLEX*R DT DT2 . 0T3,0YZ,.Cwh, SOURCE CONJG,Z0,GaML ,VC V(X
COMMON /K1 /IR0, IWT ,iW, IDSN =2
COMMON FKL/NEX HE_
COMMON /PB/HNBH _NBS NBX M5 NLR
COMMON /RI/MBUS
COMMOM /BASE/LLL,JJJJ,10PT
COoMupN SCDC/SOURCE VO  LmaRw o0 TYE
DIMVELSION 10(aD0D),10(4000 ) . i7T1aAcan)  R14000) . X(4D0N) , ILINILACOD)
DIMENTION ¥P1(4000) , KF214000) . TL0(A300) ,50URCE(128,4)
DIVMESNZION NB(GOOR) WLA(S00) ,NBE(SOD).DRATLASIS.4)
DIMENSION JPI1(500), P2(500),180{(500),1SC(500)
GIMENSION RBUS(125250) ,xBuUS(125250) . RL(500) . xL(%00)
DIMENSTION Iwk(91B8) A('2B) . we(918) vC(128)
DIMENSION 20(4000) ,GAML (4000 ) . YLABIS,2).GLAB(S.2)
DIMENSION WMSCO(9998) HOF(SS2B ) . vWM! (9938

DATA DATLAB/'SOUR','CE & ' 1 /. ; *."SOUR", ‘CE #°,
R S A “LOSOURC,CCE 0,0 3 C,¢ e :

2 "SOUR','CE &° " & .- ol i

DATA YLAB/'VOLT'. AGE ', '(PU)*,"; ', *,'CLRR', "ENT °,
FoHEBDY, vy T A e

DATA GLAB/'=APM', ' SOU’, RCE *, "VOLT' 'AGE:', 'HARM', ' SOU",

1 BCE °, CuRR’_ ‘ENT:7/!
IRD=L0DGICAL UNIT # ENE 224l STATEMENTS

1RD=5

TwT=_0GICAL UNIT [uUNIT # FOR WRITE STATEMENTS
IwT=£

RAY=MAX MM NUMBER NE BUSES
N2 x=500

w

HEX=MAX]TMUNM NUMIER QF E_SMENT
NEX=A40Q0D
NB=zLARGEST BUS NUMBER A_LCWED
N8~=Q338
MBUS=LENGTH OF ARRAY FCS BLS IMPEDANCE MATRIX
MAS=NBX® [ NEr+1)/2
JJJI=COMBINED CONVERTER ACTION FLAG
O=SINGLE CONVERTER
Y=COMBINED CONVERTERS
JJdJd=0
ATD=RAD1AN TO DEGREE CONVERSION
RTD=S57.29577251
HI=BESSEL FUNCTION FLAG FOR LINEIN
C.=NEED TO CALCULATE BESSEL FUNCTION PARAMETERS
HZI=0.
PEAD HARMONIC SOU'RCE INFUT DaTa
NE=NUMBER OF SAMDLED DaATa POINTS (EVEN, . LE.128!
(GF) N=NUMBER OF PULSES FOR CONVERTER
VCBASE=BASE VALUE OF .GLTAGE OR CURRENT FOR HARM SOURCE
LHMARMEMIGHEST ORDER HWa@GMONIC TO BE ANALYZIED
12LCT=PLOT CODE
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oNOETD C--~ 0=H0 PLOTS

onoeERD C--- J7C=yOLTAGE 08 CURRFNT NAR CONVERTFR CODE
npoe?0 C---~ LESS Tran =1 = CURHENT HAARMONIC MAGNITUDES GIVEN
o000 (=== =t=VvOLTACE HARMONIC MAGNITUDES GIVEN
conT'Q C--~ VOLTANE wa, EFNAwm

000720 (==~ 1=CONVERTER

o070 L-=- ANy THING ELSE=CURRENT wAVEFORM
0o0D740 C--- TUNIT=z00ToUuT UNITS

coo7%C (--- ND=viOLTS

000760 C--- ANYTHING ELSE=PER UNIT

oor?70 READ(I20,10C0D )N, VCBASE ,LHARM, IPLOT IVC, JUNIT
0CO7RO 10N0 FOOMAT(13 . 510.2.413)

ggnrac WRITELINT,'02IN,VCBASE  LHARM TPLOT TVC,IUNIT
oonangd 109 FroMaT(ix, N = L13.5%, 'wCBASE = ©  F7.2.5%, LHARM = * 13,
QO0OR L v 5%, CIPLOT = LI3,5%, "IvC = L 13.5%,"JUNIT = +13)
cNoRZY IFIIVvC.GE . NIGO TO 40

onoelI0 C--- READ WEASURED HARMONIC VOLTAGES DR CURRENTS
QooRa0 C-~-- 1 ¥y=wa0MINILC ORDER

gooRs0 C--- VOMzReSMON]C VOLTAGE (CURRENT) MAGNITUDE
0on®EQ C--- WOCA=HARYONIC VOLTAGE (CUSRENT) ANGLE
oocAaTo IF I1vC.NE -1) GO TO 2B

0008A0 17/C=C

one8=0 GO TO 29

oco9ca 29 IvC=Q

[sfelel-BAS <9 COMTINLE

s fofol=Prdes WEITE(IWT, 1051)

0003130 DO 31 IM=) FS

009340 A wCiImMp=10. .C.)

ooCcaso A0 BEAD(IAD, EC0)1VY. VCM VCA

COD%FO0 IFilv EQ.9991G0 TO 34

000970 WRITE(IWT 60U)IY,VEM VT2

ggleRrn 60C FOQMATI 2y [3,2x,.F1. 8,24 ,F12.8)

000920 1FIvia EQ.D.C)GO TO 3=z

oo0110C2 IM=Ive

001010 YOLIM)=CME Y (=uCWn 0, )

corazo GO Y0 32

ooYnac 2 Ju=lv-2

001G&d VI IM«2)sCHMRLAIVEM, D, )

001050 33 GO TC 30

co1060 34 [F=Ff5

con70 G2 TO 208

c0ICRO 40 IFfTC NMEN)GOD TO 301

00103C C--- SERAD COANVERTER DaTa

aonIng C--- FOw=Mw RATING OF CONYESRTER

2OYYVC C=-~ ALTa=DELAY ANGLE IN DEGREES (0-€0)

DO 120 C=== CULE=UERLAE AaNnGLE 1IN DEGREES

00130 SEADIIRD, I02) POW, ALFA OYLE

agi1an 102 FORWATIAEO, 7))

purIsC wEITE(IwT 303) POW, 4LFA OVLP

oD1'ED 303 FOAUATY( "DP0Ow = * FIQ.2.5¥,"aLFAa = ° F10.2.5X,'0OviLP = * F10.2)
co Y70 ALFA=ALFA/RTD

001180 OVLZ=0VLE/RTD

co'1e0 GAM=ALFGL+0ULE

001260 DO 304 [m=3,65

001210 304 vC(i%)=(0.,0.)

opY22c wEITE(IWT 1051)

0c'2130 D~=COS(aLFA)-COS(GAM)

og1240 DC 305 IMaN,B5 .M

0G1250 IF(OVLP.NE.D.)GO TOD 306

001260 C--- C.773697=S0RT(6)/P1

oci1270 SHAR =0 TTGEIT/(IM-1 )

001280 SHARZ=0, 779697/ (1M1 )

001290 GO0 TO 307

001300 A€ SHM=SINI(IM=2 )*DvLP/J.)

agcrato SHE=SIN{IM*OYLP 2 )

peraze E2=SQRT({SHM/ [ [M=2,))002+(3HP/W)1ee2-2 e5HMeSHP
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001330 Y COSLZ.%ALFA«OVLPY/((IM=-2 )®im])
o0 3an CHAR 1D TT7Q6QT*F2/((1M=1_)*%LH)
001350 SHM=STHl IveQLP/2.)

Q01360 SHP=SIH((Iwe Y*0VLP/2.)

ggran E2aSQRY((SHM/IM)*e24 (SHP/(IMe2 ) )202-2 *SHMESHPS
Qo280 Y COSI2. "aALFA«(GviP)/(IM®[[Me2.)))
Qo234 GHARD2=D  TTYRUTEF2/ ((IM+1 ) *0H)
ont4anN0 C--- 2.5FE51=2*P] /SQRT(H)

norésn Ju? CR=2.5651°POW/( (COSIALFA)-COS(GAM))*100.)
031420 YCA=1R]D,

0oraar e Tis-LETTY- ]

o440 Ivz]m-1

001450 VCIIMI=CMBLX [ =VEM 0.,)

0014K0 WRITE(IwWT 1061 1V, VCM VA

gorato VOA=D,

pnrann VIMECRSSHARY

gntang 1vslms:

oprsnn VOl IM+2 ) =CHMELN (VEN, 0, )

Nec's* 2 wSITELTwY _106) IV, VCM vCa

nNvs29 NS CONTINUE

oni1sac 1£=65

Qo154 GO TQ 368

GCo'SRC C-=-- RELD [N SAMBLED DATA WAVEFORM
co'S560 30 JEin=1)/8+1

0D'sSTO D2 2 iBsY., 2

00580 nl=A*{1B-1)="

ooi1520 wizKleT

001820 C--- AzARRAV OF N VALUES OF THE SAMPLED DATA WAVEFORM IN COSINE
D160 (--+ FORM 1IN ¥y

DRVEZ0 READ{IBRD 1050 (&(w), M=K]I . KJ]
006830 1050 FORMATI(RF10. 2.

CDo'Rap 9 CONTIMUE

00 €50 WEITE! IWT 200

ANIEED INC FLEMATI1HD 5X, "SAMPLED DATA POINTS'/1HD, "NUMBER* 35X “VALUES')
CO'€70 OO 1i0 IB=) ..

091680 vizRe(18-1)+1

U630 KizwlaT

00700 WEITED IWT 1110 ¥T (A(K) K=KI ¥KJ)

oo TI0 111 FNRVAT| 1=) 148,.BF'0.2)

QoY TI0 110 CONTINUE

001730 DG 30N 8= N

021740 AICY vCilBI=CMPLA(A(IB),0.)

001750 (=== EFTCC 1S A& SPEC]aL PROGEAM FROM A LIBRARY NOT INCLUDED
00V7€0 (--~ T-ERE 15 & DUMMY PROGRAM INCLUDED TO SATISFY EXTERNAL
go17?g C--- PEFEQENCES

00 780 C--~ EESFDAM FAST FOURIER TRANSFORM

aoIre Ce== Iwe =INTEGEF wORK AGRAY OF LENGTH BN+150

RO182C C--- wek=BFAL wNPK ARRAY OF LENGTH GN+150

COVR O CaLL FETCCIVO. N, TWK, WK

og'e2Cc C--- Pu=w_MBER OF SAMPLED DaTa POINTS/Z

c0:83C QNzN, 2

[s[+RE-F.1s wRITE(IWT 105}

CC18S0 051 EORMAT! 1=-, HARMONIC VALUES'/ OORDER" ,8%, 'MAG' ,BX, 'ANG)
001850 I3=Ns2

c0'870 C-~-~ QESCALE TRANSFORM COEFFICIENTS
021882 DO 6 IM=1 .12

001830 YCOIM}=COMNJGIVCIIM) ) /{RAN*VCBASE)
oo1920 vCW=CABSIVC(IM))

gcoreic YCA=ANGLE(VC(IM))*RTD

001520 C--- Iv=-HaRMONIC OQDER

o922 Iv=]1W=1

Co'2ap C--- PRINMT “a’MONIC WVALUES

gerasp WRITEMIWT 106) Iv veM, vCA

001960 106 FORMATI3X 12,.2X,F12.4,F12.2)
gneTo 26 CLONTIMNLE

CJ2'980 C=-~-~ LL_=TIRST TIME THRQUGH LODP FLAG



00'990
onzono
Qo200
002020
002030
0n2c20
onzesn
Co2060
pu2oTo
ocaos0
002030
002100
002110
oc2r20
002120
0D2140
c02150
002160
002170
0G2'BO
0021890
0czI00
enz210
bDo222

cc2230
002240
0o2isa
0DCI280
cna2to
062280
Qu2290
00z30cC
002310
oC2220
002330
opz3ap
c02230
Qo2360
nozaroe
onzzan
002320
007auQ
cozatQ
Q02220
002a3d
O0z4a40
C02450
0C2as0
oczaTn
CozZ480
0o2zas0
002500
0o2510
co25:0
0C2%30
002540
cec2ss0
062560
0Cc2s5790
or2sec
CC2330
uezeno
0C2€:0
0C2620
OCI63D
£l2ee0
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e V=FIRST TIME
[FeEN/21
308 LLL=?
IF(IPLOT EQ.D) 1F=LHARM+]
C===~ INITIALIZE DC HARMONIC TO ZERO

DD 16T JE=1 .4
16T SOURCE()Y, 1€)=(0..0.)

R=== BEGIN LOOP FOR HARMONIC ANALYSIS
C-== JJ=ARMONIC ORDER = 1
DO 27 JJ=3.1F
c--- Iw=HEGWONIC DRDER
Iw=JJ-1
Co== VCH=HARMONIC SOURCE VvALUE [N U
VCK=vCisd)
C--- 1DS~=SEQUENCE CODE FNR HARMONIC (SEE LINEIN)
1DSN=0
C=== 1F HARWMONIC INJEC NEGLBLE, DO NNT CERFORM HARMONIC AMNAL

IF(CaBS(VCK).GT D.0000C00Y)GO TO V7
DO “R4 [E=) 4
9pe SQURCE(.J.1E)=(0..0.)
GO TO 27
17 1IF({IW.GT.L~ARM) GO TO 18
GO TO '9
1B WEITE(IwWY 10B) 1w
10A EQRMAT( "OXxx HARMONICS OF ORDER’ ,3x,13/)
'9 CONTINUE

=== LINEIN=SUBROUTINE FOR READING AND STORING LINE, TRANSFOAMER
C=== GENERATOR, SHUNT CAPATITOR, AND LOAD DATA
C-=m 19=acRay CONTAINING EXTERNAL FROM Bu, =5
Come 10-aPRay CONTAINING EXTEONAL TD BusS »°S§S
G I1CT=80RAY CONTAINING ELEMENT CIRCUIT #°'S
Ce== B, azARQAYS CONTAINING ELEMENT RESISTANCE aAND REACTANCE
C=== NB=AQRAY CONTAINING CONVERSION OF EXTERNAL TO INTERNAL
L BUS #°'5
C--=- NLB=ARRAY CONTAINING THE # OF ELEMENTS TD a BUS
Ce== NSE=ARZAY CONTAINING CONVERSION OF INTERMAL TO EXTERNAL
L= BuSs #°5
CALL LINEIN(IP,IO.ICT. R, X _NB NLB NBE,ILIN. Z0,GAML, L2, A500D)

C==- NRUER=SUBROUTINE FOR ORDERING AND INDE®ING SySTEM TOPOLOGY
C==a JO1=BOINTER ARARAY FOR "FROM®' BUS TO ELEMENT &
C=== JP2=POINTER ARRAY FOR T2 BUS TO ELEMENT =
Crmm=— HP1=P0INTER ARRAY FOR “FROM BLS (MNE ELEMENT # TO NEXT)
Ce===- XP2=POINTER ARRAY FOR 'TO' BUS (ONE ELEMENT # TO NEXT)
=== 15C=ARRAY CONTAINING THE OSDEFING SCORE OF T=E BuS
L= iLO=aRQAY (CONTAINIMNG THE ELEMENT ORLCER
Cr=- IBO=ARRAY CONTAINING THE BUS ORDER

2 CALL ORDER(IP,IQ.NLB,JPYV ,JP2 KP) kP2 ISC,ILO,I1B0,44, 43500)
L Z8US=SUBRADUTINE FOR CALCULATICN OF IMEEDANCE MATRI»
C=== ROuUS=ARQAY CONTAINING REAL PAST OF BUS IMUBEDANCE MATRIX
(S X8US= ARRAY CONTAINING IMAGINARY PART OF BUS IMFEDANCE MATRI
C-== AL=ARBAY CONTAINING ELEMENT RESISTANCE
Cm== XL=ARRAY CONTAINING ELEMENT REACTANCE

4 CaLL ZBUSIIP, 19,9 . X,1L0D.180,.15C . RBUS,#8US AL, XL, NBE BE,L500)
=== HARMI=SUBROUTINE FOR HARMONIC ANALYSLS

€ WRITE(IWT, 107) 1w
107 FOSMAT( " 1XxX HARMONICS OF ORDER' ,3X,123./)
CALL HAPMI(IP IQ,ICT, A, ,X, HP! KP2, NB,NBE,JP1,JP2,15(C, RBUS, XBUS.RL,
1%L, ILIN,Z0,.VvMSO,VVM1  GAML LT RS00)

T CONTINUE
Lio=2
27 CONTINUE
g COMPUTE ~ARMONIC (VOLTAGE) DISTORTION FACTOR
€ IF(10PT.EQ.C) GO TO 470

WRITE (IwWT,_ 450)
DO 400 J=' WNB=
C JEENTERNAL BUSSE
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202650 C KP=INTERNAL BUS »#

002660 KO=NB(J)

002670 C BUS EX]STS?

Coz680 1F(%P . EQ.D)%N TO ann

0D2€50 IF(IUNIT EQ 29)1LO TO 43N

00269 1F(vvMI{ ) EC.O.IVUMI 1=, 0

opz2700 HDF{JI=(vMEQ()**0.S ) 00./VVMI( )

og2To o0 10 aan

002720 430 IF(vvMmi (). EQ.0.)VVMI (1 )=vCRASE*I1000./SQRT(3.)
002770 HOF(U)=(WMEGI)*e0 5)*100. /vvMI ()

002740 440 WRITE(IwT 4601, HDF(J)

oe27%50 400 CONTINUE

0C27R0 450 FORMAT( " THARMOMIC DISTORTION FACTOR //6x, 'BUS’ 12X, "HDF (%}'/)
002770 460 FOPMeT(6x .14 BA . FI10.4)

oo2780 1F(IPLUT.EQ.O0) GO TO 500

002790 {vCo=1

002800 I#({1YC.EQ.0) IVCO=2

oo2eg IF(IvC.EQ.V) N=128B

oozsan tziN=1)ra=1

0ozZB30 I =N/ 2=

cczeac D0 37 lE=% 000

COZB8S50 WRIYE(6,220) 1E

0028€0 220 FORMAT(1HY Sx “wAVEFOARM FOR HARMONIC SOURCE WNUMBER' ,15)
cCc2870 DO 47 1G=1,1C

0cze80 TA=]G+N/ 241

0c2890 1B=N/2+1-1G

gczaceo 47 SOURCE(I&,JE)=CONJGISQURCE(IB,IE))

0Qza'Q C=--- FFTCC 1S A SPECIAL PROGARAM FROM A LIBRARY NOT INCLUDED
002920 C~--=- THERE IS A DUMMY PROGRAM INCLUDED TO SATISFy EXTERNAL
002930 C--- REFERENCES

gccasan CALL FFTCCISOURCE(1,1E) N, TwWK WK)

goz29s50 DO &7 la=1 N

002360 SOURCE(1a [E)=SOURCE(TA, JIENV/2.

0C2970 A{IA)=REALISOUQCELIA 1EY)

002980 57 X¥(la)=(1a=1 )*1000./(€0.*N)

QCcI9s0 Do 67 1B=1,.

co32300 Kl=ce[[B=-1)=1

C230'0 KizK]=2

c031020 67 WRITE(G6,210) KI, (SOURCE(I.IE).I=KI ®J)

