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The equivalent circuit is a familiar tool
to power system engineers. Today’s large
interconnected power systems often are
studied as electric networks in which part
of the network is a simplified equivalent
of the actual system. Such equivalents
reduce the number of circuit elements
needed to represent a part of the system
which is not to be analyzed in detail, but
must be accounted for as it affects the
remainder. Sometimes it is found that
commonly used equivalents do not cor-
rectly represent the actual network, and
this is a serious problem in those studies
where the size of the network compels
the use of an equivalent.

In this paper it will be shown that an
equivalent which takes proper account of
transformation ratios will give depend-
able results. A step-by-step procedure
will be described for measuring such an
equivalent without disturbing a network
analyzer setup.

TYPES OF EQUIVALENTS

The type of equivalent circuit selected
for a particular study will depend largely
on the importance of representing loads,
capacitors and other shunt paths con-
nected to neutral throughout the network.
For example, in a short-circuit study it
may suffice to represent part of a system

by a Thevenin’s equivalent, ignoring com-
pletely the effects of loads. The assump-
tion of neglecting loads might not be
valid in the case of a power flow study
and a more complex equivalent circuit
may be needed. Among equivalents that
take account of loads, a very useful one
is derived by considering loads as impe-
dances. The network then can be repre-
sented rigorously by the mesh equivalent
of all of the impedances including loads
and line charging capacitors, retaining
the neutral bus as one of the terminals of
the equivalent.! Generation busses also
are retained. Another such circuit in-
volves the obtaining of distribution fac-
tors for all loads and generation so that
an equivalent load or generator can be
assigned to each terminal of the equiv-
alent.?2 As the first mentioned circuit,
this one also uses a mesh equivalent of
the actual network, but the impedances
in this case are measured after all paths
to neutral have been opened. These meth-
ods may be elaborated to make an equi-
valent which is useful for stability as well
as load-flow studies.?

After a suitable type of equivalent cir-
cuit is selected, the transfer impedances
may be measured when the system is set
up on a network analyzer, or they may
be calculated on a digital computer.
Whichever method is used, transformer
ratios within the system should be prop-
erly evaluated. This is nothing new, but
it seems that the importance of trans-
former ratios is sometimes underesti-
mated. A common practice at network
analyzers is to reset all tapechangers to
unity before transfer impedances are
measured. Then the equivalent circuit is
used without tapchangers. These prac-
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Fig. 1—Impedance diagrams of a circuit and its
equivalents.

tices may lead to serious error, and prob-
ably some of the dissatisfaction with
equivalent circuits is due to this error.
The voltage ratios referred to here are
off-nominal ratios which remain after the
network impedances are expressed in
terms of suitable nominal base voltages.

To illustrate the nature of the error and
how it may be avoided, several types of
equivalents have been calculated for a
sample circuit. These are shown in Fig.
1. In this illustration both lines and loads
are given as impedances expressed in per-
cent R and X on any suitable base. The
sample circuit, Fig. 1(a), is a realistic
part of a power system connecting the
major busses, A and B through a lower
voltage network. The actual operating
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voltage at Bus C is used in converting the
load watts and vars to R and X values.
Bus C is to be eliminated in the equiv-
alent. The existence of a transformer
ratio other than unity within this circuit
will illustrate the importance of account-
ing for such off-nominal ratios, both
when measuring equivalent circuits and
when using them. An equivalent will be
obtained by transferring the load and the
line impedance C-B to the 100 volt side
of the transformer and replacing the re-
sulting wye circuit by its equivalent mesh,
in this case a delta. This results in the
equivalent circuit shown in Fig. 1(b). It
should be noted that the transformer with
its proper ratio has been retained and is
an integral part of this circuit. It is in-
teresting to compare this circuit with
circuits obtained by other methods.
Consider first an equivalent based on
the determination of distribution factors

100%/108% B
343 S08
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Fig. 2—Load flow in circuits of Fig. 1 for
identical terminal voltages.
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Fig. 3—Load flow in “Distribution Factor”
equivalent with transformer added.

for all loads and generation within the
network with the tapchangers set on
unity. The impedances between terminals
of the equivalent are measured with all
shunt paths to neutral disconnected. For
the sample circuit this method results in
the equivalent shown in Fig. 1(c). It
should be noted that the ratio of watts to
vars in the equivalent loads at the ter-
minals will be the same as at the original
load since the same distribution factors
are applied to both watts and vars. Refer-
ence to Fig. 1(b) will show that the
ratio of watts to vars at any given bus
depends not only on the watt-var ratio of
the load, but the impedance angles on
the lines feeding the load.

Next consider an approximate mesh
equivalent, which includes the load, made
from the circuit in Fig. 1(a) by setting
the tapchanger on unity, and converting
the wye to a mesh (delta) circuit. The
result of this operation is shown in Fig.
1(d). Again it is noted that discrepancies
exist compared with the equivalent in Fig.
1(b).

PERFORMANCE COMPARISONS

Admittedly, it is difficult to look at the
various circuits shown in Fig. 1 and
determine what effect the discrepancies
noted might have when using these cir-
cuits. However, if the systems external
to Busses A and B are considered stiff
enough to maintain constant voltage and
phase angle, each of the equivalent cir-
cuits may be tested by using it to replace
the sample circuit. Figure 2 shows the as-
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sumed voltages and phase angles and the
resulting flows.

When the exact equivalent replaces the
sample circuit the result is show in Fig.
2(b). Note that the flows, both watts
and vars, in System A and System B are
the same as with the sample circuit Fig.
2(a).

Using the conventional distribution
factor equivalent in place of the sample
circuit results in flows shown in Fig.
2(c). Watts and vars are both greatly
in error in System A and in System B.

Using the equivalent of Fig. 1(d) to
replace the sample circuit results in the
flow shown in Fig. 2(d). The errors are
very much the same as in Fig. 2(c).

The errors in Fig. 2(c) and Fig. 2(d)
can be shown to be mostly the result of
not using a tapchanger in the equivalent,
although there is also an error due to
omitting the tapchanger when measur-
ing the impedances. For example, adding
the tapchanger to the distribution factor
equivalent of Fig. 1(d), gives the results
shown in Fig. 3, where the flows are
much improved over those shown in Fig.
2(d).

MEASURING THE EQUIVALENT

The three impedances shown in Fig.
1(b) are the mesh equivalent of the
entire network between A and B, includ-
ing loads at the impedance they were ad-
justed to have for a particular operating
voltage. The measurement of such an
equivalent on a network analyzer will be
made with loads, tapchangers, and capac-
itors (including pi-line capacitors), ad-
justed for the desired load condition and
left connected. The steps in such a meas-
urement are as follows:

Step 1 Record, from the load-flow
study, the scalar voltages for the
busses to be retained in the
equivalent.
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Step 2

Step 3

for measnrement.

Disconnect the circuit from
the rest of the system. Discon-
nect the generators within the
circuit. The tie points thus
opened, plus the generator busses
(with possible exceptions dis-
cussed later), plus the neutral
will be the terminals of the
equivalent circuit. In Fig. 4 the
terminals are A, B, C, D, E, and
N, and the rectangle symbolizes
a complex circuit which has been
disconnected from the rest of the
system. lLoads at the terminals
are disconnected and added in
again after the equivalent loads
are determined.

Using one terminal as reference,
determine the net turns ratio
through the network analyzer
tapchangers between this termi-
nal and each of the other ter-
minals. This may be done rather
easily by tracing the principal
low-impedance paths on a dia-
gram, averaging the ratios found
if there are alternate low-im-
pedance paths with slightly dif-

Step 4

Step 5

ferent ratios. These ratios ex-
pressed in percent are shown in
Fig. 4 at the terminals. In this
case, either A, B, or C might
have been picked as the refer-
ence and marked 100 petcent.
Theoretically, these turns ratios
can be measured as open circuit
voltages on the network analyzer
with 100 percent volts applied at
the reference terminal and with
all shunt paths to neutral open.
Besides requiring that every load
and pi-line capacitor be switched
off, and later switched back on,
experience has shown that the re-
sults are not as good as with
the inspection method recom-
mended. This is because with
the network energized at 100
percent volts the autotransformer
magnetizing current and circulat-
ing currents affect the so-called
open circuit voltages.