003030 210 FOAMATI M0, 14,BF10.5)

gc3ce0 C--- T=I5 CALLS 10wa STATE UNIVERSITY*S VERSION OF CALCOM
003050 C--~- THIS MaAY NOT WORK wlTH STANDARD CALCOM

CC30€0 CALL GRA®M(N X A _8,103,12..9,,.1.5,0.,0..0,,'TIME (MS); ",
ooansto ! vLAB( Y IVCO).GLAB(1,1VvCO) . DATLAB(1,1E))

co3089 37 CONTINUE

0c3020 500 SYOP

C33160 END

0031110 SUBRDUTINE LINEIN(IP IQ,ICT R, X _NB NLB.NBE.ILIN,ZO GAML *, *)
003120 C--- READ AND STORE L INE, TRANSFORMES , GENERATOR, SHUNT CAPACITO®
003V 30.C—-— AND LDAD DATA

003140 C-~- CALLED Fa0% HARWMONIC LOADFLOW MALIN PROGRAM ONCE FOR EACH
003150 C--- HARMONIC ORDER TO BE AMALYIED

0C3'€0 IMBLTICTIT INTEGER®A( [-N)

o031 70 INTEGER®*a R0, IwWT NEX NEL NBH NBS NBX MS, IDSN,I1IW

003180 COMRLEY*8 D), D2,.0D?,DD,DZY,02.DE. DS, DCH,DYS,DZS.CMPLX ,CSQRT ,CEXP
003130 COMPLEX®*8 DT1,DT2.07T3,DvX,20,GAML

003200 COMMON /X1 /TRD IWT Iw,IDSN H2

oD3zvo COMMON /KL/NEX , NEL

003220 COMMON /HB/NBH, NBS NBX M5 NLR

003230 COMMON /BASE/LLL,.JJJJ

cecal2an DIMENSION IP(MEX) TO(NEX) ICTINEX) RINEX) X(NEX), ILINI{NEX)
003250 CIMENSION NB(NBH) NLB(NBX) NBE(NBX),ZO(NEX) ,GAML(NEX)
CC3260 DIMENSION RON(SD0C,7 ) ,TRDNI4000,5)

23270 DIMENSION RDC(4N00) ,46(4000) .8ER(2),.BE1(2),.BERD(2).8BE1D(2)
ac2i80 C--- NEMz=WAX WM NUMBER OF ELEMENTS

o02290 L-=-- NEL=NUMBER OF ELEMENTS
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0023300 C-=-- HEHELARGEST BUS NUMBER ALLOWED

ge3do C--- HBS=NUMBER OF RALISES

0023320 C==- NBx=MAX [MUM NUMBER OF BUSES

cD03337 C--- 1P=APQAY CONTAINING INTERNAL °‘FROM  BUS #°'S

DO3NanN (=== 10=arfay CONTAINING INTERNAL "TO" BUS #°'S

003350 (--- ICT=arQay CONTAINING ELEMENT CIRCUIT #°5

C033F0 C--~ R, ¥“=ARPAYS CONTAINING IMPEDANCE

003D (=== HB=ARRAY CONTAINING CONVERSION OF EXTEPNAL TO INTERNAL BUS »
003380 C=--- NBE=ARAAY CONTAINING CONVERSION OF INTERNAL TO EXTEQNAL BUS #
003190 C--- NLB=ARRAY CONTAINING THE NUMBER OF LINES TO A Bus

nol4on NBsS=n

on3a'on NE1=D

oocaazn MEL=D

0Cc3430 C--~ 1ERROR=NUMBER OF BUS # ERRORS

0C2344n0 1ERRGR=0

003850 C--- NLR=NUMBER OF ELEMENTS CONNECTED TO REFERENCE

0D 34R0 NLER=D

gol3ar0 DO 1 I=1,MBH

co03480 1" NB{1)=0

oGc4G67 0O 2 1=1 ,NBX

0C3S500 2 NLB(1)=0D

coasio IF (LLL.GT.1)GO TO 11

ogas2o wWEITE(IWT, 1100)

cC3Isa0 C=-- NE '=NUMBER OF ELEMENTS =« 1

003520 11 NEV=NE'+]

0C3550 C--- LLL=FIRST TIME THROUGH LOOP FLAG

o350 (=== 1=FIRST TIME

ct3570 TE(LLL.GY.1)GO TO 300

023580 C=-- INITIALIZE ROC ARRAY TO ZEROD

cC131530 DO 3 I=1 NEX

DC3IRCO 3 RDCI1)=0.

0C3610 C--- READ ELEMENT DATa

CT3R20 C--~ KJ=ELEMENY CODE

CO363%0 C--- 1=LINE

cCa6ad C--- J=THANSFORMER

003650 C-~-- I=GENERATOR 0OR SHUNT CAPACITOR

0C3hE0 C--= a=L0AD

0C3Ie?d C=-=-- ¥JP= FRDM ' BUS (9999 FCR END OF ELEMENTS)

CC38BD C-=-- K1Q="TO' BUS

CC3E2D C~-~- MCT=ELEMENT CIRCUIT # (0OF) TRANSFORMER AUXILIARY BuS »
DC3ITDY Co-- RP1=LINE POS/NEG SEQ RESISTANCE (DOR) TRANSFORMER POS/NEG
oI C--- SEQ SERIES REACTANCE BOTH IN % (DOR) LOAD REAL POWER IN Mw
cr3®is C--- A¥1=.INE PDS/NEG SEQ REACTANCE (OR) TRANSFORMER ZERO SEQ
BO3ITIN L=== SERTES REACTANCE (DOR) GEN/CAP REACTANCE aLL IN % (OR)
QCc2742 C=-=-- LOAD REACTIVE POWER IN MyvAR

003750 CL=-~ XC1=_LINE POS/NEG SEQ SUSCEPTANCE (0OR) TRANSFORMER PDS/NEG
oC2760 C=-- SEQ SHUNT REACTANCE (0OR) GEN ZERO SEQ REACTANCE ALL IN %
oCc3I?710 C=-=~ RRO=LINE ZERD SEQ RESISTANCE (OR) TRANSFORMER POS/NEG/IERO
OCIT80 Cow-- SEQ CORE LOSS RESISTANCE BOTH IN %

pQaTeg £L--- Kx0=LINE ZERO SEQ REACTANCE IN % (OR) TRANSFOAMER CONNECTION
co3800 C--= CODE

oc39'0 C--- KCN=LIMNE ZERD SEQ SUSCEPTANCE (OR) TRANSFORMER ZERO SEQ
002BI0 C--- SHUNT REACTANCE BOTH LN %

0C3B830 C--- Ke=L INE vOLTAGE AND BUNDLE CODE

L2940 (=== VOLTAGE(kv) CODE(FI1RST DIDIT) (SECOND DIGIT)

0C3IRSO C=-=- 13.80 ] NUMBER OF BUNDLES
0o3ecn C--- 69 1 PER CONDUCTOR

003870 C--- 115 2

003880 C--- 132 3

003830 C--- 138 4

003200 C--= 161 5

ogiee C--- 230 6

003920 C-~-~ 3as 7

003930 (==~ 500 B

033242 C--~- (0R) =4A=TOANSSORMER (ONNECTION CODE

023950 C-=-- C.¥%¥0.GY .1, :NO ZERO SEQ IMPEDANCE



NO3aR0
Qo3arTp
003980
c03990
0paeCQ
004010
po=202C
004030
0Can40
004050
onagen
gQanvo
o0apsC
Qoaono
cratno
onatin
QL4127
cpanrln
ananr
coatrag
onaltar
Quarso
nraen
apea1T
oDa*AD
gce19p0
cCcasto
oCca10
a0
o07azlo
ocazan
00azs?
CGazED
no4az7To
ccazet
oc4a290
004200
Cl<310
0nazzo
orasan
oraisn
024a3nn
Coa3e)d
0ca3?0
Cradznd
cpa3ve
nnaapo
004410
QCaaz’
0C&a30
coaaap
onsasn
Cnaded
0p4aaTo
OpaagC
coaaap
a0asQo
go4a510
00as520
ogas2p
00asep
00ass0
004560
gras7o
gcasep
0raser

[
Ce=e
(===
C==a
Com=
Can=
Caa=
B
o
[ o
E===
C==w
Cee=
Ce==

(===

200
C===

C---

===

Com

C==-

c---
ang

o
===
Comm
[
Covnm
f o

153

| ok |

929

0.0.9.LT . ®MX0.LT.1.:0ONE IMPEDANCE (XX1) °"TO' BUS TO
REFERENCE
D.0.7.LT . XXD.LT O,9;0ONEIMPEDANCE (XX1) "FROM' BUS
TO REFERENCE
0.*%x0.LT.0.7:T=-TYPE CKT WITH POS/NEG SEQ MAG BRAN(w
1:SHORTED T-TYHE (ax) XCC) °‘FROM® BUS TD REFERENCE
2;SHORTED T-TYPE (XX) . XC0) "TO' BUS TD REFERENCE
3;CPEN T-TYPE (xX1 XCO) 'TO' BUS TO REFERENCE
4:0PEN T-TYPE (rX1 ,XCO) "FROM' BUS TO REFERENCE
.GT.4,7T-TYPE (xx),XCC) CORE LOS5 NEGLECTED
(NR) MK=GEN/CAP CODE
1=CAPACITOR
(OGP} mE=L0AD CODE
1=RESIDENTIAL
2=COMMERCTAL
I=INDUSTRIAL
LW IME LENGTH IN MILES
READ(IPD, 1000, END=50)KJ KJP W JQ KCT RR1,XXN1 ,XC1 ARD , XXD , XCO, KK  XLW
IF(wJP.EQ.922%) GO TO 200
WRITE (IwWT 1200)KJ, KJP KJQ, KCT RRY XX, X¥CY RARD , XXO,XCO. KK XLW
CONTINUE
CONVEAT FROM PER CENT TO PER UNIT
RE1=ARI/100.0
Xx@1=xx1/100.0
XCl=»C110C0.0
RRO=APD/100.0
“x0 1S CONVERTED LATER
XCO=xCO/1090.0
STORE INPUT DATA
IRDN=INTEGER ARRAY STORING INPUT DATA
IRDONINEY 1)K
TEONINEY, 2)=HJP
IRON(NEY, 3 )=KJQ
TIRON(NEY  8)=K(CT
IRDN{NE) 5)=KK
BDN=REAL ARAAY STORING INPUT DATA
RDNINET, 1) =RRY
RON(NET,2)=0X1
RON(NEY,3)=xXC1
RONI(NEY ,4)=3R0
BOM(NMEY ,51=220
PON(NEY,.6)=AC0O
ROMINEY , T)I=NLM
G2 TO 3O
RECOVER INPUT DATA
MJ=TADN(NET 1)
KJE=TRPONINEY, 2)
KJO=IRDN(NEY,3)
XCT=1PDNINEY,4)
NKzIPON(NET,5)
R 1=RDN(NET 1)
X1 =BONINEY, 2)
XCY=RININEY 3)
RAO=ADN(NEY Q)
XX0=8DN(NEY.5)
KCO=9DN(NEY . 6)
XLM=RDONINET, T7)
IF(¥JP EQ.9999) GO TO a5
IDSN=SEQUENCE CODE FOR HARMONIC
C=UNDETERMINED
1=ZERD SEQUENCE
2=NEG SEQUENCE
3=P05 SEQUENCE
IE(TDSN=11101,106, 121
IF(ID5N=-2)110,110,112

B8=:.C



100

QD4R0O C~--~ WT=HARMONIC ORDER
00aE10 WI=FLOAT(1w)

00as1 !t I={wT EG.') GO TO 112
OCARID (==~ 1S HARMONIC ZEROD S%EQ.
0Das30 107 A=3,0*8

004Ran IF{WTY a-'_f)105,106,105
QOaRrsn 0% B=A+«1.0

DO04RED IF(B8-22.0)107,'08,108
002670 C--- 1% WARMONIC NEG, SEQ.

co4ae80 0R B=1.0
004E20 Y11 A=(3 . 0*Bi-1.D

004700 IF|{wWT/8-1,0)109,110,109
ooe710 109 B=B+1.0

00arT20 IF(B-22.0)1v1 112,412
oDarTio 112 1DSKh=1

0D4a~40 C--=- =aBMONIC 1S POS.SEQ.
0caTs0 C--- wHAT 15 ELEMENT
oCaTeon IFiv =-2)113 114,115
0048770 C-~-- PGS, + NEG, SEQ. TRANSMISSION LINE
ooa7gd C--- DETESM!~NE BALSE [MPEDANCE
00a790 113 [F(¥K . GT 20)1GN TO 20
N04ROD C--- B1=BASE [MCEDANCE
Coag10D Bl=a7t 6!

onagzn G0 TO 218

ona&rn 210 IF (KK . GT.30)G0 TO 211
0Ccasso BI=137.25

0nensn KKakp=10

cosgnd GO 70 218

QLARTO 211 IF(KK.GT.40)G0O TO 212
nyasan Bli=174 24

0Cazan KK=KKH-20

cosaane GO T0 2'8

gpazt10 212 IFI®K GT.S5D1GD TO 213
neéazo BI=180. 44

00e330 KW=KK=-30

ooagen GU TO 218

004250 213 [Flwr GT.E0)GD TO 214
008960 BI=259, 2"

DC&4370 K mWe =d0

00assap GO TO IR

opasan 214 1F(KK GT,70)G0C TO 215
0Ccsgoo B1=529.00

cosoo KnzrM=-50

005020 GO TO 2'8

ocsoao 215 [=(®K . GT.BAO)GD TO 216
005040 Bl1=1190.I5

0C5050 KK=gw =60

005060 GO TO 218

005070 216 IF(mx GT.20)G0 TO 207
o0so8c BI=2500.00

0gs090 K=MK =-T70

005100 GO TO 2'8

oos 0 217 Bl=' _90aa

005120 KKzKK=B]

005130 C~-- REQ=60 ™I LINE RESISTANCE IN OHMS/MILE
005140 Z18 REQ:=RRV*FI*{MKk-10)/¥LW
oesian IF(wWT EQ.1) GO TO 60
005150 I=1

0CS160 1={RDC(NEYV) .NE.O.) GO TO 206
00S17¢ C--- RDC=D2C LINE RESISTANCE 1IN OHMS/MILE
0D0S18GC RDC(NE1)=3ED

005130 C--- F=FREQUENCY IN HZ
0os2co F=60.0

00%52'C C--- SKIN EFFECT

025220 203 B=F/RDCINET)
DC5:30 C-=~ A=MR



005240
005250
005260
ons270
cos2an
cos2%90
005300
0053'0
pos3zo0
p0s330
005340
0C53%0
005360
NOs370
005380
005190
ocs4anc
cosa
Ci5820
005430
00sa4p
005450
0054FR0
0C5470
DN%4B0O
0Cc5430
005500
005510
0cs5520
005522
nessan
005552
DO055€0
005570
005580
cOs530
00SEDD
0Cs61'0
Cus620
cess30
Do0seau
Q05650
0T56R0
cCsSeT0
005880
CGoS€Esn
0G57090
co5710
0osT2IC
005730
Ccos7a0
005750
DCSTED
005770
costal
DC5720
DCSB00
ocse:o
ocsezo
0058210
ocse22
005823
05830
0CS5A40
005850
0oseEn
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A=D . DEIE*SORT(E)
15(H2 4E.O0.) GO TO 400
M2z48

razfa

HEe=2TNa
HAz1ATA%E

Hil=' 4T45KFE7
H1Z=HIN® 132
Hld=M12®136,
HiG=H1a* 256,
Hi1AzHIG® 34,
HZ20=H1A%*&00,
H22=H20%GcRE,
MH28zr27°576,
HIfh=H24%E76.
HZB=zr2€°THA,
HAD=H2A*200.
=22=mM30* 1024,
H3A=H32*1156.
=IE=+=3a* 1296

C-== BER(1)=REAL BESSEL FUNCTION OF MR
C=r= 1=60 HZ
Comm = 2=mABMONIC FREQ

400 BER(1)=) 0-A®Pa/HA+A SR /HR-A®® 2/ 17+A** 16/ HIE-A®®20/H2N

| SA®O4/HIA-A** 2R/ HIB+AY 32/ H32-A**36/H]16

C=== BEI(1)=IMAGINARY BESSEL FUNCTION COF MR
BEJ([)sA®e2/H -A* "6 /HE~A®S 1 0/HID-A®*14/HI4+A**1B/HIB
1 ~A®® 22/ R]2+8°%26/H26-A*00/H30-A%*34/ 348

C=== BERDI 1 )=DERIVATIVE OF BER(I)
BECD([)=-4 D*A**3/HA+B 0*A*27/HB=-12 0*%A** 11 /H12+16,.0%A®*15/H15§
1 -20.0%"A®®10/20+24 . 0%A**23/24~-28 . 0*A"*27/H2B+32.0%A%*31/n32
2 =36.0%a**735/HA6

Crm= BEID(1)=DER]IVATIVE OF BEI1(I)
BEID(1)=2.0%3/+H2-6 . 0%A**5/HE+10.0%A"*9/H10~-14 D*A®**13/H414
1 «1B. D*A®& )7 /HIB-22.D0%A"%21/H22+2E,0%A%%25/H26-30.0%A**23/H30
2 +34, 0°A®**33/H7a

Com= RR7=AC TO Df RESISTANCE RATIO
RR7=za®[BER{I)*BEIDII)~-BEIL]I)*BERD(1))/
1 {2.C*(BEID{1)*®2+BERD(1)*"2))
IFIF NE.E60.0)G0 TO 204

Com= TREO=ESTIMATE DOF 60 WZ RESISTANCE
TREC=RATeRDLINEY)
ER=TREN-RED

== FRAERRQOR DIFFERENCE OF ACTUAL AND ESTIMATE OF 60 HI RES!S
ERezaBSIER)

Com= CHECw ACCURACY OF TR&C
IF(E=A _GT.0.00005)1GC TO 205

Ersi= af=ALPHAL AT EDQ HWZ

AR(NEY)=a DO*(BER(1)®BEPD(IV-BEI(I)*BEID(I))/
" (A®(BERD(])**2+BEID(I)®®2)?
GC TO 206

C=um OBTAIN NEw ESTIMATE OF RDC
205 RDCINEYVI=RDC(NZ)-ER
GO 10 703
C-== F=-AGMONIC FREQUENCY
206 F=60.0%]w
1=2
GO TO 203
Cam== Ri=_INE RESISTANTE AT HARMONIC FREQ IN PU

(--===-=R1=AR1 [5 USED FOR FUNDAMENTAL FREQ ONLY
160 R*=RR

GO TO '7C
204 RISARTORDCINE )*XLM/(B]1*(un=-10))
c--- AL=BLONAL AT HMARMONIC FREQUENCY

0B AL=4 (QCI9ER[]V*BESO()-BEI(I)*REID(T))/
1 (A%!BERAD(I)**2-BEIDI(IV**2))



005870
0C5880
oCses0
005900
005910
005920
05330
0059731
0r5932
0esa33
0Ccs33a
05940
005950
005960
onsern
005983
0C5930
0O0E000
0060 C
c06020
008730
006040
008072
Q067ED
ares=n
C06380
006020
GO61C0
CC6110
CCE120
C06130
606140
£NE150
COS1£2
0C6170
0c6180
008130
coeICn
005210
nne220
CU6230
006240
005250
0n5260
OUER"D
006280
006220
0N€260
0CE310
£06320
006330
0n&3a0
00635¢C
C06380
0CE3IT0
006380
006350
006200
006410
006420
nC6430
£Csa40
€C6450
005460
€oesve

0Csag?
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C-== XEQ=TOTAL 60 HZ REACTANCE IN OHMS/MILE
XHEO=NNI1*A] /XLM

Tt D=60 HZ EXTERNAL REACTANCE IN OHMS/MILE
D=XE60-AG(NE1)*0.030335/(Kk-10)