Insert in series with the termi-
nals autotransformers as required
to make a new set of terminals
so that between any of these new
terminals the net ratio is unity.
These are the primed terminals
in Fig. 4, A’, B', C', D/, and E'.
Measure the mesh equivalent im-
pedances using neutral and the
primed terminals. If the two pos-
sible measurements are made for
each branch in the mesh, the two
measurements should check each
other. An exception may be that
branches from the neutral ter-
minal may not appear the same
when driving voltage is on the
neutral as when the neutral is
grounded. This is usually be-
cause the load units on the an-
alyzer are not linear down to the
very low voltages they have
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Step 7
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when the neutral terminal is
grounded. The shunt paths to the
neutral are best measured, there-
fore, with driving voltage on the
neutral terminal. The mesh
equivalent as measured will have
the branches shown in Fig. 5.

The network determined in Step
5 is used with autotransformers
connected at the appropriate ter-
minals to restore the original
turns ratios between terminals.
Thus in Fig. 5, autotransformers
are shown at D’ and E’. In effect,
the autotransformers restore the
original terminals, and Fig. 5
looking in at terminals A, B, C,
D, E, and N is the equivalent
of the original circuit looking in
at the similarly named terminals.
The autotransformers in Fig. 5
are a necessary integral part of
the equivalent circuit.

In the equivalent circuit,
branches from the several ter-
minals to neutral represent loads
and losses, modified by line
charging kva. In most studies,
it is best to consider these
branches as constant loads in-
stead of constant impedances.
These loads are set up by deter-
mining the watts and vars these
impedances would take if the
voltages recorded in Step 1 are
applied to terminals A, B, C, D,
and E in Fig. 5. The voltages at
D’ and FE’, needed to find the
flow in branches D'-N and E’-N,
are calculated, using the auto-
transformer ratios. This method
neglects the slight effect on line
charging kva of voltage varia-
tions which may show up in
using the equivalent. Line charg-
ing is held constant along with

4 c
¢ 0
8 o ) 0" 100v/97.5v
+ 10092,
. I a g 100v/92.5¢
€
N N

i) EQUIVALENT CIRCUIT OF FIG 4b  {b) EQUIVALENT CIRCUIT OF FIG. 40

Fig. 5—Mesh equivalent circuits.

loads, but the error is slight. In
the steps just outlined, it was
suggested that generator busses
be retained if possible. This
avoids the approximations in us-
ing distribution factors to assign
generation to other busses. In
cases where closely related gen-
erators may be combined with-
out affecting the study, this is
done just by omitting the busses
in question from the terminals
of the equivalent. If loads are
netted with generation on a bus,
a resultant net power input may
be transferred to other genera-
tors to eliminate this bus from
the equivalent, but a net reactive
input would best be represented
by a capacitor and not trans-
ferred to remote busses. If it is
necessary to determine distribu-
tion factors they should be meas-
ured at the primed terminals of
Fig. 4.

CONCLUSIONS

Mesh equivalent circuits determined as
outlined above have given better results
than those using distribution factors. In
a recent study, the mesh circuit was sub-
stituted for the original network from
which it was determined, with the results
shown in Table I. The base case was the
one for which load impedances were
adjusted when the equivalent was meas-
ured. The outage case was with a heavily
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TABLE |

FLOWS AND VOLTAGES AT TERMINALS
Original Network and Equivalent Substituted for It

Original Equivalent

Case and Terminal Watts Vars Volts Watts Vars Volts

Base Case A 100% 77.2 9.9 105 76.5 10.0 105
B 100% 28.0 10.5 96 28.8 11.3 96.5
C 100% 18.0 14.1 99.6 18.1 14.5 99.6
D 97.5% 24.2 8.3 100.8 24.6 8.4 100.5
E 92.5% 51.2 34.0 101.2 51.0 35.0 101.5

Outage Case A 100% 98.6 14.7 105 95.0 15.0 105
B 100% 30.0 12.0 93.5 29.5 13.2 93.5
C 100% —4.0 +11.0 92 —-19 +11.7 92
D 97.5% 22.8 7.5 101 23.3 9.1 100.5
E 92.5% 56.0 41.0 101.2 53.0 38.0 101.5

loaded 138 kv line (not in the equivalent)
out of service between terminals A and
C. The nominal net turns ratios are
given with the letter names of the ter-
minals as in Fig. 5, and they happen to
be the same as in Fig. 5.

The original network from which the
Table 1 equivalent was measured con-
sisted of 51 lines, 25 loads, 10 tapchang-
ers, and one generator, all connected up
on 42 busses. In preparing for the meas-
urements, four of the tapchangers were
reset from the load-flow study settings to
rationalize the turns ratios at the five
terminals. This did not change terminal
voltage or flows significantly.

In making impedance measurements,
the characteristics of the particular net-
work analyzer should be considered. For
example, too small a kva base may re-
sult in having to use much less than 100
percent voltage for the measurements
and some load units are not linear at
low voltages. The equivalent loads de-
pend on measuring small currents to a
sufficient number of significant figures to
get the desired accuracy.

The following conclusions are indicated
by this investigation:

1. Off-nominal transformer ratios

1.

2.

must be considered, as several
other authors have suggested. In
general, autotransformers must
be used with the equivalent cir-
cuit.

Better results at less expenditure
of time are obtained if loads are
included in the impedance meas-
urements rather than determin-
ing them by distribution factors.
Line charging kva is accounted
for and becomes part of the
equivalent loads in the recom-
mended method.

Retaining all important generator
busses improves the accuracy of
the equivalent in actual use in
load-flow studies, and permits use
in transient stability studies.
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The equivalent circuit is a familiar tool
to power system engineers. Today’s large
interconnected power systems often are
studied as electric networks in which part
of the network is a simplified equivalent
of the actual system. Such equivalents
reduce the number of circuit elements
needed to represent a part of the system
which is not to be analyzed in detail, but
must be accounted for as it affects the
remainder. Sometimes it is found that
commonly used equivalents do not cor-
rectly represent the actual network, and
this is a serious problem in those studies
where the size of the network compels
the use of an equivalent.

In this paper it will be shown that an
equivalent which takes proper account of
transformation ratios will give depend-
able results. A step-by-step procedure
will be described for measuring such an
equivalent without disturbing a network
analyzer setup.

TYPES OF EQUIVALENTS

The type of equivalent circuit selected
for a particular study will depend largely
on the importance of representing loads,
capacitors and other shunt paths con-
nected to neutral throughout the network.
For example, in a short-circuit study it
may suffice to represent part of a system

by a Thevenin’s equivalent, ignoring com-
pletely the effects of loads. The assump-
tion of neglecting loads might not be
valid in the case of a power flow study
and a more complex equivalent circuit
may be needed. Among equivalents that
take account of loads, a very useful one
is derived by considering loads as impe-
dances. The network then can be repre-
sented rigorously by the mesh equivalent
of all of the impedances including loads
and line charging capacitors, retaining
the neutral bus as one of the terminals of
the equivalent.! Generation busses also
are retained. Another such circuit in-
volves the obtaining of distribution fac-
tors for all loads and generation so that
an equivalent load or generator can be
assigned to each terminal of the equiv-
alent.2 As the first mentioned circuit,
this one also uses a mesh equivalent of
the actual network, but the impedances
in this case are measured after all paths
to neutral have been opened. These meth-
ods may be elaborated to make an equi-
valent which is useful for stability as well
as load-flow studies.?

After a suitable type of equivalent cir-
cuit is selected, the transfer impedances
may be measured when the system is set
up on a network analyzer, or they may
be calculated on a digital computer.
Whichever method is used, transformer
ratios within the system should be prop-
erly evaluated. This is nothing new, but
it seems that the importance of trans-
former ratios is sometimes underesti-
mated. A common practice at network
analyzers is to reset all tapechangers to
unity before transfer impedances are
measured. Then the equivalent circuit is
used without tapchangers. These prac-

753

Reprinted from
Volume XXII, Proceedings of the American Power Conference, 1960



754

t0Ov. /105y,
[+

(6) SAMPLE CIRCUIT

A B' 100v/I0%v. B
17.43.]!2.34 LI S‘ =
Iﬂ.Eo]ZGII |2544Ioj 78.l]
- =
{b) EXACT EQUIVALENT
A B

3004160

i

(c} DISTRIBUTION FACTOR EQUIVALENT
A

b

(d) APPROXIMATE MESH EQUIVALENT

Fig. 1—Impedance diagrams of a circuit and its
equivalents.

tices may lead to serious error, and prob-
ably some of the dissatisfaction with
equivalent circuits is due to this error.
The voltage ratios referred to here are
off-nominal ratios which remain after the
network impedances are expressed in
terms of suitable nominal base voltages.