C=-=-- KF=TOTAL REACTANCE AT HARMONIC FREQUENCY IN OHMS/MILE
HFEz(D+AL®D 020335/(KK=10))*wT

Ce== KL=_LINE REACTANCE IN PU
GO TO 175

C-===-- ni=xAX1 IS USED FOR FUNDAMENTAL FREQ ONLY

170 Ri=Xx1
GO TO 1RO
175 xL=XEexLM/B]
L= ¥C=LINE SHUNT SUSCEPTANCE AT HARMONIC FREQ IN PU
182 vC=wTexC1
e GU=LINE SHUNT CONDUCTANCE
V1€ GD=0.0
=== Di=LIME SERIES IMPEDANCE IN PU
D1=CMOLX(RY , XL )
, i) D2=LINE SHUNT ADMITTANCE IN PU
D2=CVPLX(GO,.YC)
DD1=D1%*D2
Com= DO=GAMMA®L (GAMMA=PROPAGATION CONSTANT, L=LINE LENGTH)
DO=CSORT(DD1)
DZIv=p1/D2
Cm=- DZ=C~ARACTERISTIC IMEEDANCE IN PU
DI=CSQORTIDZ1)
DE=CEXEIDD)
C-=- DSH=SINH(GAMMA®L )
D&%==0.5D0O*(DE-1.0D0/DE)
C--= OCH=COSH(GAMMA® )
DCH=0 _.5DD*(DE+1.0DO/DE)
C-—= D¥S5=P] LINE SHUNT ADMITTANCE IN PU
OYS=(1.000/021*((DCH=-1,0D0)/054)
L=vr= DIS=P1 LINE SERIES IMFEDANCE IN PU
DZS=DI*0DSH
Erm=w DVZI=01 LINE SHUNT IMPEDANCE [N PU
D¥2I=1.0/0V¥S
[==- RSV'=REAL PART OF SERIES IMPEDANCE IN PU
RSV'=REAL(DIS)
C=== B57=REAL CART OF SHUNT IMBEDANCE IN PU
RS2=REALIDYZ)
C-=-=- X5'=IMAGINARY PART OF SERIES IMPEDANCE 1IN PU
XG1zAIMAGIDZS)
C==- ¥S72=1MaGInATY PART OF S-UNT [MPEDANCE IN PU
M52=AIMAG{DYZ)
GO TO 117
110 1IDSN=2
£ HAQMONIC 1S NEGATIVE SEQUENCE
s WHAT 1S ELEMENT
1F{kJ=2)113,114,120
106 IDSN=1
C=== HaRWMONIC 1S ZERO SEQUENCE
L= w=aT IS ELEMENT
IF(wyg=-2)118,121,122
==~ ZERD SEQ. TRANSMISSION LINE
Corm= RRQOE=EARTH RESISTANCE COMPONENT AT €60 HZI IN PU
118 PRAQE=RPO-RR
Cm== RAWE=EARTH RESISTANCE COMPONENT AT 60 HZI IN PU
RRWE=RROE*WT
L RiI=LINE RESISTANCE AT HARMONIC FREQ IN PU
R'=RF*«RAWE
C--- XL=LINE SERIES REACTANCE AT HARMONIC FREQ IN PU
XL=XXD*wWT/100.0
C=-- YC=LINE SHUNT SUSCEPTANCE AT HAAMONIC FREQ IN PU
YC=wT*xCQ
GO TC M1é



103

0nkasn C--- POS., + NEG, SEQ. TRANSFDAMER

Q0E&5CC C--- ¥S53=HALF OF Tx SERIES REACTANCE AT HARMONIC FREQ IN PU
OCESID 114 MS5HBR1ewWT 7 U

0nES20 C--- xS4=T¥ SHUNT REATTANCE AT MARMONIC FREQ IN PU
0D&ES10 127 XL4=0C1%wWT

oL6540 C--- ASSUME STLICON STEEL w/ 3/' HYS/EDDY LOSSES
Q68550 C-=- RRA=TX SHIINT BESISTANCE AT HARMONIC FREQ IN PU
008560 eE4:(3 O*RRA0N/(WT*d () )+(RRO/ (4 D*wT®**2))

00£570 x5%=0.0

006580 RE3=0.0

on&530 DT1=CMPLX(RRA ¥55)

006600 DTJ=CMaLN(RR] xS54a)

00K610 C--~- DT3=Tx SHUNT IMPEDANCE AT SARMONIC FREQ IN PU
CoR620 DT3=(DT1*0T2)/(DT1+DT2)

006630 C-=~- BT 1=PEAL PAST (OF TX SHUNT IMPEDANCE

006KA0 RT1=REALIDTI)

NO&EE0 C--- ®¥T 1= IMAGINARY PART OF TxX SHUNT IMPEDANCE

D76E60 XT1=aIMAGIDTI)

QOGETD GO TO 1°3

OBESBD C--~ ZEAD SEQ. TRANSFQORMER

QUBE3I0 121 IF(Kx)142, 142,143
006700 142 IF(xx0-1.0)123,124,124
QUETIO 124 GO TC ¢

BO6720 123 IF(XX0-.70)125,125,126
006730 125 XSIzxx1ewT1/2.0

UOETAD GO T2 127

006750 126 XT2=¥x1owT

00&67E0 IF(®¥D=-.90)'2B.129,129

o0&t 70 183 AZ=xx\1®*wT,2 (O

oUE7A0 ¥T2arT«(MZ%%XCO*WT )/ (XZ+XCO*WT)
orCe790 [E(wr=-21%44a 145, 145

Qoseco 146 [F(ux-4)'47 128, 140
006810 144 GO TO 128

00EB2D 145 GO TO 129

0nNE8 3T 147 XTI=nZeXCOOWT

0oen4ap GO TO 129

ooeeso V4B XTl=nZ+XCO*WT

0CEBE0 GO TO 1218

0O0EBT0 149 xS53=x7

0CRAAD RT1=0.0

006A2D XT1=2CO*WT

0oE220 GO TO 11*9

026910 C--- E0% SEQUENCE GENERATORS
0065920 C=--- GENERATOR 09 LNaD?
026930 1S JF(Ky LE_4IGD TO 242

NOBH&0 C--- GENERATOR O CAPACITOR?
00€9517 1FixXn _EQ.V)GO TO %S00

0Q€9¢€0 C--- XG1=GEN REACTANCE AT HARMONIC FREQ IN PU
0Ce970 XG1l=xX1%wWT

CCEIBO GO TC 130

00DE390 C--- ZERD SEQUENCE GENERATORS
oo7r0Co 122 IF(vJ.EN.4)GDO TO <aa

0o701'0 IF(xx EQ.1YG0 TO SO0

oc7020 XG1=vYC1*wWT

007030 GO TO 133

007040 C=--- NEG SEQUENCE GENERATORS
007050 120 1F(%J.EQ.4)GD TO 4aq

007060 1F(kw _EJ_1)G0 TO 500

acrero XGr=xXx1ewT

coT0eB0 G0 TO 130

0o7020 C--- SHUNT CAPACITORS

00730 C-=-- XG'=CADP PEACTANCE AT HARMONIC FREQ IN PU
ooTv0 500 XGl=xX! 'wWT

oo7TY20 GO TO 132

027'20 f=-=- LOADS

COT140 C=-=-- RESIDENTIAL, COMMERCIAL, OF INDUSTRIAL?



ooT18
po7r's0
0071€0
coyeyro
orTYan
D DRRE- ]
anTate
0oTIiG
nora220
oaTI30
pcT2an
nC7250
007260
n37270
007280
onT2ad
onrIce
c273'0
poTIzu
£o73aa
ooT3ac
007350
D273€0
oC7370
0C7380
ooT3so
ograco
00varg
007esd
ncrany
novaan
roTaRN
toTéand
067479
C3TaB0
gerapy
007482
OCT4aR3
COT4R4
agvesc
coTsSTD
po7S10
co7s20
007520
coTs40
Co7550
COTSED
porsTh
007580
oorseC
COTECD
00TE 0
onTeI0
OCTEDD
0N7€40
COT&50

C76€0
COTE™
BC7€80
COTESD
QnTTa0
carTin
[ bae el ¢
oCTT30
ccvrac
CoTTS0
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444 |F (Iw.EQ.') GO YD 510
IFixn=-2)44% 446, 447
f=== RES!DENTIAL LOADS
Cm== PYMOT=MOTOR COMPONENT OF REAL POWER
245 PMOT=0, 5881
f = PRES=RESISTIVE COMPONENT OF REAL POWER
PRES=0.5*RA1
GO TD aag
=== COMMERCIAL LOADS
446 PMOT=0.R*RR
PRES=0.a=801
GO TN asd
G INDUSTRIAL LOADS
447 eMOT=0 . 7*3R1
PRES=0 1*B81

{paiia XOHNE=MOTOR STATNAE REACTANCE AT HARMONIC FREQ IN PU
44R XOMNE=w¥x1 /(4 GA{PMOT®® 2axy (%821
YONE=ROMESWT
BWE=Y 03/(0.02°0M0T)
Cem= ASSUME SILICON STEEL w/ 3/1 HYS/EDDY LOSSES
C-=~- R=E=MOTOR CORE LOSS RESISTANCE AT HARMONIC FPEQ IN 2U
RHE=(3_.D*AHE/(wT*a D))+ (RHE/ (4. O*wWT**2) )
Rt REQW=MOT0OR EQUIV SERIES RESISYANCE IN PU
520 REQM={ XONE®*®*2)eRHE/(RHE®® 2+X0ONE®* )
Cm== XEQM=MOTOR EQUIV SERIES REACTANCE IN PU
XEQM= [ (R=E®® 2 ) xONE/ (RHE®® 2+ XONE®®*2 ) ) + AONE
C--= RES=CONSTANT LOAD RESISTANCE

RES=1.0/PRES

DEQ=(REQM-RES)®*®2+¥EQMe 2
REQN=IPES®*20REQM )+ (REQM* *2*RES )+ ( XEQM®**2*RES)
KEQH=XEQMeRES®* 2

Looew REQ=LOAD RESISTANCE AT HARMONIC FREQ IN PU
REQ=REON/DEQ

Cea= XEQ=LDAD REACTANCE AT HARMONIC FREQ IN PU
XEQ=XEQN/DEQ
GO TO 449

(========= LOAD SERIES RESISTANCE AND REACTANCE FOR FUNDAMENTAL FREQ
510 REQ=RR)/(AR1%*2+xx 1087
REQ=rM1/(RR1®®Jaxx1¥e )

GO TO aan
] ASSIGN TRANSMISSION LINE ELEMENTS
L= M=ELEMENT FLAG
L==r O=53ERTES ELEMENT
{omme 1="FROM" BUS SHUNT ELEMENT
T =°TO* BUS SHUNT ELEWENT
V17 wM=0
133 [F(M-1)137,132,133
C-== JP="FROM' BUS EXTERNAL NUMBER
137 Jb=w o
G=i= JO=°"TO* BUS EXTERNAL NUMBER
JO=Ku0
Lo JCT=CIRCUIT NUMBER
JCT=KCT
C=== RA=ELEVMENT RESISTANCE IN PU
RR=RSY
Cmme XX=ELEMENT REACTANCE IN PU
XX=xX51
Come ILINE=LINE FLAG
ILINE=Y
GO TO 132
132 JP=KJP
JQ=0
JCTsKCT
RA=952
Mx=ws52
ILINE=D
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007760 GO TO 13a

007770 133 Je=0

007780 JO=xJQ

gorren JCT=KCT

[ Jokd Yol RR=R%D

007810 X=¥53

oorezo ILINE=D

007830 GU TO 114

00TR4D C--- ASSIGN GENERATOR ELEMENTS
ng7Aa5) 130 wm=2

Co7860 JPzR )P

Ca7870 JU=rJ0

027880 JCT=x(T

0078590 RE=zRA!

0a?900 XKX=XG

007912 ILINE=Q

gere20 GN TO 134

No07930 C--- A5SIGN LOAD ELEMENTS
CO7540 aa9 M=

ncraso Jozk 4P

0CT9ED JQ=0

Qo7970 JCT=nCT

0079RD RR=SFQ

Q07494%2 Xxz=¥EQ

00BOCO ILInE=D

0CBO'O GO 70 134

pceeay C==- A551GH TRANSFORMER ELEMENTS

o Jal- Tk o} 119 wm=0
gCcasal 140 IF(M-1)135,136,1177
008050 135 Jp=pjP

ocene) C--- A5S5IGH ADDITIONAL NODE = KCT
oGecTo JO=RIT
oC8osn RE=0.0
00RBG30 JCT=1
oCR100 Xx=x53
gog110 ILINE=D
oce1 20 GO TO 134
008130 136 JP=k(CT
0CcB140 JQ=x.0
0CB150 RE=D.0
coBED JCT=1
ooe' 70 Xr=X53
oce180 ILINE=0
0CB 130 GO TO 134
ccazco 137 JE=k(T
ooBz'C Jo=0
0caz220 AR=AT1
008220 MA=xT
0onezag JCT=1?
08250 ILINE=D
008260 GO TO 134
onez2To 128 wM=2
0CBZR0 JFE=K4O
ocez80 J0=0
oo8aco RR=0.0
coamo JCTz1
coce220 Xx=xT2
ocesap ILINE=D
NC8340 GO TO 134
00BE350 129 M=7
00B360 JE=D
coeito JO=wu0
OCB380D RR=0.0
CCB330 JCT=?
cosaco R¥=XT2

oCBaND ILINE=D
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oDRaz0 GO YO ‘'3a
Q08430 C--- CHANGE TO INTERNAL BUS NUMBERS
onA&an C--- BU'S NUMBER ERROR?
ooResp 134 [F(JP_EQ.JQIGD TO a0
OCR460 C--- 1S "EFROM' BUS REF NOUE?
onRarto 1IF(JP . GT . 0IGO TO 12
0NB4BD C-~-- KP=INTERNAL BUS NUMBER INDEX
CNB&30 xP=0
ooB8sS00 C--- INCREMENT NUMBER OF ELEMENTS CONNECTED T REF
OnNes10 NLRzNLR=1
cnes2o GO TO 14
OB%30 C=--= IS 'FROM' BUS NUMBER TON LARGE?
008540 12 LF(JP,GT _NBH)GO TO 40
0CBS50 KE=NB( JP)
DORSED C-=-- FIBST ELEMFNT CONNECTED TO BUS?
008570 IF(KP _NE. DGO TO 13
008S80 C--- TOQ MAMNY BUSES?
008s90 IF(NBS.GE . NBX)GO TO KS
0C8€C0 C--- INCREMENT NUMBER OF BUSES
0NBE1D HNBS=NBS+
COOBRFR20 C=-- STORPE INTERNAL BUS NUMBER
QOB&30 NB( JP)=NBS
ODBERAD KE=NBS
OGOBESD C=-- STORE EXTERNAL “FROM' BUS HUMBER
DNBE&EFRT NBE(¥P =40
008670 C=~-~ INCOEMENT NUWMBER OF SERIES ELEMENTS CONNECTED TO BUS
0C8&80 13 HLB(KD )=NLB(KP )+
DOBESD C--- 1S 'TO' BuUS REFEREMCE NODE?
coern0 '4 [F(JQ.GT.0IGO TO 15
ODBTID C-=-- KO=INTERNAL BUS NUMBER INDEX
oUAT20 KO=0
DOBT3D ==~ [NCQEMENT NUMBER OF ELEMENTS CONNECTED TO REF
0CcAa7ad NLAR=NLR=«)
008750 GO TO 7
0CB760 C==- IS "TO' BUS NUMBER TOO LARGE?
COB770 15 IF(JO.GT . NBH)GO TO a0
QCBTBO MO=NBI(10)
ooe?730 C--- FIRST ELEMENT CONNECTED TO BUS?
ooRe00 IF({KC.NE.D)GD TO 16
coeeiIo C--- TOOQ MANY BUSES?
COBB20 1F(HAS GE HBXIGO TO 55
00RB30 C--- INCSEMENT NUMBER OF BISES
CORBAT NBS=NBS=1
0neBes0 C--- STOSE INTERNAL BUS NUWBER
OJRBED HB({.JQ)=NBS
00R8TO E e -1
008B80 C--- SYORE EXTERNAL 'TO® BUS KUMBER
nOARA/=0 NBE(XQ)=JQ
popann C--- INCREMENT NUMBER OF SERJES ELEMENTS CONNECTED TO BUS
00B39:0 16 NLB({®Q)=NLB(KQ)+
coga2Q C--- KB, KQ CONTAIN THE INTERNAL BUS NUMBER - NOW STORE THE DATa
008930 C-=-- TOO MANY ELEMENTS?
008340 17 IF(NEL.GE.NEX)GO TO 60
0083950 C--- INCREMENT NUMBER OF ELEMENTS
D0OB%ED NEL3NEL+
008970 C--~ STORE INTERNAL "FROM® B8US NUMEBER
DOBSEO IP(NEL I =KP
008320 C--~- STORE INTERNAL °'TO® BUS NUMBER
009000 I0(NEL ) =KO
npsp 0 C-=-- STORE CIRCUIT NUMBER
©osolo ICTINEL)Y=JCT
009030 C--- STORE ELEMENT RESISTANCE
onspac R(NEL)=0R
009050 C--- STORE ELEMENT REACTANCE
009260 X(NEL)=X¥

008270 C--~ STORE LINE FLAG



one0R0
009030
009100
003110
009120
003130
ong1an
on9150
009160
ocgiTo
crapo
cng1a90
009200
Q0320
nug2z0
gnaziac
0C9240
gc92s0
0092€0
oce270
002260
009280
€092310
oca3io
0oe3l
ce9ang
003340
091350
0093€0
009370
0092380
0293920
00%4C0
gesaso
conazo
009
onséasan
007280
002280
akals P o
poSany
Q324c0
0709500
paes=:n
coes20
002530
cg3asan
202550
009560
po3s 70
£o9580
onNassp
003&00
0OBEI0
009620
009630
pRanan
008650
008660
008670
009&80
009620
008700
oos710
[ood Ri]
po9rac
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TLININEL )= ILINE
C=-=-- STORE CHARACTERISYIC IMPEDANCE FOR LINES
ZO(NEL)=DZ
C--- STORE PROPAGATION CONSTANT FOR LINES
GAML (NEL )=DD
Co== ALL ELEMENTS OF COMPONENT?
[F(M-2)1128,11 11
Com= BUS NUMBER ERROR
40 WRITE(IWT 1001V )JP, JQ.JCT RA XX
== COunT B8U5 NUMBER ERAQRS
1EROOR=]EREDR.
1E(M=2)138,11,11
Cm=- INCREVMENT ELEMENT FLAG
178 M=zMe!
Cr== LIiNE OR TRANSFORMER?
JFiw =731v39 140,140
C--~ NOOML . RETLANM
4% [F | JES308 _EQ.Q)RETURN 1
C--- PRINT NUMBER 0O0F BUS NUMBER ERRORS
WEITE(IWT 1CO2)IERROR
C=-=- ABNCAMAL RETURN
RETURN 2
C-== LAST CagDh (9999) NOT READ
50 wRITE 14T, 1003}
RET! an 2
=== TOM MaNY BUSES
§5 wWOITE(IwT, 1004 )NBX
RETUAN 2
C--- TOO MEuY ELEMENTS
EC WEITE I IwWT 005 )INEX
AETURN 2
1000 FOSYAT(!1,214,13,F'0.4,F12.8 F10.8,2F9.4,F10.8,12,F6.2)
1001 FURMAT( "Ce*=* ByS NUMBER ERROR - *,2(14,2X),12.2(4%, FE.2))
1002 FCOMAT( "O*** TOTAL NJUMBER OF ERRORS = °,15)
1003 FoRwaT( O%ee UNEXPECTED END OF LINE DaTA')
1004 FORWAT( CJ*ss TOO MANY BUSES - MORE THan ~ 14)
1005 FORWATI "J®=e TOOD MANY ELEMENTS - MORE THawN . 15)
Y100 SURMAT( Y ox MY 2K, KJP L ZX, "0 2%, "KCT L EBX,RRY 1IN, CXXTC
TLYIH L CRLCYT 12X, CRROC VAN, TXXD T 9, XCOC ,10%, KRR 4K, CXLMT /)
Y200 FARMATI&x 1Y v J& 14,14 2X,13 1% F10.4,2Xx F12.4
12v F185 8, 2(2% ,F12.4) 20 FI15 8 ,2X,12,25,F6.2)
EnD
SUBROUTINE ORDER(IP, IQ NLB JPY JP2 KPY KPZ, ISC,ILO,I1B0, * *)
e CPEATE DEUDERED LISTS FOR BUSES AND ELEMENTS
Lr=-= CAL_ED FROM HA3MONIC LOADFLOW MAIN PIROCHRAM ONCE FOR EACH
Lmin FARMINI( ORDER TO BE ANALYIED
IMPLICIT INTEGER®4(1-N)
INTEGER®4 (RD,IWT NEX NEL,NBH NBS NBX M5, 1w,105N
COMMON /W) TRD,IWT, Iw, 1DSN
COMMON 7L /NEX NEL
CCY¥ON /B NBH NBS NBX M5 NLR
DIMENSION JP(NEL),IQ(NEL).®PY(MNEL) KPZ(NEL) TLO(NEL)
DIMENTION NLB{NBS5) ,JP1(NBS),JFP2(NBS),ISC(NBS),TBO(NBS)
=== JE1=20INTER FROM BUS TO TmE LINE ‘FROM  BUS
it JF2=POINTER FROM BUS TO TWE LINE "TO" BUS
=== KPizPOINTER FROM LINE TO THE NEXT LINE "FROM® BUS
Comm== KE2=PDINTER FROM LINE YO THE MEXT LINE "TO' BUS
Cm== JBIR, JD?R= POINTERS FROM THE REFERENCE BUS
Loma 15C=THE ORDERING SCORE OF THE BUS
Lrea [BC=THE BUS ORDER
e ILO=T-E LINE ORDER
DO 1 I=1,885
FLANE @ LT
JB2{11=0
Y ISC1Y=2
Jerg=0



Q03740
009750
D09 7€0
cos7T0
cosrao0
009790
nosedn
ocaR10
00ap20
oouBln
poaRarn
0o9Rs0
ON3B6RO
009870
cogeen
onsesan
003800
co08s1C
coeszo
0C3330
008940
009950
0N99KR0
009970
[olod-d-1 0]
ao9990
0'CO00
0o
0\nazo
00030
oicceo
C10050
010060
owonTo
Q10080
010290
D1c100
010110
010120
010130
piDYa0
010'S0
010160
oo 10
010180
D1019¢C
010200
010210
0'C2:0
010230
D10220
010250
010260
o10z70
010280
010290
010300
0102310
010320
012330
ci10340
010350
c10360
010370
c'0380
010330

F
Co==

C===

C===

C---

21

22

23

29
Co=e

30

a
32

33
C-=-

===
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JPIR=0
CHAIN LINES BY BUS NUMBER
DO 29 1= HEL
KE=INTEYNAL “FROM® BUS NUMBER
Ke=lPt 1)
¥O=INTESNAL 'TO" BUS NUMBER
KQ=13101)
KP1(1)=0
KB2{1)1=0
IS "FROM' BUS REF NODE?
IFIKP NE. O)GO TO 13
INCHEMENT QORDERING SCORE OF "TO-
ISC(MQ)=]5C(HQ)=!
IF{JPIR _NE.O GO TO 10
JPiR=]
GO T0 19
JP=JPI1R
JO=KP1I( JP)
1F(JO.EQ.DIGO TO 12
JP=JC
GO TO 1
KpV(UP) =1
GO 70 19
JB=JP|[“DJ
IF{J® . NE.O)GD TO 1
JPi1(KB)=1
IF(MQ.NE.DIGD TO 23
1SCIUDI=]SC(KP )+
IF(JP2P . NE.O)GD TO 20
JP2R=1
GO TO 29
JP= B2E
JO=KeZ(JP)
IF(J0.EQ.O0)GD TO 22
JP=20
GO TO 20
KpP2(JP)=1
GO TD 28
JP=JP2(KQ)
[F(JP _NE . OIGO TO 21
Je2(KOI¥=1]
CONTINUE
CREATE THE ORDERED LISTS
ML=0
~Ma=0
M5=0
1SCH=0
D0 33 1=1,NB5
IF(ISC(1)=-15CH)33,.31,32
IF(1SC+.EQ.0)GO TO 33
IF{(NLB(N).GE ~N_B(1))GD TO 33

N=]
ISCH=ISCI(I)
CONTINUE

ADD BUS N TO ORDERED BUS LIST
I®(15C~.EQ.DIGD TO 70
ISCH=150m-1
MB=MB+
MS=MS+ISCHe( (MB®(MB+3))/2)
180(MB =N
ISC{N)=-99Ga

BuUS

C~ECK FOR LINES CONNECTED TO BUS N

JP=JPV(N])
IF(JP.EQ.0)G0 TO 55
KC=1Q(JP)
IF(®0.EQ.01GH TO 52



oV'0Danc
010410
010420
010430
01naan
010450
D10460
010470
010480
pinasn
010590
01050
010520
010530
01CS40
010550
010560
610570
0'0S80
010590
010600
01C6!10
010620
0'CR30
D108&0
D10650
010660
QrOETH
D106R0
D1C&90
610700
gi071'0
pi1avic
00730
cig7an
010752
D107TRO
013770
0Y078BC
010730
o0'oaco
pioB0
gioB20C
C108130
ci08an
0GRS0
D10BED
O10B7O
010880
ci108s0
ci10e020
01090
010820
cig5e30
010540
010950
D10%&0
00970
010980
010390
011000
011010
011020
011030
p110al
o11250

52
53

55
56

Cana
790

100C

o e
=
C=—=
Lwaa

G

~

Cew-

C-==
C===
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IFI1SCInQ).LT.0)GO TO 52
1SC(mQ)=15CIn0 )+
GO TO 53
ML=+
ILO(ML V=P
JP=kPI(JE)
GO YO 51
JezJP2(N)
IF{(JP.EQ.0)GO TO 60
Ke=lP(JP)
1F(kP . EQ.DIGD TO 57
IF(ISC(®P) LT .0)GO TO 57
ISCIwP;=15CI(AP) =1
GD T0 SH
M=M=
ILO(MLY= P
JPREZ2IJUP)
GO TO 56
I (ML LT .NELIGO TO 30
RETUEN
ORDERED LISTS ARE COMPLETE 108, I0L
WRITE(1WT, 1000)
RETURN 2
FORMAT{ 0O®"®® SYSTEM IS NOT CONNECTED TOGETHER')
EnND
SBROLTINE ZBUS(IP.I1Q.R x,ILOD,180,1B0R,RBUS,XBUS . RL,XL ,NBE * *)
IMELICIT INTEGER®4(1-N)
INTEGER®S 80 IWT NEX NEL _NBH, NBS NBX MS MBUS,IwW,IDSN
COMMON /KT /IRD, TWT, Iw, 105N
COMMON /WL /NEX NEL
COMMON /¥B/NAH NBS NBX M5 NLR
COMMON  /» 2 /WBUS
DIMENSTION IP{NEL),IQINEL) RINEL) . X(NEL),ILOINEL)
DIMENSION 1BO(NBS), IBOR(NBS) ,NBE(NBS) ,RLINBS)  XLI(NBS)
DIMENSION BBUS(MBUS) ,XBUSIMBUS)
RBUS=REAL PART OF ZBUS
XBUS=IMAGINARY PART OF ZBUS
IBOR=BUS ORDER LIST wWITH INDEX AS INTERNAL BUS NUMBER
BL, XL=LINk IMPEDANCES
MB8=0
DO 1V I=1_,NBS
J=1B0(1I)
1BOR(J)=1
READY TO START THE ALGORITHM
DO 40 =1, MNEL
11=1L0(1)
IPez1PIT])
IF(IeP EQ.D)GO TO 2
[pe=1BOR(1ER)
100=1Q(1I1)
1(100.€Q.0)GO TO 3
100=1B0R(10Q)
IF(I!PP . LT.ICQ)GO TO B
I1T=100
I100=1FP
1PP=IT
TEST FO& BoaNCH OR A LINK
IF(1Q0.LE.MB)GO TO 15
Ji=(MBa(MB+1))/2
FOUND & BRANCH, TEST FOR REFERENCE
IF(1PP NE OIGO TO 9
BRANCH TO PEFERENCE
IF(MB.GT.0Y50 TG 7
RBUS('}=&(11)
*BLS(Vi=x(]1])
LU
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011060 GO T0O &C

ov:070 7 00 B J=1,MB

GRREL 1 Jdimgi=d

11030 RBUSIJJJII=0.0

0'1100 B XBuS(J4JJd)=0.0

011110 JJa=dade

Q11120 RBUS(JJIJYER(IT)

gr1130 XBUSIJII)=R(I1)

g11140 MBzMB .|

[ARRE-T1] GO TO 40

OV111E6D C--=- BRANCH TO AN OLD BUS
D11170 9 DO 12 J=1,MB

011180 JdJ=ddey

Q11190 IF{1IPP LT J)GO TO 10
0V12C0 Hi=j=(lBOP*(PP~-1))/2
0112'0 GO TO

0220 10 wMe]lPPe(Jo(o-1))/2
011230 19 RBUS(JJJ)=RBUS(KX)

ni112a0 12 ¥BUS(JJJ)=XBUS(KK)

D11257 Jddzdglre

C112690 K= -]1PP

0v1273 RBUS(JJJ)=RBUS(KK)}+R(IT)
c11280 KBUS(JJJ)=XBUS(KK)=X(11)
C11290 MB =B

Q11300 GC 10 a0

011310 C=-=-- FOUND A LINK,TEST FOR REFERENCE
011320 15 IF(12P . NE_D)GO TO 20
011330 C--- LINK TO REFERENCE
011340 DO '8 J=1 ,MB

D11Y350 IF(1IQQ.LT.J)GOD TO 16
0112360 KK=J+ | IQQ®*(1Q0~1))/2
011370 GO TO 7

011380 16 k=100« (J*(J~1))/2

0113490 17 PL({JY=-RBUS(HK)

0v1400 18 ¥L(J)==-xBUS(Kx)

0r:a'p RLL==-RL{IO0Q)=2(I1)

c11420 MLL==-2_(10Q)=x(IT1)

C11430 GO TO 30

011aad C--- LINK BETWEEN OLD BUSES
011480 20 DO 25 u=1.wmB

0114”0 IF(IFP_LT.JIGO TO 20
011470 JJzle[IPOO([PP=1))/2
011480 GO TO 22

011490 21 JJsIPPs(J=(J=-11)/2

011500 22 IF(IQQ.LT.J)GO TO 23
D11510 wrzJ+(10Q*(10QQ-1))/2
011520 GO TO 24

011530 23 ¥M=1Q0Q«(J*(J=-1))/2

011540 24 RL(J)=FBUS(JJ)=-RBUS(KK)
£11550 25 KL(J)=XBUS(JJ)-XBUS(KK)
011560 RLL=RL(IPP)=-RLIIQQ)I*RI(IT)
C11570 MLL=xL(IPP ) =XL(IQQ)+X(11)
011580 C--- KAON REDUCTION

c11520 30 TLL=RLL®RLL=XLL®XLL
011600 IF(ZLL LY Y . E-S50)G0 TO S0
011610 DO 32 u=1.mB

011620 JI=(J®iJ=-1))/r2

011630 RLJ=(RLL*AL(J)*XLL*XL(J))/2ZLL
011640 XLJd=(RLL*PL(J)=XLLPRL(J))/ZLL
011650 DO 3V k=1,

011660 Kd=JdJd=K

011670 RBUS(KJ J=RBUS(KJ ) ~ALI*RLIK)}=HLI*XL(K)
D11£80 31 XBUS(KJ)=XBUS(KII-RLI®XL(K)=-XLJ*RL(K)
C116023 32 CONTINUE

AR 20 CONTINUE

[PARR ALY RETUGN 1



n11720
D11Y730
011780
cr'TS0
N1ITEQ
D770
011780
011730
011800
011810
g ri|azn
0118720
011840
Y1850
DVIBED
C1yA7C
011880
OY1R9D
011900
cr1910
011920
0119130
011920
011850
011960
011970
011980
011930
012000
01200
012020
g-2029
Cr'i0&0
C120580
CI20FC
0'2070
012080
02090
cr2091
012100
or2110
012120
012130
012140
012450
C121'F0
012170
012180
012190
012200
1220
0Y2220
012230
0r2240
012250
C12260
012270
012280
012290
012300
0Y23'0
012320
012320
£1v2340
0r22¢0
02260
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S0 IPP=]PIII)

I=NBE([EP)
100=1Q(11)
J=NBE(IQQ)
WRITE(IwWT 1000)011,.1.4
RETURN 2
FORWAT( 'Deve | INE NIMBER ', 14, BETWEEN BUSES ‘.14, anD " 1a,.* CA
VIISED A ZLL**2 DIVISOR IN THE wRON REDUCTION OF ° E12.5)
END
SUSADUTINE HARMI(IP IQ,ICT R M KPR KP2Z NB NBE, 21 ,JP2,1B0R,ABUS,
IXBUS VR VT TLIN,Z0, VNSO, VWM  GAML ,* *)
READ HARMONIC SOURCE LOCATION AND QOPTIONS, PERFORM HARMUNIC
LOADFLOwW, PRINT RESULTS
CALLED FROWM HAPMONIC LDATFLOW MAIN PROGRAM ONCE FOR EACH
FARMONIC DRDER TO BE ANALYZED
IMPLICIT INTEGER®4(]1~-N)
INTEGEG®4 1AD, IWT NEX, NEL NEM NBS NBX M5 MBUS,Tw, IDSN,FLAG
REAL®*8 NAME EE2 EES,EEB.EE11! . EEV1S . EE'B.ASH xS+ _RSE, XSE
COMPLEX®*S (™MPLX,SOURCE,FUND,Z0,GAML D2 .00, 2R KR, IR
COMPLEx"8 IRELUS, IRMIN, IMAX VCK, VCL
COMMON /XY /IRD, IWT  Iw_ JDSN
COVMON /KL /NEX,NEL
COMMON /KB/NBH, NBS, NBX MS NLR
COMMON /KZ/MBUS
CUMMON /CDC/SOURCE,VCK,LHARM, JJJ, IVC
COMMON /BASE/LLL,.JJ 2y, 10PT
DIMENSION TP(NEL), IOQI(NEL). . ICT(NEL) R(NEL) . XIMNEL) KPY[NEL), KP2Z(MNEL)
DIMENSION RBUS(MBUS),XBUSIMBUS) SOURCE( 128 .4), ILIN(NEL)
DIMENSION IBOR(NBS) NBE(NBS) NB(NBH) ,JPI(NBS) ,JP2(NBS)
DIMENSION VR(NBS) ,VI(NBS5) ZO(NEL) . GAMLINEL)
DIMENSION SVRI3998),5VI(939B) ,vM50(9998) ,vvM1({(9988)
JJJ=COUNTER FOR NUMBER OF OPTIONS
JJdJd=0
FIRSY TIME CALLED?
IF(LLL.GT.1)GO TO 700
IF{JIJ.GT.N0IGO TO 3
DO 2 I=1,NBH
VM5Q(1)=0.
vUMI(T}=0.
CONTINUE
READ(IPD,1C00,END=99 ) JF ,NAME  10PT ,PHA FUND
JF=HARMONIC SOURCE BUS #& LOCATIUN (SET TO 9999 FOR END)
NAME=BUS NAME
102T=0PTION
J=ADJACENT BUSES ONLY
t=ALL BUSES
2=FIRST ENTRY FOR COMBINED ANALYSIS OF TWOD HARMONIC SOURCES
3=SEC ENTRAY FOR COMBINED ANALYSIS OF TwD HARMONIC SOURCES
PHA=DHASE ANGLE BETWEEN VOLTAGES FOR HARM SOURCES 2 & 3
FUND=FUNDAMENTAL COMPONENT OF HAAMONIC SOURCE CURRENT (COMPLEX)
0STION 2 OR 37
IF(ICPT.GT.1)GO TO 8OO
IF(JJJ.NE.Q)GO TO 701
EEV~EE13=TEMPORARY STORAGE LOCATIONS FOR INFUT DATA
EE1=JF
EE2=NAME
EE3=]0OPT
SOURCE(2.,7)=FUND
GO TO 705
IF{JJJ.NE V)GOD TO 702
EEa=JF
EES=NAME
EEE=10”T
SOURCE(Z2,2)=FUnND
G2 TD 705

IF(JJM.NE 2)G0 TO 703



012370
012380
012390
G12400
012210
Q12420
012430
012840
0124%0
C12a60
012470
013480
01:490
n12500
012510
Q12520
012530
012540
012550
012%€0
012570
c12580
012590
012600
012€'0
012620
012630
D12€40
C12€50
012650
012670
C126B0
012690
012700
01270
012720
o'2730
Q12740
n*'27s0
012780
Q12770
012780
€c'2790
0Y 2800
G'2810
12820
012830
o12840
c'2850
012860
012870
D'2880
0'78%0
012900
012910
g12920
€12930
g129a0
C129350
0Y29&D
0123870
012980
012990
013000
cC130'0
912020

703

704
Cmmw
C===-

700

===

708

709

710

711
C===
705

C===

706

Cem=
107

Cm==
c--_
Ce==

Com=
Lo

c..__

c-_-

fomm-

112

EE73JF
E[ﬂnhllﬂﬁ
EEQ=]100T
SOQURCE(2,3)=F1IND
GO YO 70%
IF(JJJ.NE DGO TO 7048
EEID=JF
EE1 ) sHAME
EE12=10PT
SOURCE(2,4)=FUND
GO TO 105
EE13= F
G0 YO 705
JJJJ=COMBINED ANALYSIS CODE
1=COVMBINLED ANALYSIS (OPTION 2,3)
IF{JJJJ . EC.7)GOD TO ROZ
IF(JJJ.NE.O)GO TO 708
RECOVER INPUT DATA
JF=EE?Y
NAME=EEZ
10°T=EE]
GO TO 70§
TF(JJIJ . NEVIGO TO 709
JF=EE4
MAME=EES
I1OPTsEEE
GO0 TO 705
IF(JJJ.NE.2)GC TO 710
JE=EET
NAME=EER
[0PT=EES
GO TO 705
[F(JJJ.NE. 3,00 TO 711
JFSEED
NAME=EE 1
INPT=EE12
GD TO 705
JF=EE]
END OF ANALYSIST
IF(JF _EQ.393Q \RETHAN 1
Jid=Jdd=1
TOO MANY OFTIONST
1FLJJJ.GT.4)G0 TO Toe
GO YO 707
WRITE(IwWT, 100%)
EE13=093%
RETURN
HAQMONIC SOURCE BUS EXISTS?
IF(JF LE.O.OR.JF.GT NBH]IGO TO 90
KF=INTEANAL BUS # LOCATION OF HARMONIC SOURCE
KE=NB([_F)
HARMONTIC SOURCE BUS EXISTS?
IF(¥KF .EQ.0IGD TO BC
LF=8J5 ORDEX NUMBER FOR HARMONIC SGURCE
LF=IBOR(KF)
LL=INDEX TO WARMONIC SOURCE BuUS IWPEDANCE (DIAGOWAL ELEMENT
OF A LOWER TRIAGULARIZIED MATRIX)
LL=(LFe(LF+1)) /2
PY XX=HARMONIC SOURCE BUS RESISTANCE AND REACTANCE
RX=RBUS(LL)
Rx=¥BUS{LL)
I =5QUARE OF HARMONIC SOURCE BUS IMPEDANCE MAGNITUDE
P R R ER SRR
CONVERT P~ASE FROM DEGREES TD RADIANS
PHA=OHA /5T 28577851
VCL=VCK*CMELX(COS(PHA) SIN(PHA) )