To illustrate the nature of the error and
how it may be avoided, several types of
equivalents have been calculated for a
sample circuit. These are shown in Fig.
1. In this illustration both lines and loads
are given as impedances expressed in per-
cent R and X on any suitable base. The
sample circuit, Fig. 1(a), is a realistic
part of a power system connecting the
major busses, A and B through a lower
voltage network. The actual operating
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voltage at Bus C is used in converting the
load watts and vars to R and X values.
Bus C is to be eliminated in the equiv-
alent. The existence of a transformer
ratio other than unity within this circuit
will illustrate the importance of account-
ing for such off-nominal ratios, both
when measuring equivalent circuits and
when using them. An equivalent will be
obtained by transferring the load and the
line impedance C-B to the 100 volt side
of the transformer and replacing the re-
sulting wye circuit by its equivalent mesh,
in this case a delta. This results in the
equivalent circuit shown in Fig. 1(b). It
should be noted that the transformer with
its proper ratio has been retained and is
an integral part of this circuit. It is in-
teresting to compare this circuit with
circuits obtained by other methods.
Consider first an equivalent based on
the determination of distribution factors
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(d) APPROXIMATE MESH EQUIVALENT

Fig. 2—Load flow in circuits of Fig. 1 for
identical terminal voltages.
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Fig. 3—Load flow in “Distribution Factor”
equivalent with transformer added.

for all loads and generation within the
network with the tapchangers set on
unity. The impedances between terminals
of the equivalent are measured with all
shunt paths to neutral disconnected. For
the sample circuit this method results in
the equivalent shown in Fig. 1(c). It
should be noted that the ratio of watts to
vars in the equivalent loads at the ter-
minals will be the same as at the original
load since the same distribution factors
are applied to both watts and vars. Refer-
ence to Fig. 1(b) will show that the
ratio of watts to vars at any given bus
depends not only on the watt-var ratio of
the load, but the impedance angles on
the lines feeding the load.

Next consider an approximate mesh
equivalent, which includes the load, made
from the circuit in Fig. 1(a) by setting
the tapchanger on unity, and converting
the wye to a mesh (delta) circuit. The
result of this operation is shown in Fig.
1(d). Again it is noted that discrepancies
exist compared with the equivalent in Fig.
1(b).

PERFORMANCE COMPARISONS

Admittedly, it is difficult to look at the
various circuits shown in Fig. 1 and
determine what effect the discrepancies
noted might have when using these cir-
cuits. However, if the systems external
to Busses A and B are considered stiff
enough to maintain constant voltage and
phase angle, each of the equivalent cir-
cuits may be tested by using it to replace
the sample circuit. Figure 2 shows the as-
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sumed voltages and phase angles and the
resulting flows,

When the exact equivalent replaces the
sample circuit the result is show in Fig.
2(b). Note that the flows, both watts
and vars, in System A and System B are
the same as with the sample circuit Fig.
2(a).

Using the conventional distribution
factor equivalent in place of the sample
circuit results in flows shown in Fig.
2(c). Watts and vars are both greatly
in error in System A and in System B.

Using the equivalent of Fig. 1(d) to
replace the sample circuit results in the
flow shown in Fig. 2(d). The errors are
very much the same as in Fig. 2(c).

The errors in Fig. 2(c) and Fig. 2(d)
can be shown to be mostly the result of
not using a tapchanger in the equivalent,
although there is also an error due to
omitting the tapchanger when measur-
ing the impedances. For example, adding
the tapchanger to the distribution factor
equivalent of Fig. 1(d), gives the results
shown in Fig. 3, where the flows are
much improved over those shown in Fig.
2(d).

MEASURING THE EQUIVALENT

The three impedances shown in Fig.
1(b) are the mesh equivalent of the
entire network between A and B, includ-
ing loads at the impedance they were ad-
justed to have for a particular operating
voltage. The measurement of such an
equivalent on a network analyzer will be
made with loads, tapchangers, and capac-
itors (including pi-line capacitors), ad-
justed for the desired load condition and
left connected. The steps in such a meas-
urement are as follows:

Step 1 Record, from the Iload-flow
study, the scalar voltages for the
busses to be retained in the
equivalent.
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Fig. 4—(a) Actual circuit (b) Circuit additions

Step 2

Step 3

for measurement.