113

013030 IF(IVC.EQ.D) GO YO 620

p13040 CRaReEaL(vOL)

012050 ClsaIMAG(VLL)

0130K0 VENsCRORN-C]*XX

013070 VIik=CRexx«( ] *AM

0130R0 SOURCE(Iw+1 JJJ))=CMPLX(VRK VIK)

013090 GO TO &2

013100 C=--= VRK=REAL COMPONENT OF HASMONIC SQURCE VOLTAGE
o310 620 vRM=REAL(VCL)

C13120 C--- ViK=IMAGINARY COMPONENT OF HARMONIC SOURCE vOLTAGE
013130 VIM=AIMAGIVCL)

013140 C--~ Co=zREAL COMPONENT 0OF HARMONIC SOURCE CURRENT
or3isn CR=(VyRAK®AXay[Ke¥X) /TN

0137¢€0 C--~ Cl=1MAGINARY COMPONENT OF HARMONIC SOURCE CURRENT
013170 Cl=(VIVveRX-VRK®XX)/Ix

013180 SOURTE(IwW=1 JiJ)=CMPLXICR,C])

013190 €2 CALL WMAGANGICR,CI, Cw CaA)

£:3200 C--- CM=HARMONIC SOURCE CUPPRENT MAGNITUDE

01320 C-=~ CA=HARMON]IC SOURCE CURBENT ANGLE

013270 CALL WMAGANGI vAK WIM VKM vKa)

D13230 C-=- VEM=HARMONTIC SOURCE YOLTAGE MAGNITUDE

013240 C-~-~- VMA=HARNMONTC SOURCE vOLTAGE ANGLE

G13250 C--- PRINT HARMONIC SOURCE SiMMaRrRy

013760 WEITE(IwWT 1001 )JF  NAME , IOPT ,PHa FUND,CM, CA VKM, VKA
(s Rl b o] IE(IwW.GT . LHARM) GO TO !

013280 IF11062T . EQ.2)G0 TO ADA

grazop IFIINPT _EC.3)GO TO BOS

01332092 IFLI0PT 6T _0)GO TO 30

0133'¢ C=~- CALCULATIONS FOR ADJACENT BUSES ONLY

D13320 C==~ PRINT HEADING FOR ADJACENT BUS LOADFLCW SUMMARY
013330 WEITE(LIWT, 1002)

0133240 C--- J= FROM  BuUS OR "TO' BUS FLAG

013350 J=1

013360 C--- JP=# OF FIRST ELEWENT CONNECTED "FROM' HARMONIC SOURCE BUS
013370 JPEJRY(KF)

C13380 C=-=-= ELEMENT EXISTS?

c13390 IF(JP . EQ.CIGO TO 16

D12400 C~=-= KP=ADJACENT INTERNAL BUS #

013410 9 KP=iQ(Je)

N1342% C=-== SHUNT ELEMENT?

013430 'C IF(wP NE.OQ)GD TO 13

013440 YRRz -VAK

D13a50 Vils=vin

D13I4€0 N=D

013270 GO TO 15

0134A0 "1 CaLL VBUS(kP KPP 1B0OR LF VAR ,V]1.CR,CI RBUS,. XBUS)
013490 C--- VR(KP)=REAL COMPONENT OF T0O° BUS vOLTAGE
013500 C--- VI(MP)=IMAGINARY COMPONENT OF "TD' BUS VOLTAGE
01350 CALL WAGANG(VR(KP) VI(KP) vwM_ vaa)

013520 C=== VM= "TO' BUS VOLTAGE MAGNITUDE

013530 C--- VAAS'TO® BuUS VOLTAGE anNGLE

013540 C--- VRAR=REAL COMPONENT OF VOLTAGE DROP

013550 VAR=VR (KB )= VRK

013560 C==~ VII=iMAGINARY COMPONENT OF vOLTAGE DROP
013570 Vilsvi(x&)}=-VIK

013580 C--~- NzADJACENT EXTERNAL BUS #

013550 N=NBE(KP)

013600 C--- A¥ XX=ELEMENT RESISTANCE AND REACTANCE

ni1asn 15 AX=R{JP)

013620 Kx=x(Je)

013830 C--~ Z¥=SOUARE OF ELEWENT IWPEDANCE MAGNITUDE
0'3640 IXN=RX*QA+XX® KX

013650 C-=-- CRL=REAL COMPONENT OF ELEMENT CURRENT

D13&RD CAL=(VIT*XX+VRI*AX)/IX

013670 C=== CIL=IMAGINARY (OMPONENT (OF ELEMENT CURRENT

C12%80 ClL=(VI]I®*RX-VER® XX ) /ZN



013690
0 aTnon
DRE: RN
n*'3720
naTIn
ni13ra40
013750
O13TRD
013770
013780
giaruan
0'7400
12810
grag2n
gi13e2n
013gap
or3eso
03860
0'3870
D138R0
013850
013300
gYaa3'0
0r3g20
0139390
012240
£13950
013360
01326
c1anTn
C'3980
0123299
014000
cra21C
0vanzo
014030
0rapan
014050
C14060
014070
0ra08c
074090
0'arpd
cravp
Qrar20
0'ar3g
nraran
Qrearsp
0'a160
c1a170
0'4180
Cra130
ct1azgno
0raz210
0re220
014330
Qra2an
014250
0 azAd
cra270
D1azap
014230
Cra?ng
craap
0r4220
0D1az30

12
13

63

602

annn

605

]
Conma
Com-m
c....

€ alien
800

G
€0a

P ey

C===-
C---
Cem=
16
C=-=-=
C-==

Cama
17

Cowm
8
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IF(ILIN(J®) . EQ.O) GO TD 14
nZ=20(1P)
OD=GCam_ (JP)
IF(4.ECQ.2) GO TO 12
JEERP(JP)
GO YO 13
JP=KBE2(JP)
Bxz=R(JP)
RA=X(IP)
IH=Auep e KON
CRL=CAL-(VIMe XX+ VRKORAX)/ZX
CIL=ClL=-(VIK*RX-VRM®XX)/IN
CW1=CaL*CRL-CIL*CIL
IFICM1 LT, . E-BY GO TD &1
Br=({vOvVeCRL-VIK*CIL)/CM
Haz(VIMSCRL -VRK*CIL)/CMI
IR=CuPL " (Ax Kx)
RX=REAL_(DZ)
RE=AIMAGIDI)
CALL MAGANG(ECEL,CIL,CMM, CAR)
WRITE(IWTY 1003) N VMM VAA ICT(JFR) CMM CAl RX XX
IF(CMi LT .1 .E~B) GO TO 604
KRz ZRA-DZ)/(ZR+DZ)
IR=-CMPLX(CRL,CIL)
(eeLUS=IR/ (1. -KA)
[AMIN=KE* IR/ (KR~ )
BL=ABSIAIMAG(DD))
wALE=E.2831853/8L
IF (BL .EQ. O0.) CALL SDume
NLAW=D
FOL=(ANGLE(IRMIN) -ANGLE(TRPLUS) ) /(2. *BL)+NLAM*WAVE /2
IE(XOL.GE.Y.) GO TO 604
IF(xOL.LE.D.) GO TO 605
IMAX=(IR/(2.°02) ) ((ZR+D2)*CEXP(DD*XOL )+ {D2Z-2ZR)*CEXP(-DD2X0L))
CMasM=CABS(IMAR]
CMAxA=A%GLE( IMAX)®*ST 20577851
WRITE(IWT 1011) CMAXM, CMaxa x0OL,wAvE
HLAM=NLAMS
GO TD €03
CALL WMAGANGICRL CIL,CMM, CAA)
CMWM=ELEMENT CURRENT MAGNITUDE
CAA=ELEMENT CURRENT ANGLE
SERIES DR SHUNT ELEMENT?
1F{N.NE.D)GO TO 900
vMM=0. O
vAA=C. D
PRINT SUMMARY FDR ELEMENT
WRITE!IWT 1003 )N,vMM vas ICT(JUF) CMM (AR RX XX
‘FROM  BUS OR "TO® BUS?
1F({J.EQ.2)GO TO 18
JP=# OF NEXT ELEMENT CONNECTED *FROM' HARMONIC SOURCE BUS
JP=EPV(JP)
ELEVENT EXISTS?
IF{JP . NE.DIGO TO 9
CCMELETED SUMMARY OF ALL ELEMENTS CONNECTED "FROM'® HARMONIC
SOURCE BUS
J=2
JP=# OF FIRST ELEMENT CONNECTED "TO' HARMONIC SOURCE BUS
JPRJP2(KF)
ELEMENT EX]STS?
1F(JP.EQ.O0)GD TO 1
Me=ADJACENT INTERNAL BUS #
kpxB(:P)
GO TO 10
JP=# OF NEXT ELEMENT CONNECTED 'TO' HARMONIC SOURCE BUS
JPEAP2(JE)



k1S

014340 C--- ELEMENT Ex]STS?

0143%0 IF(JP . NE.OIGO TO 17

014360 GO TO 1

014370 C--- CALCULATIONS FOR ALL BUSES

Dt14380 C--- CALCULATIUONS FUR BUS VOLTAGES

0Y43%90 30 NBDUM=NBS

Draano Joum=1

D1as810 CALL VEBUS(JDUM NBDUM,IBOR LF,VvR, VI CR,CI RBUS,XBUS)
Dras20 C--- VRzREAL COMPONENT NDF BUS VOLTAGE

Di4a4a30 C--- V1= IMAGINARY COMPONENT OF BUS “OLTAGE
014440 C-=- PRINT WEADING FOR ALL BUS LOADFLOW SUMMARY
p14as0 WRITE(IwT, 00a)

D144€D DO S0 J=1, NBH

014470 C=-=-- J=EXTERNAL BUS #

014480 C--- Pz [NTERNAL BUS #

D14a30 MB=HB(J)

014500 C--- BUS EX]I5T57

D14510 IF{¥P EQ.0!1GO TO 50

014520 CALL WAGANGIVR(KP) VI(KP) vyMm Vva)

D*a%530 C--- VVM=BUS VOLTAGE MAGNITUDE

Dra540 C--- VVA=BUS VOLTAGE ANGLE

D14550 C-~-- PRINT BUS VOLTAGE SUMMARY

014560 WRITE(IWT 1005)J,VVM, Vyva

014561 IF(Iw.EQ.Y) GO YO 20

014570 VMSO(J )= vMS0 ([ J) VNS YYM

0r4s7 GO TO IS

014572 20 VWML J)=vyMI (J) +VI'M

014573 25 CONTINUE

014580 C WRITE(IWT 1012)J,VvMS0(J) . vvMmi(J)

014530 C-=-- W="FROM  BUS OR "TO' BUS FLAG

014600 K=1

14610 C--- JP=# OF FIRST ELEMENT CONNECTED "FROM® THE BUS
014620 Jo=jB1(wP)

014670 C--- ELEMENT EXISTS?

Drasan IF(J=.EQ.C)GO TO 33

014650 C=--- KQ=INTERNAL "TO" BUS #

014660 35 KO=IQ(.P)

D1aEs ! 36 R5H=D.C

0145862 XS==0.0

D146 RSE=0.0C

Dl1arEA XSE=D.0

D14670 C==-= SHUNT ELEMENT?

D146E0 IF(®XQ NE.O)GO TO 37

DY4680 VRR=0.0

014700 vil=0.0

pD1a4710 N=Q

AFTAR] FLAG=D

pravaeo GO TO 38

p1a?in C--- VRR=REAL COMPONENT OF ADJACENT BUS VOLTAGE
D1a7a 37 FLAGS)

p147a0 VRR=VR(XQ)

014750 C-=-- VII=IMAGINARY COMPONENT OF ADJACENT BUS VOLTAGE
014760 VII=vI(xXQ)

014770 C=== N=ADJACENT EXTERNAL BUS #

0147832 N=NBE(XQ)

014790 C--- VAR=REAL COMPONENT OF VOLTAGE DROP
C14BCO 38 VAR=VR(KP)-VRRA

014810 C==~ VII=IMAGINARY COMPONENT OF VOLTAGE DROF
014820 VIl=vIi(mP)=-vi]

D14B7) (=====c--c-cccmcmccccccccccccmcccccmccm-=-cmcccccsmm—cc-csssmcs-s—m====
014822 IF (FLAG.GT.0) GO TO 26

D14823 (=-=-==-=R5H x5+ ARE SHUNT ELEMENT RESISTANCE AND REACTANCE
Dl14gza RS==R(J4P)
014825 XSH=X(J8)
D14R26 o0 YO 27
D146827 C----~---RSE ¥SE ARE SERIES ELEMENT QESISTANCE AND REACTANCE



D14828
D489
0148710
pDra4
prarag
Drapsp
g1aBs0
D1a”TD
0'48R0
0r'a@an
D142C0
014910
014920
014930
214940
014350
0r4360
c1a4370
014%R0
£1a39n
c15000
c15010
S1501?
015012
01%023
015030
015040
C152S0
015DEQ
215070
2150R0
c*50%90
0!'5100
015112
015120
015130
01540
015150
Q15183
a15170
CYS1B0
D1519D
01520

015210
(ol R-Traeae)
015230
015240
015250
D1S7€0
£15270
DY'5280
015230
015300
015310
D15320
015330
015340
015350
D'S23&0
015370
015280
DYS380
015420
pi15&4:0
01'5a70
015432

26

Co==
c_--

C=-==

630

EQO

anann

€02

a2z
C===
C===
Co==
c-_-

€01
c_-_
C===
Co==

(===

116

RSE=R(4P)
»SE=X{JP)

Ax WuzE EVMENT RESISTANCE AND HEACTANCE
Ry=0{ 02)
XKzXlJP)
TA=50UARE NF ELEMENT [MEBEDANCE MAGNITUDE
TXTRN*Qx +¥ud X
CRL=AEAL COMPONENT OF ELEMENT CURRENT
CRL=(VII®YReyRAORX ), IX
CIL=IMAGINARY COMPOMENT OF ELEMENT CURRENT
ClL=(vil®ax-yRaexx ), 2X
IFfILINIJP) . EQ.O0) GO TOD 42
D2=20(J4P)
Do=GamL(JP)
IF(.EQ. 2} 60 TO 3
JEZKRI(JP)
GO TO 32
JP=X02( JE)
Rx=R{JIE)
Xx=x(,P)
IrzHXORNXe Mo XX
PSm=R{JP)
rh=zr | B
LEL=CRo=(VI(KP)®e¥ e RIuwD18RY) /T¥
ClL=CIL=(VY](KPY*RX-  B(uD)o xR ),/ IX
CM2=(RL*CRL+CIL*CIL
1FICM2.LT . 1. E-8)GO TO 620
R¥=(VR{KP)SCPL+VI(KP)*CIL)/CM2
Au=(yY](KP)*LRL-VAR(KP)*CIL)/CM2
ZH=-CMBLX (RAX XX)
ARx=zREALIDZ)
xx=AIMAGIDZ)
Call MAGANG(CRL,CIL,CC™ CCA)
WRITE(IWY 10063 N.1CT(J2),C0M,CCA,RS5H,XSH, RSE, X5E
IS(C™M2.LT.Y.£E-8)G0 TO €D
KR=(ZR=-D2)/(28+DZ)
19=-CMP_X(CRL.LTL)
IR2LUS=18/() =¥5)
IfMIN=KQ® (D (kG=-1
BL=a251a14aGi0D))
WAVE=H6.2B31853/BL
Neamw=(
MOL=(ANGLE(ISMINI ~BNGLENIRPLUS) ) /(2. *BL)+NLAM*WAVE /2.
IF(XOL.GE.1.) GO TO €0
IF(ROL.LE.D.) GU TO &UL2Z
IMAX=(IR/(2 *0Z))*((ZR=DZ)I*CEXP(DD*X0OL)+(0Z-29)*CEXP{-DD*XQL))
CMAXV=CABS| IMaxX)
CMAXA=ANGLE( IMaX ) 85T 2357765
WHTITE(IWT, 1G10) CMaXw, CMaxa XNOL WAVE
NLAM=NLAMS.1
GO YO E00
CALL MAGANG(CAL,CIL.CCwW, CCa)
CCM=ELEMENT CURRENT MAGNITUDE
CCA=ELEMENT CURRENT ANGLE
PRINT SUMMARY FOR ELEMENT
WRITELIWT Y006IN, ICT(JO) CCM CCA _RSH,XSH, RSE, XSE
'FROM® Bus 0OR "TO' BUS?
IF(K.EQ.2'G0 YO a1
JP=# OF NEXT ELEMENT CONNECTED 'FROM' THE BUS
JBzePI{ P}
ELEMENT EXISTS?
IF(JP.NE.DIGD TO 23S
COMPLEYED SUMMARY (OF ALL ELEMENTS CONNECTED 'FROM' THE BUS
=3
JEza OF FIRLT ELEMENT CONNECTED 'TO' THE BUS



015440
015450
0'54k0
015470
0'5¢A0
015490
015500
C15510
015520
0*55230
05540
n5550
015563
015570
015580
015530
015600
015610
0'5620
015630
015640
0°5650
01%€60
C15670
015680
015620
05700
5'5710
ci5TIn
05730
0 5740
0'5750
D'S7¢£0
C15770
0'5780
015780
015800
015810
015820
015830
015840
©15850
C15860
0!3870
015880
015830
015900
015910
015920
015930
015240
015350
015360
015370
015980
015920
016000
016010
016020
01€030
016040
016050
016060
016070
016080
016090

===

Comm=
40

Caun
Cawa

50
C===
(===

RCO
===

C---

en

[
(]
"~

80a

C-==
8as

a1
C===
Com=

B35S
B3€

3

JP= R2(KP]
ELEMENT EXISTS?
IF(JP EQ.DIGO TOU S0
¥Q=ADJATENT INTERNAL °“FROM® BUS #
LTS §-T I
50 70 3¢
JPzg 0OF WNEMT ELEMEMT CONNECTED "TO® THE BUS
JREKP I P
ELEMENT ExISTST
IR B NE.C)JUD TO 40
CANTLMuE
GN TH
CALCULATIONS FOR COMBINED CONVERTER ACTION
CONVERTER VOLTAGES AMD LJRRAENTS
Jadas?
EIRST DPTION?
1€(J4J.NE_DIGD TO RO
EEVA-EEIV=TEMPORARY STORAGE LOCATIONS FOR INPUT DATA
EEr14=JF
ES 1R=NAME
EEV6=]10PT
SOURCE(2.1)=FUND
Jd2=add=
GO TO
EEVT=JF
EE'B=NANE

EE oHa
SOURZEIZ.2)=FUND
4J4=0

JEzEE"A
NAME:=CETE

Pra=0.0
GD TO YOS
LFt1=LF
CR1=:CR
Ci1=C1
JF=EE17
NAME=EE R
105T=EE19
PHa=EEZD
.o TO T0%
BUS VOLTAGES AND CURRENTS
NBD U %=NES
JDUME
CALL VBUS(JDUM NBDUM, IBOR,LF1,SVR, SVv1 CRY,CI1 RBUS, XBUS)
CALL VBUS(JDUM _NBDUM, 1BOR,LF,VR,VI,CR,CI1, RBUS,XBUS)
WEITE(IwWT, 10C4)
COMBINED HARMONIC SOURCE ANALYSIS USES SIMILAR PROCEDURE
TO SINGLE HARMONIC SOURCE
DO 8BS0 J=1 NBe
KP=ENBILJ)
IF(¥P . EQ.0)GO TC B50
TVR=VR(KP)+SVR(KP)
TVI=VI(KP)+S5VIiKP)
CALL WMAGANGITVR TVI VUM, VVA)
WRITE(IWT, 1005)J,VVM VVA
=1
JP=JPY(KP)
IF(JP.EQ.DIGO TO B39
Q=]0(JF)
IF(®Q.NE . O0)GD TO B27
wRE=0 .0
vii=0.,C
N=D



016100
D610
016120
016130
016140
01650
NI1EVED
01670
D161680
D1€190D
016220
D'6210
016220
CcH-.30
Q162Tan
Cr'6250
016160
016270
D16280
016290
016300
016310
0'6320
016330
016240
016350
016380
ci16370
016380
016330
c16400
£c1641'0
016420
DY&a30
Qr1E&as
016450
01€E460
016470
016480
nNiRa=n
016500
C18510
016520
016530
0V'&540
D1€550
0165¢0
016570
016580
016520
C1E600
0!6€10
016620
Q1€£30
D16E4D
DV€E65D
016680
016670
C1&ERD
O16E3C
Y6700
C16710
D'&720
018730
D16Tad
0Vve750

(alalals]

837

838

8132
83l

622

€06

€08
811

607

838

Ban
B2
850

20

118

G0 T 838

vHA=JR(KQ)+SVRIKQ)
VITavi(kQ)+SVIIKQ)

N=NBE(®Q)

VERaTyYe-VvARRA

vIil=Tul=-v11l

RxzRi o)

xx=x(J2)

zusﬁl.ﬂiollolx
CRL=(VIToXX=VRR®*AX) /IxX
ClL=(VI]I®AX=VRR®XX ) /I
TFIILINIJP) EQ.D) GO TO B
DZ=27110)

DD=GAML{ /' 7)

1FIK.EQ.? GO TO B32
JP=wBRYT )

GO TL RL3

JER=EE2 | 4E)

Re=R(.:2)

¥u=v| D}y

FEE-F R AR ES § 80§

CoL=CPL-(T, [*XN+TVR*AX)/IX
ClL=ClL=(TVI*RX-TVR®XX)/IX
Cw2=CR_*CRL+CIL®CIL
IFICMI LT, Y. E-B) GO TO 632
Ruz=|T/ReCRAL+TVI®CIL)/CM2
Xaz=(TvI®CRL-TWRP*CIL)/CM2
ZQ=-CMOLX(RX A XX)

BX=BEALIDT)

MM=AIWAGIDZ)

CALL MAGANG(CRL,CIL.CCM,CCA)
WEITE(!WT 100F) N,ICT(JP), CCM CCA RX, XX
IE(C¥2 . LT.Y.E-B) GO TO 607
Bz, ZR-DT)/(ZR+DT)
1R=-CWoLX(CRL.CIL)
IRFLUS=TIR/ (1, ~-uR)
1PWINZHDS IR/ (KR~ ,)

8. =zaBS/AIMAGIDDI)Y

wa E=f JBIVTAS3 BL

NLBYW=0
KOL=IANGLE(IAMIN)-ANGLE(IRPLLUS) ) /(2. *BL)*NLAM*WAVE/ 2.
IF(xOL.GE.1.) GO TO 607
I=(x0OL.LE.0Q.) GO TO €0A
IMaAx=(iR/(2.*DZ))*((ZR+DZ)*CEXP({DD*x0L )+(DZ-ZR)*CEXP(-DD*X0L))
CMAXM=CABS( Iwax)
CMaxA=ANGLE! IMAX)®*S5T 29577351
WEITE(IwWT 10'0) CWAXM,CMAKXA A XOL ,WAVE
NLAM=N| AMa 1

GD TO EDE

CA_L MaGANGICRL,CIL,.CCM, CCA)
WRITE(IWT  100€EIN,ICT(JP) ,CCM,CCA RX XX
IF(u EQ.2)GO TOD 841
J2=mC(UP)

1F(JP . NE.O)GD TO B35

Ke2

JPE B2 KP)

IF(JF.EQ.D)GO TO BS0
KQ=1P(JP)

GO TO B36

JE=KP2(UT)

IF(.F . NE.O)GO TO 8B40
CONTINUE

RETUGN 1

WRITE(IWT, 1007)JF

G TD

WIITE(IwT, 1008)



C'RTED
016770
D16780
pI1&e790
016800
(R BB
C1ERDTD
016810
D1ERLD
QVRAST
o R L
0'BBTOD
D16RE7
D1€83C
niFaon
O1€31n
C'6391°
D1&970
016530
C1€34a0
D'6350
01'69€0
016370
016280
pre232n
©1700C
017010
017020
o'703n0
or71704D
0172050
D*7080
017070
017CBD
c17030
017100
017110
07120
017130
0rTran
017150
0'T1ED
[ R0 A B o]
LY7TYRD
Q17120
o'T200
grr2c
C'7220
017220
c172a0
017250
0YT260
p17270
017280
p17230
017320
C17310
0'7320
0173230
017340
017350
D173¢€0
017370
017380
C17390
017430

noe
1001

1002

alal

1003

1004

100%
oes
too?
1cos
'cn9
cean
ciou
cior2

C.....
===

===
L===

Cwem

g
T 20
Cana

30

Ll
Cmmm=
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RETUAN 2
EQAMAT(IA AT 11,3F10.2)

FOBMAT( O%®* CONVERTER AT BUS ‘. 14 3X A7 3X, ‘#ss’ 5)X °[OPT = °,

' 12,5%,9~A = ' F10.2,'FUND = ', 2F10.2/'OHARMONIC CURRENT = °,

2 F'0D.8," WAG " F10.2,° ANG " ,10%, " HARMONIC VOLTAGE = *,

3 Ei1), 4, waG “LF10.2," ANG ')

EMEMAT( "0 , 11X, "ADJACENT ADJACENT BUS VOLTAGE CIRCUIT Cur

TRENT TOWARD COMNVERTER' 6€x, 'LINE IMPEDANCE /14x "BUS' 9X,'MAG ', BY%,
2 ANG ., Tx, NUMBER’ 7X,'MAG ', BX,‘anG ‘,12X,'R’',12X,'X")
i e e iy i i e v e PR

4 vax CURVENT FLOW' 6X, LOCATION WAVELENGTH )

EQOMAT( X, 14, 5%, F10.4 "X F1D.2,74,12,6%,F10.8,1% F1D.2,5X,F1C.4,3
X, E10.4)

EGEMAT( O .BX, FROM  ,9X, 'BUS VOLTAGE' [ 11X,"'TD",Sx, 'CIARCUIT" S¥,
1UTERM CURBENT FLOW' , 12X, "SHUNT ELEMENT'  3X, 'SERIES ELEMENT /AY,
2'89S" ,T¥, "MAG ,BX, "ANG ' ,9X, "BUS NUMBER' ,7X, 'MAG ' ,B8x,
AANG L VI, R LI?N, R 12X, R L 12K, K )

365, " =mmm e mmcea—ca CLBX, Cmmmem— —————e——— ——e=e'JBEX,

4 VAX CURRENT FLOW' ,BX, 'LOCATION WAYELENGTH")

ENOWMAT( O 9% 14 ,3% FID 4, 1% _F10,2)

FORMAT(az», 14, ,5%x,12.6> ,F10.4 11X, FI10.2,2(2X ,F11,2),2(2X_ F11.6))
FORMAT( "D*e*e* CONVERTER BUS “,I5,° IS NOT IN THE SYSTEM'/)
FORMAT(‘QD*** UNEXPECTED END OF CONVERTER BUS DATA')
FORMAT( 'O®%*DNLY FDuUR CONVERTER OPTIONS CAN BE USED FOR ONE ZBUS' )
FOQMATIEZX ,F10.4 11X F10.2,.5%x . F10.4, 3% ,F10.2)
EJRMAT(S7X FY'0.4 "% F10.2.5% F10.4,3% .F10.2)
FOAMAT (11X, "VBUS J.vMSQ(J), VVMI(J) ", 14, 5% ,E17.4,5%X,E17.4)
EnD
SUBROUTINE VBUS(JY ,J2,1BOR,LF VR VI, CR,CI ARBUS.XBUS)
CALCULATE HABRMONIC BUS VOLTAGES
CALLED FROM HARM]
IMDLICIT INTEGER®4(]-N)
INTEGER*a NBH NBS NBX M5, MBUS
COMMON /MB/NBH,NBS NBX M5 NLR
COMMON /K Z/MBLUS
DIMENSION 1S0R(NBS),VR(NBS) ,VI(NBS) RBUS(MBUS) . XBUS(MBUS)
DO 30 J=11,02
J=INTEQNAL BUS #°S
1=BUS ORDER NUMBER
1=180R( )
IF(I.LT.LF) GO TO 10
LL=INDEX T) IMPEDANCE BETWEEN BUSES
L=t Fel1o(1-1))/2
GO TO 20
Lel+TLFe(LF-Y))/2
ve=RZAL COMPONENT OF BUS VOLTAGE
VR(J)=CR*RBUS(LL)-CI1*XBUS(LL?
ViasIMAGINARY COCMPONENT OF BUS VOLTAGE
VI(J)=CRexBuUS(LL)+CI*RBUS(LL)
CONTINLE
RETURN
END
SUBROUTINE MAGANG(REAL ,AIMAG, AMAG ., ANG)
CALCULATE MAGNITUDE & ANGLE FROUM REAL & IMAG COMPONENTS
CALLED FROM HARM]
AMAGZEPEALREAL+AIMAG*AIMAG
AMAG=SORT (AMAGZ)
ANG=D,
IF(REAL.EQ.0. .AND.AIMAG.EQ.0.) GO TO 10
ANG=ATANZ[AINMAG REAL)
ANG=BNG®*5TY, 2957795
RETURN
END
FUNCTION ANGLE (COMPLX)
COMBLEX®*E TOMELX
A=REAL(COVPLX)



c17410
017420
017430
017aap
017450
017460
c17500
D176C0
D1'7700
C1Y7800
017200
0D180CO
018100
D18200
c18300
0'8500
012500
c1870
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B=AIMAGICOMPLX)
ANGLE=O .
1F(a EQ 0..AND.B.EQ.0.) GO TO 10
ANGLE=ATANZ (B, ,A)
10 RETURN

END
SUBROUTINE FFYCC
WRITE(€,1000)

1000 FOAWMAT( == 132{14*)/E2H0THIS 15 & DUMMY FFTCC ROUTINE TO SATISFY E
IRTERNAL REFERENCES, /1RO 132(1H*)/1HD)
RETURN
END
SUBROUTINE GRAPH
WRITE(E,1060)

1000 FORMAT( 1= 132(1H%) /E§2HOTHIS 15 A DUMMY GRAPH ROUTINE TO SATISFY E
IXTEQNAL PEFEOENCES. /1RO, 1321 1H* )/ 1H0)
RETURN
END
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X1. APPENDIX

D. MODIFICATION MATRIX FOFE PROGRAM
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X1I. APPENDIX

E. TI1-59 PROGREM LISTINGS
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TI-59 PROGRAM LISTING
CALCULATES NEW IMPEDANCE VALUE

Where:
Button A is pressed to enter the old impedance value
Button B is pressed to enter the old voltage base
Button C is pressed to enter the old voltampere base
Butten B' is pressed to enter the new voltage base
Button C' is pressed to enter the new voltampere base
and then:

Button E is pressed to calculate the new impedance
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Where:
Button
Button
Button

Button

Button

Button
and then:
Button
Button
Button

Button

CALCULATES
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TI-59 PROGRAM LISTING

is pressed to enter the

is pressed to enter RR1l

is pressed to enter XX1

is pressed to enter the
% at 100% voltage

is pressed to enter the
at 100% voltage

A is pressed to enter new
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calculate
calculate
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TRANSFORMER DATA VALUES

old voltampere base

in % in the old base

in % in the old base

magnetizing current in

no load losses

voltampere base
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TI-59 PROGRAM LISTING
CALCULATES TRANSFORMER DATA VALUES

(Continued)
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TI-59 PROGRAM LISTING
MATRIX PROGRAM

Multiplies two 3 X 3 complex matrices [A] and [B] together

a); 33 233 bj; bpo  byj €31 C12 13
37 833 333 [x by Py by (=] €37 C5 O3
a3 233 a33 b3; b3y b3j €33 ©32 Ca3

and stores the new complex matrix [C] where complex matrix [A]

was located. Complex matrix [B] is left undisturbed.

For computation, this program uses:

Storage Locations 00 through 37

Storage Locations 40 through 51

Also the following labels are used:

K, By C; Av BY, ov,; DY In X,

Sin, Cos, tan, and log X.
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TI-59 PROGRAM LISTING
MATRIX PROGRAM

(Continued)

Where:
Complex Matrix [A] is stored in storage

through 17 by entering them directly to

locations.
Enter real part of a3 in storage
Enter imaginary part of 2y, in storage
Enter real part of a, in storage
Enter imaginary part of a1, in storage
Enter real part of a3 in storage
Enter imaginary part of a3 in storage
Enter real part of asy in storage
Enter imaginary part of @51 in storage
Enter real part of a5 in storage
Enter imaginary part of a5, in storage
Enter real part of asg in storage
Enter imaginary part of ass in storage
Enter real part of asy in storage
Enter imaginary part of azy in storage
Enter real part of az, in storage

Enter imaginary part of a3, in storage

locations 00

the storage

location

location

location

location

location

location

location

location

location

location

location

location

location

location

location

location

00.

0l.

02.

03.

04.

05.

06.

07.

08.

09.

10.

1 R 18

12,

13;

14.

15.
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MATRIX PROGRAM

Enter real part of

Enter imaginary part of

(Continued)

a33

Ra3

in storage location

in storage location

16.

517
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MATRIX PROGRAM

(Continued)

Where:
Complex Matrix [B] is stored in storage

through 37 by entering them directly to

locations.
Enter real part of bll in storage
Enter imaginary part of bll in storage
Enter real part of b12 in storage
Enter imaginary part of b12 in storage
Enter real part of b13 in storage
Enter imaginary part of bl3 in storage
Enter real part of b21 in storage
Enter imaginary part of b21 in storage
Enter real part of b22 in storage
Enter imaginary part of b22 in storage
Enter real part of b23 in storage
Enter imaginary part of b23 in storage
Enter real part of b31 in storage
Enter imaginary part of b31 in storage
Enter real part of b32 in storage

Enter imaginary part of b32 in storage

locations 20

the storage

location

location

location

location

location

location

location

location

location

location

location

location

location

location

location

location

20.

21,

22.

23,

24.

25/,

26.

27"

28.

29.

30

31.

33.

34.

35.
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MATRIX PROGRAM

(Continued)
Enter real part of b33 in storage location 36.
Enter imaginary part of b33 in storage location 37.
and then:
Button E is pressed to calculate [A] X [B] = [C], which

takes approximately 3 minutes.
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Complex Matrix
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TI-59 PROGRAM LISTING
MATRIX PROGRAM

(Continued)

00 through 17, where the previous Complex Matrix

was

Pressing
Pressing
Pressing
Préssing
Pressing
Pressing
Pressing
Pressing
Pressing
Pressing
Pressing
Pressing
Pressing
Pressing

Pressing

located.

Then:

RCL 00 displays

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

RCL

01

02

03

04

05

06

07

08

09

10

11

12

13

14

displays
displays
displays
displays
displays
displays
displays
displays
displays
displays
displays
displays
displays

displays

the

the

the

the

the

the

the

the

the

the

the

the

the

the

the

real part
imaginary
real part
imaginary
real part
imaginary
real part
imaginary
real part
imaginary
real part
imaginary
real part
imaginary

real part

of

part

of

part

of

part

of

part

of

part

of

part

of

part

of

of

of

of

of

of

of

11*
11°
12¢
1.2
13"
13-
21°
_21’
22°
22"
23°
23°
31"
31"

32°

[C] is found stored in storage locations

[A]
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MATRIX PROGRAM

(Continued)

Pressing RCL 15 displays the imaginary part of

9]
w
(S}

(o]
w
w

Pressing RCL 16 displays the real part of

9]
w
w

Pressing RCL 17 displays the imaginary part of
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MATRIX PROGRAM

(Continued)
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(Continued)

22 L o8 193 47 47
153 ?3 REL 194 32 ®IT
i 7 17z oL A0 o7
e . 135 42 570
e < 196 40 40
iab iz s 197 42 sT0
Lo 18 p 198 46 4€
: oE o LH i 1 o909 o F‘TH
159 71 SEBER AL
vel B8 Lon 200 TFE LBL
it et 8 B 451 = =
161 71 SBR =06 e B
s | hum Rte 202 22 IHY
e o2 oo 202 37 PR
. 204 42 S0
B 4 [= anE A7 "
165 42 €70 £99. 55 &
e 3 i 206 42 S70
i6b 4% 14 20T 49 49
or. 3 B 208 32 w!
1 = i L 9
163 42 £T0 e e
170 15 15 241 A3 o0
174 71 SBR - * “‘4.1
shm AR 3 b 212 48 48
172 =3 LH& 213 B2 RTH
173 Tl SER zi4 TE LBL
. 215 13 €
iy il e o 5 = S e R | 1_‘ Lt
176 30 TAH ;fi 3o ;ﬁ&
179 42 =70 pro R o
180 16 16 : =z 142 =570
A = ey i 221 BiEm)
iba M ROk z 222 ILRE WY
- I 223 42 ‘STO
182 4f Bl : 224 44 44
o R | 225 42 ST0
ips GBS 226 S0 S0
i 5 B 227 92 RTH
187 11 A 228 76 LBL
ee = 524 16 A
1= A o = L
190 42 STO 2y 5o
1 'n_. 1 ;_11. 1 |1 }_ T .:l j -- 1 I-" i
e o orn 23z 44 SUM
ke, Be B 233 41 41



S VN O

ar

L S SR T R ) | P ) S ¢y Iy R 1 T R O o e i S e Lo A

[ n T 0 T

EEN L]

L T SN e SN 0 3 e I T SN T T S v TN e N 0 1 S T O TS O B T ¢ T | O "SR A W O

Pl T P Pt o Tl T Pt Pt o By P o Tt P o Tt Tt T Fd Pt D53 P T P T P B Fob P P T T i T P ol T

R R R NN

)
ot LY

£ s f

SIS BN TRt NN Y A ST g T AU A R O

cR I B T oY i 3 SR B T P )

a1

W e G ) N

AT G T L P e -

I g 4

o U R = < T R T et M & R 000 Y O N

N R A L IO A S el o R e R e AL IO

L

164

TI-59 PROGRAM LISTING
MATRIX PROGRAM

(Continued)
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MATRIX PROGRAM

(Continued)
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TI-59 PROGRAM LISTING

CALCULATES STAR TO DELTA TRANSFORMATION

Where:
Button
Button
Button

and then:
Button
Button

Button

A' is pressed to enter Zy

B' is pressed to enter Zy
C' is pressed to enter Zy
A is pressed to calculate Zpy

B is pressed to calculate Zyy

C is pressed to calculate Zpy

A7 B

i 1

[l = = 1

e 3R ] T
4= ELL

oo RSN

i 295 =
7 91 B
- i LBL
i iz B
r4 A=A g
£, ol i
& o H
- 43 FCL
o o B =
2 L= 35
P { —dl — -
L i .:e :
= 42 RCL
1 oo a0
&5 +
43 RCL