Disconnect the circuit from
the rest of the system. Discon-
nect the generators within the
circuit. The tie points thus
opened, plus the generator busses
(with possible exceptions dis-
cussed later), plus the neutral
will be the terminals of the
equivalent circuit. In Fig. 4 the
terminals are A, B, C, D, E, and
N, and the rectangle symbolizes
a complex circuit which has been
disconnected from the rest of the
system. Loads at the terminals
are disconnected and added in
again after the equivalent loads
are determined.

Using one terminal as reference,
determine the net turns ratio
through the network analyzer
tapchangers between this termi-
nal and each of the other ter-
minals. This may be done rather
easily by tracing the principal
low-impedance paths on a dia-
gram, averaging the ratios found
if there are alternate low-im-
pedance paths with slightly dif-

Step 4

Step 5

ferent ratios. These ratios ex-
pressed in percent are shown in
Fig. 4 at the terminals. In this
case, either A, B, or C might
have been picked as the refer-
ence and marked 100 percent.
Theoretically, these turns ratios
can be measured as open circuit
voltages on the network analyzer
with 100 percent volts applied at
the reference terminal and with
all shunt paths to neutral open.
Besides requiring that every load
and pi-line capacitor be switched
off, and later switched back on,
experience has shown that the re-
sults are not as good as with
the inspection method recom-
mended. This is because with
the network energized at 100
percent volts the autotransformer
magnetizing current and circulat-
ing currents affect the so-called
open circuit voltages.

Insert in series with the termi-
nals autotransformers asrequired
to make a new set of terminals
so that between any of these new
terminals the net ratio is unity.
These are the primed terminals
in Fig. 4, A’, B, C,, D', and E".
Measure the mesh equivalent im-
pedances using neutral and the
primed terminals. If the two pos-
sible measurements are made for
each branch in the mesh, the two
measurements should check each
other. An exception may be that
branches from the neutral ter-
minal may not appear the same
when driving voltage is on the
neutral as when the neutral is
grounded. This is usually be-
cause the load units on the an-
alyzer are not linear down to the
very low voltages they have



Step 6

Step 7
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when the neutral terminal is
grounded. The shunt paths to the
neutral are best measured, there-
fore, with driving voltage on the
neutral terminal. The mesh
equivalent as measured will have
the branches shown in Fig. 5.

The network determined in Step
5 is used with autotransformers
connected at the appropriate ter-
minals to restore the original
turns ratios between terminals.
Thus in Fig. 5, autotransformers
are shown at D’ and E'. In effect,
the autotransformers restore the
original terminals, and Fig. 5
looking in at terminals A, B, C,
D, E, and N is the equivalent
of the original circuit looking in
at the similarly named terminals.
The autotransformers in Fig. 5
are a necessary integral part of
the equivalent circuit.

In the equivalent circuit,
branches from the several ter-
minals to neutral represent loads
and losses, modified by line
charging kva. In most studies,
it is best to consider these
branches as constant loads in-
stead of constant impedances.
These loads are set up by deter-
mining the watts and vars these
impedances would take if the
voltages recorded in Step 1 are
applied to terminals A, B, C, D,
and E in Fig. 5. The voltages at
D' and E’, needed to find the
flow in branches D’-N and E'-N,
are calculated, using the auto-
transformer ratios. This method
neglects the slight effect on line
charging kva of voltage varia-
tions which may show up in
using the equivalent. Line charg-
ing is held constant along with

14

B o' B D' 100v/87.5v
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N N
) EQUIVALENT CIRCUIT OF FIG 4b  (b) EQUIVALENT CIRCUIT OF FIG. 40

Fig. 5—Mesh equivalent circuits.

loads, but the error is slight. In
the steps just outlined, it was
suggested that generator busses
be retained if possible. This
avoids the approximations in us-
ing distribution factors to assign
generation to other busses. In
cases where closely related gen-
erators may be combined with-
out affecting the study, this is
done just by omitting the busses
in question from the terminals
of the equivalent: If loads are
netted with generation on a bus,
a resultant net power input may
be transferred to other genera-
tors to eliminate this bus from
the equivalent, but a net reactive
input would best be represented
by a capacitor and not trans-
ferred to remote busses. If it is
necessary to determine distribu-
tion factors they should be meas-
ured at the primed terminals of
Fig. 4.