2 Oz iz

A2 o

-, - e T
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49 o5 s
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CALCULATES STAR TO DELTA TRANSFORMATION

(Continued)
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168

CALCULATES CAPACITIVE ELEMENT REACTANCE

Where:

then:

Button

Button

Button

Button

Button

Button

Button

Button

Button

Al

Bl‘

Dl

is
is
is

is

is

is

is

is

is

pressed
pressed
pressed

pressed

pressed

pressed

pressed

pressed

pressed

to

to

to

to

to

to

to

to

to

enter the
enter the
enter the

enter the

calculate

calculate

calculate

calculate

calculate

frequency
3-phase VARS
line to line voltage base

3-phase voltampere base

capacitance single phase

XC in ohms
l-phase

Xc in per unit
l-phase

X in %
l-phase

impedance base
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CALCULATES CAPACITIVE ELEMENT REACTANCE
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TI-59 PROGRAM LISTING
CALCULATES INDUCTIVE ELEMENT REACTANCE

Where:
Button A' is pressed to enter the freguency
Button B' is pressed to enter the 3-phase VARS
Button A 1is pressed to enter the line to line voltage base

Button B 1is pressed to enter the 3-phase voltampere base

then:

Button C 1is pressed to calculate inductance single phase

Button D is pressed to calculate xL in ohms
l-phase

Button E' is pressed to calculate X in per unit
l-phase

Button D' is pressed to calculate XL in %
l-phase

Button E is pressed to calculate impedance base
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TI-59 PROGRAM LISTING
CALCULATES INDUCTIVE ELEMENT REACTANCE

(Continued)
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TI-59 PROGRAM LISTING
CALCULATES PER UNIT VOLTAGE OR CURRENT PROGRAM INPUT VALUES
FROM HARMONIC MEASUREMENTS GIVEN IN DECIBELS

Where:
Button A is pressed to enter decibel value
Button B is pressed to enter per unit V2
and then:
Button E is pressed to obtain per unit value
Formula used is:

. db
V1 pu = (Vzlx[antllog (iﬁ)] pu

where:
V. Actual Voltage
2 Base Voltage
or
v, = Actual Current

2 =~ Base Current

oy

o RS 5
! 25 =
i 22 MY
£ o8 LOG
az 945 =
i S I 3
g 4% ECL
£ 1

AN I A
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TI-59 PROGRAM LISTING
CALCULATES HARMONIC DISTORTION FACTORS
UP TO THE 35th ORDER HARMONIC
Where:

Each harmonic is stored in its respective storage location.
Enter harmonic of order 1 and press STO 0l.
Enter harmonic of order 2 and press STO 02.
Enter harmonic of order 3 and press STO 03.
Enter harmonic of order 4 and press STO 04.
Enter harmonic of order 5 and press STO 05.
Enter harmonic of order 6 and press STO 06.
Enter harmonic of order 7 and press STO 07.
Enter harmonic of order B8 and press STO 08.
Enter harmonic of order 9 and press STO 09.
Enter harmonic of order 10 and press STO 10.
Enter harmonic of order 11 and press STO 1l.
Enter harmonic of order 12 and press STO 12.
Enter harmonic of order 13 and press STO 13.
Enter harmonic of order 14 and press STO 14.
Enter harmonic of order 15 and press STO 15.
Enter harmonic of order 16 and press STO 16.
Enter harmonic of order 17 and press STO 17.
Enter harmonic of order 18 and press STO 18.
Enter harmonic of order 19 and press STO 19.
Enter harmonic of order 20 and press STO 20.
Enter harmonic of order 21 and press STO 21.

Enter harmonic of order 22 and press STO 22,
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TI-59 PROGRAM LISTING :
CALCULATES HARMONIC DISTORTION FACTORS
UP TO THE 35th ORDER HARMONIC

(Continued)

Enter harmonic of order 23 and press STO 23.
Enter harmonic of order 24 and press STO 24.
Enter harmonic of order 25 and press STO 25.
Enter harmonic of order 26 and press STO 26.
Enter harmonic of order 27 and press STO 27.
Enter harmonic of order 28 and press STO 28.
Enter harmonic of order 29 and press STO 29.
Enter harmonic of order 30 and press STO 30.
Enter harmonic of order 31 and press STO 31.
Enter harmonic of order 32 and press STO 32.
Enter harmonic of order 33 and press STO 33,
Enter harmonic of order 34 and press STO 34.

Enter harmonic of order 35 and press STO 35.
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TI-59 PROGRAM LISTING
CALCULATES HARMONIC DISTORTION FACTORS
UP TO THE 35th ORDER HARMONIC

(Continued)
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TI-59 PROGRAM LISTING
CALCULATES HARMONIC DISTORTION FACTORS

UP TO THE 35th ORDER HARMONIC

(Continued)
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TI-59 PROGRAM LISTING
CALCULATES HARMONIC DISTORTION FACTORS
UP TO THE 35th ORDER HARMONIC

(Continued)
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TI-59 PROGRAM LISTING
CALCULATES HARMONIC DISTORTION FACTORS
UP TO THE 35th ORDER HARMONIC

(Continued)
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XI11. APPENDIX

F. THREE-WINDING TRANSFORMER FXAMPLE
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n'l'\l“" .“’ﬂ ay
Juxh‘iﬂ;ﬁ Uals

WIETINGHOUS

oary _Febroavy 72,

Clsss OA/TOA/FOA Shell, Form Autotransformer KHOP ORDEN HO MIROSE

1968

GENEHAL orpre no__ DI=18400

300000/400000/500000 EVA = 345000 Grd. ¥/161000 Grd. Y/13200 Volts, 3 Phuce, 60 Gyeles
e —— ——— ————— . —— — L T e+ - - ——— - B " e SJ

PATING
Exciting Currint and Ne lead Loss Measurements
% Rated Voltage % Eaciving Curiunt bo lLond Loss, Watts
Mearured Cuarinteod Measured Cusranteed
1107 2. 2.4 - 415550 428000
1154 3.5 3.2 4B2000 500000
Additionsl Tmpedance and Load Loss Moasurements at 75°9C
KLYC Load Less,
Voltage Cenncction Pos, KVA % _Inpedance Watts
3€2250 - 161000 1 300000 6.08 393159
353625 - 161000 2 300000 5.96 384668
336375 - 161000 4 300000 5,93 3718959
327750 - 161009 5 300000 6.04 384803
362250 - 13200 1 £4500 11,84 127355
353625 - 13200 2 64500 11.59 123335
336375 - 13200 4 64500 11,23 123856
327750 = 13200 5 64500 11.05 124239
Zero Sequance Inmpedance M=asurcments
Voltepe Connczction ELIC Fos. KV % Im?fd:'nn
362250 - 161000 1 300000 6.07
353625 - 161000 2 300000 5.88
5 345000 - 161000 3 300000 5.60
336375 - 161000 4 300000 5.82
327750 - 161000 5 300000 5.96
362250 - 13200 1 64500 11.59
353625 - 13200 2 64500 11.24
345000 - 13200 3 64500 11.37
336375 - 13200 4 64500 11.24
327750 - 13200 5 64500 10.99
161000 - 13200 - 64500 9.56
Puzp and Fon Losses
230 Volts, 3 Phase, 60 Cycles
T.W. AN,
Mzazurcd 30i60 43150
Guaranteed 63500 —————
Additional lossos
345/161 KV @ 500 LvA 345/13.2 KV @ 107.5 MVA
Load lLoss (Watts) 1020175 353042
Ko Load Loas (Watts) 257940 " 257940
Total 1284115 600952
) GCuoarantwed 1273000 610000
L aem T A TRUN AND CARRICTY FRCORN OF NATA GETAINEL PROM TOSTL AT ThF oo H'f'if:_!.'r-: PL_"‘!\‘I ——— e e < O F
Wi SIOURE P LLI0IG CORPOTATION

3 . _/ '/) O

O s S PALES BIGE
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(R SIS

REFOUT UF 1E518 Al Tt :
e it L)
Vicstingiicuss S
pate . Fobivvary S, 1780 b

. WESTIHLILLAE CCVRA D [
SRR NS G Dy esmitis oSt S — — GENLKAL UKOLH NO __Dl_‘_'l’:-__o‘__ |

avpanaiuso— — Class OM/FOA/TOA Sliall Form Autotransformer A SRR NG MGROZG

wame . 300000/%00000/500000_KVA_=_345000_Grd. Y/161000 Grd. ¥/13200 Volts, 3 Phase, 60 Cycl.

Efficiencies at 300000 KVA
(Pover for cooling not included)

Load Ll 34 172 14
Maasurad 99.79 99,19 92,77 29,62
Guarantced 99.73 99.78 99.75 99.59
Ratio Test
100 Volts Applied On High Voltage
H.V.-NLTIC Measured On Log Voltuage
Volt, Fos,. Ph. A Fh. B Ph. C
1 45,56 44,56 44,56
2 45,54 45,54 45.54
3 46,67 46,67 46.67 !
& 47 .86 47.86 47,806 |
5 49,11 49.11 49,11 I
250 Volts Applied Oun High Veltage }
. Mzasured On Tertiary Voltoue |
5 17.36 17.30 17.36 |
1
} Corona Tests I
Microvalts . }
% Induced Test HL H2 K3 !
50 35 12,2 1.6 i
70 125 204 158 .
100 300 306 242
100 300 102 161
70 125 81.6 97
50 90 25.5 97 |
0 0 0 0 ]
50 70 127 2.7 l
70 85 178 2,7 F
|
)
fue ::1':1;'\' 1% A TRE ANG COAFERT AFCHAN OF DAY, ONTAISID Foow TERTS ATTIND . ?""":F:]_l: . vrANT R N — or
SV MOLSE $LYLTIIC COIPIRATIAN -
PAGE _3 oars __3___ PAGTS T B (/{’_:,’.,)-/' . -':' - Cret'y
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[A] X [B] = [C]
- —_ = - = o
.5 5 -.5 yA Z
HX (H) Hl,2
3 =5 .5 % Z = A
HY (H) xl,2
-.5 <5 . ZXY(H) ZY
J L - i 1'2-

USING MATRIX PROGRAM =-- which multiplies two 3 X 3 complex
matrices together

PRESS 2nd CMS TO CLEAR ALL MEMORY STORAGE LOCATIONS .

ENTER MATRIX [A] (see Anderson (4), Page 246 for this example)
by the following steps:

ENTER .5 and PRESS STO 00
ENTER .5 and PRESS STO 02
ENTER -.5 and PRESS STO 04
ENTER .5 and PRESS STO 06
ENTER -.5 and PRESS STO 08
ENTER .5 and PRESS STO 10
ENTER -.5 and PRESS STO 12
ENTER 5 and PRESS STO 14

ENTER .5 AND PRESS STO 16
ENTER MATRIX [B] by the following steps:

ENTER 2 VALUE and PRESS STO 20

HX (H)
ENTER ZHY(H) VALUE and PRESS STO 26
ENTER ZXY(H) VALUE and PRESS STO 32

PRESS BUTTON E TO EXECUTE.
AFTER PROGRAM EXECUTION CEASES (Approximately 3 minutes):

PRESS RCL 00 to Find 2 VALUE
1,2

PRESS RCL 06 to Find Z VALUE

PRESS RCL 12 to Find 2 VALUE
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SUB 39
345/161/13.8 KV XFMR

FROM THE TRANSFORMER TEST REPORT
345 KV to 161 KV

zHX(H}l,z = 5.9400% €@ 300 MvA

345 KV to 13.8 KV

Z 11.4200% @ 64.5 MVA

HY (X) , -
r

161 KV to 13.8 KV

ZXY(Y}l 3 = 9.9300% @ 64.5 MVA

TRANSFERRING EVERYTHING TO THE H-WINDING VOLTAMPERE
BASE YIELDS:

ZHX(H} = 1.9800% @ 100 MVA
1,2
ZHY(Hll 5 = 17.7054% @ 100 MVA
= . MVA
ZXY[H}I'z 15.3953% @ 100 MV

CHANGING TO PER UNIT EQUIVALENT CIRCUIT VALUES

Zy = 2.1451% @ 100 MVA

1,2
Zy = =-.1651% €@ 100 MVA

l'2
Zy = 15.5604% € 100 MVA

1,2

PERFORMING STAR TO DELTA CONVERSION

Zyux = 1.9572% @ 100 MVA
Zyy = 14.1977% @ 100 MVA
Z = =184.4666% @ 100 MVA
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SUB 39
345/161/13.8 KV XFMR

FROM THE TRANSFORMER TEST REPORT
345 KV to 161 KV

ZHX(H)O = 5.9000% @ 300 MvA

345 KV to 13.8 KV

ZHY(Y)O = 11.3700% @ €4.5 MVA

161 KV to 13.8 KV

ZXY(X)O = 9.5600% € 64.5 MVA

TRANSFERRING EVERYTHING TO THE H- WINDING VOLTAMPERE
BASE YIELDS:

ZHX(H)O = 1.9667% @ 100 MVA
ZHY(H)O = 17.6279% @ 100 MVA
ZXY‘H)O = 14.8217% @ 100 MVA

CHANGING TO PER UNIT EQUIVALENT CIRCUIT VALUES

ZH = 2.3865% @ 100 MVA
0
ZX = =-.,4198% @ 100 MVA
0
ZY = 15.2415% @ 100 MVA
0
PERFORMING STAR TO DELTA CONVERSION
ZHX = 1.9010% @ 100 MVA
Z = 12.1406% @ 100 MVA
Xy
Z = -69.0176% @ 100 MVA

HY
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SUB 39 345/161/13.8 KV XFRM

USING 3 INDIVIDUAL TRANSFORMER REPRESENTATION

Given:

From Bus

To Bus
RR1
XX1
XC1
RRO
KK
XX0

XCo0

SHELL FORM XFMR

2 WDG XFMR
300 MVA

345 KV GRD WYE to 161 KV GRD WYE

Impedance

ZO =

_ = .78% @ 300 MvA
Magnetizing Current € 100% Voltage

No Load Losses @ 100% Voltage = 257940 Watts @ 300 MVA

2704
2717

= 1.9572 £ @ 100 MVA
= 1.9010 $ @ 100 MVA
=  4273.5043 $ @ 100 MVA
= 38768.7059 $ @ 100 MVA
= 0

= .7

4273.5043 % @ 100 mMva
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SUB 39 345/161/13.8 KV XFRM

USING 3 INDIVIDUAL TRANSFORMER REPRESENTATION

Given:

From Bus

To Bus
RR1
XX1
XCl
RRO
KK
XX0

XCO

SHELL FORM XFMR
2 WDG XFMR
64.5 MVA

345 GRD WYE to 13.8 KV DELTA

Impedance =
ZO =
IMagnetizing Current € 100% Voltage : E %2,§5§VA
No Load Losses @ 100% Voltage = 1 X 10782 watts
@ 64.5 MVA
2704
3704
= -184.4666 $ @ 100 Mva
= - 69.0176 $& €@ 100 mMva

1.5504 X 109%

]

100 MVA
3
1.0000 X 10 € 100 MVA
0
.8

1.5504 X 10°% @ 100 MVA
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SUB 39 345/161/13.8 KV XFRM
USING 3 INDIVIDUAL TRANSFORMER REPRESENTATION

Given: SHELL FORM XFMR
2 WDG XFMR
64.5 MVA

161 KV GRD WYE to 13.8 KV DELTA

Impedance =
20 =
-95
IMagnetizing Current € 100% Voltage =1 g ég 5 ;VA
No Load Losses @ 100% Voltage = 1 X 10787 watts
@ 64.5 MVA

From Bus 2717

To Bus 3704

RR1 = 14.1977 $ @ 100 MVA
XX1 = 12.1406 $ @ 100 MVA
XCl = 1.5504 X 10°° % @ 100 MVA
RRO = 1.0000 X 1099 £ @ 100 MVA
KK = 0

XX0 = .8

99
XCo0 = 1.5504 X 10 $ @ 100 MvVA
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X1V. APPENDIX

G. THREE-TWO PHASE TRANSFORMER EXAMPLE
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i Form 1341-3-2

ALLIS-CHALMERS MANUFACTURING COMPANY
J MILWAUKEE, WISCONSIN .

TRANSFORMER TEST REPORT spec. 11626
Purchaser..........Moline Qock Island Manufactur Company Morsye K5,

Date of Test...11=0=.0 Purchaser’s Order No.... 39613 AC o;a. No. B170Y-1
Type ,.‘QISC,.‘n..._.i.gg.)..,ﬁ,,.ﬁiﬁﬁ....._.._.__l’hmlrz._ﬁgln 60 Tnsubating Piue_ ACU #3 011 |
- Q. Volts 480 Volts Volts
Wintios i"’ ...1250 . _xvs P _1250 v O Xvi
Tops ..{1) FaCa 5040 4920, LOBO, 4560 .. (2) Scott. Taps. ¥ |
RESISTANCES, EXCITING CURRENT, LOSBSES AND IMPEDANCE —Based on Normal Rating unless otherwise stated.
ﬁl.:::u and nnhtion are based on ntunmr measurements. For thres-phase transf 1 the given are the sum of l.he!
_Main and T nk. 4
g ]
TR | B | et LEOD _v]
Loss |
Berial Ne. " Cet | W Wars ..__.._&.S.Q........,,_._V
v, | Ve, _ 350 g,
w | o [t Loadlese | %Ump | Los¢los | % imp |dandlow |%Imp |
TotalTota) 3¢ | 38 MAIN TEASER | _Total Avg.

| 1722132-3 _[.255|.002%5 1.50| 3L40 | 5374 _| 4.01 163 | L.41 15120]4.21
[ 1722134=5 _[,250|,0026L 1.70 3470 | 5336 | 4,02/ 6094 | 4.33 1LBOLIL.IR

Total Lom Tot! Lot

Total Los
345517104 ) 4,02 7880 | Le37 15007 14L.20.
— 15L60 ;

Avernge 1
Gurrassa 3 i

A0
200

1009 P1 —— % P

REGULATION AT 75°C o Aversgs

1,00 3.25
| Guaraaies 1,10 4,00
TEMPEEATURE RISES are average riscs In degrees C corrected to ipstant of shutdosrn '

Besial No....._1722132=3 with windings connected and loaded as follows |

m Volts. =it Amp. until temperature has been reached.

Tamp. Rise of Wisdings by Raslotance Amblant Temp. Watw |

m 7)) ™ Cuarantes e Tohen | B gt [ v | phSem

Datactor
3643 394 55 137.5 17.5

HE|

INSULATION TESTE — If Impulse Tests are required, see separate Transformer Impulse Test Report.
\"o‘ I.nhg ™~ Test Volegs Dm Tesi
APPLIED mﬂal TESTR i i = &800 26000 60

sacnecied W l-rc mmd preusd 1‘,30 10000 60 ) I
- 5 SRR, B

INDUCED NTIAL T | 1 - g —imnea rrind wolage Mcross full winding
s e it M /T T v trom

kv e termunal 10 groumd

REMARKS: ¥ See Connection Diagram Dwg, G=031759 " % Ex,Vurrent 3p
@90% E,
& Efficiencies @ 75°C @100% PF, Avg, 1.0

Guar, 1.9
Load 5/L L/L 3/4 1/2

/ @110% E.
Average 98.67 98,84 98,97 99.01 98, 63 AVE. 12?%
Guarantee98.63 98.79 98.91 98.92 98.51 Guar. 5.3

Ihrlbyn!ﬂlylhllilnmnwﬂhﬂduhmlmudohwﬁlthmfme CﬂllC!??m

of the Amarican & transformer withsicod the above losulal - d“u
n_._.&-ZL ki § Approved-
blb" - A Lo B
Copied frou Test Keport dated 11-27-40

—



196

oo - -

romCHARER Peoples Light Co. i Sasmenous  DP.28612
" Tmarue S swor wo.___22+R-48
P

¥ ____ADDITIONAL TEST DATA

—_— 235140l = = : 1 0
________zaslﬁgk : é;nn.l.;:. - 1073
— Total 2 Tinita 11200 ¥atts 1.h6€ I
—  Guar. 1370 Watta .

1.5%

L 177.82 ~ 3177.81

2
s b 3 ) Y61 B2 181 .85
9 L L " iy J_M'ngl 186,10
— W L] c [] — 19 '63 191 53
w 1, E=5. 10 g - BA S0 S0E0E
. 1, 7-9, 10 [ . 222,28 223 ¢
= 5 L1 _‘20-22; 2-23 1133 11112
Y BRSO AT R CORRONATION OF DATA OBTAINED FROM TESTS AT THE woRKS oF
2 2

PABE or FAGES SioMED
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REPORT OF TRANSFORMER TESTS

; l
bl cgey : WESTINGHOUSE - _ ..
P EL!CTILIC CDRI’ORATION’SP*¢
roegnar__Po0plen Light Co. gm_i%%:
. tTest___ = Customsr's Order No 22%2&12_00 No.
+ X Phase c,m-- g Fluid |
- 3200 Volts Volia Volts l
Windings (1) (2 :6_990 Kka & Kva |
u_} 11669 - 33530 = 12b70 - 12530 F.C.
s (2) 2,00 By series parallel

RESISTANCES, E.lcl'ﬂhil:‘. CURRENT, LOSSES AND IMPEDANCE—Based on norma! rating, uniese otherwise slated. Losses ano regulation are
based on watimeter measurements. For three-phase transformers the resistances are the sum of the three phases in series.

__I]‘LE_K\' - Kv ‘
RESISTANCE IN OHMS AT 16°C | BuShint ._5‘;% ONRsly __tcgl_m o Kvlvo Ky |
g e urte | Sarts | 300t Kva TR S
ol B LOAD LOSS | % IMP | LOAD LOSS IMP | LOAD LOSS [
M 2 3 WATIS 1C | Tare | WarTs serc | Tae | walTe v | Tase
2351kl (4)L1301 017 2.4 3.19 é
235195 (B)L1299 L.OV777 2.5 1% 3.22 (32300 (3,38 i
K ¢3 E) [TOTAL LOSS WATTS 78°C | TOTAL LOSS WATTS 75°C| TOTAL LOSS WATTS 78°C |
AVERAGE 2 0 -
GUARANTEE 3. ' '
ks roos, pf (D % PF ws, e (D % PF
REGULATION AT 78°C -[‘avernae 254 233
' | GUARANTEE P .
. ""‘*{:M'run: RISES—Average riss in degrees C., corrected to instant of shutdown, of tranaformer. |
; . :
o 2‘“1_5% - ; with g St And all . |
o _12.53_,_,.__,_Kv Z?ﬁ i Amp. (2) 2.11. Kv 12;0 Amp. |
- Kv iy Amp. until constant tsmpsralure rise was reached.
RISE PF WINDINGS BY RESISTANCE Yop MABIENT TEMP, WATER
R @ @) plyoommanree | %REE maoue: 1 oaniis, wise foitons | Loube,
= Los [I.c |l6.5 A3 ea| LG5 25
INSULATION TESTS -
VOLTAQGE RATING OF TEST VOLTAGE DURATION OF TEST
APPLIED POTENTIAL TESTS WINDING TESTED APPLIED IN KV . IN BECONDS
{Voltage applied between sach winding and all 13200 6 0
other windings connected to core and ground.) 00 : % 60
2 times rated voltape acrops full winding;
INDUCED POTENTIAL TEST kv from _ kv line terminal to ground ;
at 120 cycles per dior_ 7200 eycius.

REMARKS @ Winding identified as follows:
(1) B.V. Main wmit (2) L.‘V. main ynit (3) H.V. teaster unit (4) LV teaser unif
(4) Main Unit (B) Teaser Unit
(¢) Maln and Teaser Units eonnected for 3/2 phase eperatiom

_ (D) As single phase units (E) Total for twe units

/

sereby cerlify that this is & trus report based on factory tesls made in acoordance with the latest Tranaformer Teal Code €57.2 of the American
owndards Associntion; end that each transformer withslood the above insulation tests.

Sipned e e ml.ms Approved
.ﬂl._:.._bf_z_rm. WRANGrORMIR LN BFT




NOTE:

GIVEN:
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SUB P
TRANSFORMER #4

This is a three-winding three to two-phase transformer

? Form Transformer
3 WDG Transformer
6 MVA Transformer

13.2 KV DELTA to 4.8 KV STAR GROUNDED

Impedance = 3.38
Impedance = 3.0925
ZO = 3.38

Z = 3.0925
0

I

Magnetizing Current € 100% Voltage

No Load Losses € 100% Voltage

@
% @
% @
L

Assume Shell Form Transformer

FROM 3008

TO 5008

RR1 = 51.5413 % @ 100
XX1 = 51.5413 &% @ 100
XCl = 34013.6054 % € 100
RRO = 687285.2234 % @ 100
KK = 0

XX0 = «9

XCO = 34013.6054 & @ 100

MVA
MVA
MVA
MVA

MVA

13.2 KV @
13.8 KV @

13.2 KV @
13.8 KV @

6 MVA
6 MVA

6 MVA
6 MVA

= 2.4+42.5% @ 6 MVA
= 4.9% @ 6 MVA

7150+7400 Watts @ 6 MVA
14550 Watts @ 6 MVA
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XV. FPPERDI1X

H. GROUNDING TRANSFORMER EXAMPLE



REPORY OF TRANSFORMER TESTS

Punwm & »

W
L LECT R

200

ESTINGHODU DSE

C et

Tate of 1-;'._9-3 ; —. Customer's Order N
( ..LL_".Q«W%LE:_ Phase 3 :
13800

Winding® l'l)_-ﬁ 0]

1C CORTORATION

Voite

Kva @

{1) 7970 to %utrg]'.

o

(3)

RESISTANCES, EXCITING CURRENT, LOSSES AND IMPEDANCE—Bated on normal rating, uniess otherwise stated. Losses anc regulstion are
bared on wattmeter measurements. For three-phase transformers the mesistances are the sum of the thrse phases in serist.

B=2 -. Kv Ky L}
RESISTANCE IN OHMS AT 78°C et Lo WiRslro_2=D “ KvlTo Ky |10 X
SERIAL NO. Al e ‘:&“r%;' {ovr ghas s _",.) Kva Kva ¥
VOLTAGE VOLTAGE - !
= o | e | o i Wt | Swe | ORI St | SRR | Rt
3012477 3.32 ffotal | =203 | 3950 ANI50 | 76.2
TOTAL LOSS WATTS 78°C | TOTAL LOSS WATTS 73°C | TOTAL LOSSE WATTE 7
AVERAGE 3100 !
GUAREBNTEE P
o PF | G PF 075 PF X
REGULATION AT 758°C AVERAGE
GUARANTEE
: SERATURE RISES—Average rise in degrees C., corrected to instant of shutdown, of transtormer.
nal No 301%77 with windings connected and loaded as follows: I
m 13 -B Kv 13; Amp (2 Kv Ar
(3 Ky Amp. unlil constant temperature rise was reached.
l RISE OF WINDINGS BY RLSISTANCE TOF AMBIENT TEMF, WATER
f2 Wro I Qao|Eaaro | cvmees | WP [TRESES | ofhiow | Mt | ok | sedon
13ma£l-1 -—8‘5%—9‘5 3?“5 2':'
| |
INSULATION TESTS
VOLTAGE RATING DF TEET VOLTAGE DURATION OF TEE
APPLIED POTENTIAL TESTS WINDING TESTED APPLIED IN XV . IN BECONDS

(Voltage applied between each winding and all
other windings connecled to core and ground.)

13500

3%

€0

INDUCED POTENTIAL TEST

2

kv from

Y

per second lor,

times rated vollage across Tull winding;
kv line terminal to grov

yeie:

REMARKS

| herehy eertify that this is » true report based on factory tests made in accordance with the Iatest Transformer Test Code C57.2 of the American
Btandards Association; and thal sach translormer withslood the above insulation tesls.

Bigned

Pape

n.“_m_l_.nr..l__ﬂun

Approved

TRARM BEmIA Fue. B FT,
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M,.‘ = ouse

fei- BODDKVA. - - -TIIREE FHASE - D LOAD
2 13600 VOLTS - TYPE SL CORTIRUOUSLY
B0 CYCLES EROUNDING 35°C. RISE

wpioance [ % T%ﬁﬂlﬁsﬁ}]&%ﬂ saons o[ )
. AT ABDVE RATING
L SPE. 388338 T i —

FULL WAVE IMPULSE STRENGTH: HIGH VOLTAGE 110 KV, LOW VOLTAGE 110 KV.

SEE ISTRUCTION BOOX 5034

__I“'“““'I'Zlml:I o m[ ]

PATENTS 1454826 )450135— 1490229 — 1432135 —1432151 — 1552007 —1557092— 1565532 — 1587284
o l ﬂi——l.’o’!m 1501308 — 1601326 — 1605026 —1621039 — 1539763 — 1725078 — 1751223

5 1B2154— 1827813 — 181141839720
- “maemnsd . WESTINGHDUSE ELECTRIC & mncmnmc COMPANY 244710

PHASE C




NOTE:
2.
3.
4.
B
6.

RSeries

& .3,0

TExciting @ 100% V

LossesN.L.

Bus # 3763

z

XX1

Il

XCl1

Z

475285.1711 %
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SUB A GROUNDING TRANSFORMER
(Treat Like Linear Element to Ground)

Put in "Small" values for RRIl. (This doesn't exist
in transformer model.)

Put in "Large" values for XX1l. (This is equivalent
to XCl in transformer model.)

Put in "Small" values for XCl. (This is eguivalent
to RR1l in transformer model.

Show linear element as connected in shunt to ground;
i.e., KJQ = 0.

Only Zero sequence values need be used.

RR1 and XCl are series impedance values of grounding
transformer.

3.32 ohms

I

= 76.2 % @ 13.8 KV @ 8 MVA

= 263 %

@ 1008 V 1950 Watts

174.3331 & @ 100 MVA

m

100 mva

952.5000 % €@ 100 MVA

Z (pu) = -

ohms _ 3.32 ohms - .1395 pu @ 8 MVA
base 23.805 ohms

]

1.7438 pu € 100 MVA

= 174.3331 & @ 100 MVA



I

203

XVI. APPENDIX

REVISED HARMONIC ANALYSIS PROGRAM

INSTRUCTIONS
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HARMONIC ANALYS1S PROGRAM

The harmonic analysis program developed at lowa State University accepts
data input in a formatted card image form. Several options exist in the type
of harmonic analysis to be made. The selection of a particular option will
influence the type, amount, and order of input data. The different options are
described first, followed by the required input data for each of the possible
combinations of options.

Card Image #1

The first card image read by the program has the following format:

N VCBASE LHARM IPLOT IVC IUNIT
13 F10.2 13 13 13 13

The first option which must be specified is whether a sampled waveform or
a converter current waveform is to be used as the harmonic source. The option
is specified in the IVC field of the first card image as follows:

IVC = integer £-1 current harmonic magnitudes
IVC = -1 voltage harmonic magnitudes
IVC = 0 voltage waveform

Ive = 1 converter current source
IVC = any other integer current waveform

The choice of harmonic source type determines the interpretation of input
variables N and VCBASE as follows:
For IVC = integer less than =1 (current harmonic magnitudes)
K = ignored

VCBASE = base value of current

For IVC = -1 (voltage harmonic magnitudes)
N = ignored
VCBASE = base value of voltage

For IVC = 0 (voltage waveform)
N = number of sampled data points

VCBASE = base value of voltage

For IVC = 1 (converter current source)
N = number of pulses per cycle

VCBASE = base value of voltage
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For IVC = any other integer (current waveform)
N = number of sampled data points

VCBASE = base value of current

The remaining input variables on the first card image are defined as:

LHARM = highest order harmonic to be analyzed

IPLOT = O no plots generated

IPLOT = any other integer plots of voltage or current waveforms at
the harmonic source will be generated

IUNIT = O input data is assumed to be actual
gquantities

IUNIT = any other integer input data is assumed to be in per unit

Card Images #2

If the converter current source option is selected (IVC = 1 on the first
card), then the second card has the following format.

POW ALFA OVLP
F10.2 F10.2 F10.2
POW = power rating of the converter in MW
ALFA = delay angle in degrees
OVLP = overlap angle in degrees
If either the voltage waveform or current waveform option is selected

(IVC = 0 or integer greater than 1 on the first card), then Card Images 2
through 1 + N/8 have the following format.

A(K) A(K+1) A(K+2) A(K+3) A(K+4) A(K+5) A(K+6) A(K+7)
F10.2 F10.2 F10.2 F10.2 F10.2 F10.2 F10.2 F10.2

A(K) = Kth yalue of the sampled waveform.
If either the voltage harmonic magnitudes or current harmonic magnitudes

option is selected (IVC = -1 or integer less than -1 on the first card), then
the next set of card images have the following format.

1Y VCM VCA
3X 13 2X Fl12.8 2X F12.8
where IY = harmonic order

VCM = magnitude of harmonic component
VCA = phase of harmonic component

The program will continue reading this type of card image until a card with
IY = 999 is read.



Card lmages
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#3

The ca

rd images following the converter or waveform specification are the

power system element specification cards. All impedance values are entered in
%Z on a 100 MVA base. The format for these cards is:
KJ KJP KJQ KCT RRI XX1I XCI1 RRO XX0 XCo KK XLM
11 14 14 12 Fi10.4 Fl2.4 F10.8 F9.4 F9.4 F1l0.8 12 Fb6.4
The type of element is defined by the KJ field as follows:
KIe 1 transmission lines
Kl = 2 transformers
KJ = 3 generators or linear elements
Kl 4 loads
The definitions of the remaining fields depends on the element type
selected.
Transmission lines (KJ £ 1)
KJP = node number at one end of the line
KJQ = node number at the other end of the line
KCT = circuit number
RR1 = positive/megative sequence resistance in %
XX1 = positive/negative sequence reactance in 7
XCl = positive/negative sequence susceptance in 7
RRO = zero sequence resistance in %
XX0 = zero sequence reactance in %
XCO0 = zero sequence susceptance in 7
KK = voltage and bundle code
first digit voltage (KV)
1 69
2 115
3 132
4 138 second digit = number of
5 161 bundles per conductor
6 230
7 345
8 500
9 13.80
XLM = length in miles
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Transformers (KJ = 2)
KJP = node number at one end of the transformer
KJQ = node number at the other end of the transformer
KCT = internal node number at center of T model
RR1 = positive/negative sequence series reactance in 7
XX1 = zero sequence series reactance in Z
XCl = positive/negative sequence shunt reactance in %
RRO = positive/negative/zero sequence core loss resistance in %
XX0 = connection code for zero sequence
If KK = 0 and

1.0 £ XX0 delta-delta, wye-wye, delta-wye, or wye-delta
0.9 £ XX0 <1.0 delta-grounded wye
0.7 < XX0 < 0.9 grounded wye-delta
XX0 = 0.7 grounded wye-grounded wye-delta tertiary with

zero sequence core loss

If KK # 0, then XX0 is not used.
XCO0 = zero sequence shunt reactance in %
KK = connection code for zero sequence

If KK = 0, the connection is determined by XXO.

KK =1 grounded wye-delta-delta tertiary

KK = 2 delta-grounded wye-delta tertiary

KK = 3 wye-grounded wye-delta tertiary

KK = 4 grounded wye-wye-delta tertiary

KK= 5 grounded wye-grounded wye-delta tertiary without

zero sequence core loss
XLM = ignored

Generators or linear elements (KJ = 3)

KJP = node number at one end of the element

KJQ = node number at the other end of the element. For generators or if
the linear element is connected in shunt to ground, use KJQ =0.

KCT = circuit number
RR1 = series resistance for generator or linear elements in 7

XX1 = positive/negative sequence reactance for generator or inductive
element in %
= positive/negative/zero sequence reactance for capacitive element
in 7 (enter a negative value for capacitors)

XCl = zero sequence reactance for generator or inductive element in %
= ignored for capacitive element
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RRC = ignored
XX0 = ignored
XCO = dignored

KK # 1 for generator or inductive element

1 for capacitive element

XLM = ignored
Loads (KJ>4)

KJP = node number of load

KJQ = 0 (connected to ground)

KCT = circuit number

RR1 = power in MW

XX1 = reactive volt-amperes in MVAR

XCl1 = ignored

RRO = ignored

XX0 = ignored

XCO = ignored

KK = type code
KK £ 1 residential, 507 motor load
KK = 2 commercial, 607 motor load
KK = 3 industrial, 707 motor load

XLM = ignored

The end of the power system element specification card images is determined
by a card image with KJP = 9999. All other fields on this card image are ignored.

Card Image #4

The fourth type of card image specifies the location and other information
about the harmonic source. The format for these cards is:

JF NAME I0PT PHA FUND (complex)
14 47 i il F10.2 F10.2 F10.2
JF = harmonic source bus number location
NAME = bus name at harmonic source
10PT = analysis option code

I0PT<0 print harmonic analysis for elements adjacent to the
harmonic source bus only.

I0PT=1  print harmonic analysis for all elements in the system
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With either of these options, up to four different card images may be
inserted to analyze the system with the harmonic source in different locations.
To end the harmonic source specification card images, the last card should
have JF = 9999, All other fields on this card are ignored.

I0PT = 2 combined analysis of two harmonic sources

I10PT = 3 combined analysis of tw0 harmonic sources

Identical harmonic sources may be placed at two separate locations
simultaneously with these options. IOPT = 2 card image specifies the first
location, and the IOPT = 3 card image specifies the second. It is not necessary
to follow these cards with an end card with JF = 9999.

PHA = phase angle of the harmonic source waveforms

This field is intended for use with the combined analysis option to specify
a phase difference between the two sources.

FUND = the complex magnitude of the fundamental component of the harmonic
source waveform in per unit.

This field is required to achieve a reasonable plot of the harmoniec source
waveform. If no plot is to be made, then this field may be left blank.

Size Limits

This program will accept up to 500 nodes. A node is any place where two
or more elements connect (usually a bus). However, each transformer requires
one internal node in this program. Therefore, the number of buses plus the
number of transformers will be the number of nodes required.

With this program, each transmission line is represented as three elements,
each transformer is represented as three elements, each generator or linear element
is represented as one element; and each load is represented as one element.
Therefore, the total number of elements need will be:

Total Number of Elements = 3 X (number of transmission lines + number of
transformers) + number of generators + number
of linear elements + number of loads.

This program will accept up to 4000 elements.

The size limits are determined by the array dimensions in the program and
could be increased or decreased. The limits selected above were arbitrarily
chosen as large enough to accomodate most studies of harmonic propagation in

power systems.

Distribution Systems

The same techniques used for harmonic analysis of transmission systems may
be used to analyze distribution systems. The program has been used to determine
where harmonic resonance occurs on industrial plant distribution systems, and
to verify the effectiveness of corrective actions.



NOTES:
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On the connection code for transformers, the program
assigns the first bus number entered to correspond to
the first type of winding. The second bus number
entered corresponds to the last type of winding (see
Page 4).

As an example: KK = 0 and 0.9 £ XX0 < 1.0

The first bus number entered would go
with the DELTA winding. The second
bus number entered would go with the
grounded wye.

The program as it is currently set up uses a
100 Mega-voltampere base.
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XVI1i. APFPENDIX

J. SAMPLE PROGRAM OUTPUT
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The output data shown in this appendix correspond
to the case where the harmonic source values are entered

as the measured voltage harmonic values at Substation A.
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