CONCLUSIONS

Mesh equivalent circuits determined as
outlined above have given better results
than those using distribution factors. In
a recent study, the mesh circuit was sub-
stituted for the original network from
which it was determined, with the results
shown in Table I. The base case was the
one for which load impedances were
adjusted when the equivalent was meas-
ured. The outage case was with a heavily
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TABLE |
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FLOWS AND VOLTAGES AT TERMINALS
Original Network and Equivalent Substituted for It

Original Equivalent

Case and Terminal Watts Vars Volts Watts Vars Volts

Base Case A 100% 772 9.9 105 76.5 10.0 105
B 100% 28.0 10.5 96 28.8 11.3 96.5
C 100% 18.0 14.1 99.6 18.1 14.5 99.6
D 97.5% 24.2 8.3 100.8 24.6 8.4 100.5
E 92.5% 51.2 34.0 101.2 51.0 35.0 101.5

Outage Case A 100% 98.6 14.7 105 95.0 15.0 105
B 100% 30.0 12.0 93.5 29.5 13.2 93.5
C 100% —4.0 ++11.0 92 -1.9 +11.7 92
D 97.5% 22.8 75 101 23.3 9.1 100.5
E 92.5% 56.0 41.0 101.2 53.0 38.0 101.5

loaded 138 kv line (not in the equivalent)
out of service between terminals A and
C. The nominal net turns ratios are
given with the letter names of the ter-
minals as in Fig. 5, and they happen to
be the same as in Fig. 5.

The original network from which the
Table 1 equivalent was measured con-
sisted of 51 lines, 25 loads, 10 tapchang-
ers, and one generator, all connected up
on 42 busses. In preparing for the meas-
urements, four of the tapchangers were
reset from the load-flow study settings to
rationalize the turns ratios at the five
terminals. This did not change terminal
voltage or flows significantly.

In making impedance measurements,
the characteristics of the particular net-
work analyzer should be considered. For
example, too small a kva base may re-
sult in having to use much less than 100
percent voltage for the measurements
and some load units are not linear at
low voltages. The equivalent loads de-
pend on measuring small currents to a
sufficient number of significant figures to
get the desired accuracy.

The following conclusions are indicated
by this investigation:

1. Off-nominal transformer ratios

1.

must be considered, as several
other authors have suggested. In
general, autotransformers must
be used with the equivalent cir-
cuit.

Better results at less expenditure
of time are obtained if loads are
included in the impedance meas-
urements rather than determin-
ing them by distribution factors.
Line charging kva is accounted
for and becomes part of the
equivalent loads in the recom-
mended method.

Retaining all important generator
busses improves the accuracy of
the equivalent in actual use in
load-flow studies, and permits use
in transient stability studies.

REFERENCES

Clarke, Edith, “Circuit Analysis of A-C
Power Systems,” Vol. I. New York:
John Wiley & Sons, 1943.

Ward, J. B., “Equivalent Circuits for
Power-Flow Studies,” Trans. AIEE, 68,
Pt. I, 373-82 (1949).

Brown, W. T. and Cloues, W. J., “Com-
bination Load-Flow and Stability Equiv-
alent for Power System Representation
on A-C Network Analyzers,” Trans.
AIEE, 74, Pt. IIl, 782-87 (1955) August.









PUBLICATIONS OF THE ENGINEERING REPRINT SERIES

Copies of publications may be secured from the Director of the Engineering Experiment Station, University
of Missouri, Single coples may be obtained free unless otherwise indicated until the supply is exhausted.
Requests for additional copies will be considered upon further inquiry.

Reprint No.

33, Stability of Laminar Flow in Curved Channels by Chia-Shun Yih, Associate Professor of Engineering Me-
chanics, University of Michigan and W. M. Sangster, Associate Professor of Civil Engineering, University
of Missouri. Reprinted from The Philosophical Magazine, Volume 2, Eighth Series, Page 305, March 1957,

34. Viscosity of Suspensions of Spherical and Other Isodimensional Particles in Liquids by Andrew
Pusheng Ting, Chemical Construction Corporation and Ralph H, Luebbers, Professor of Chemical
Engineering, University of Missouri. Reprinted from the American Institute of Chemical Engineers
Journal, Volume 3, Page 111, March, 1957.

35. Irrigation-Drainage-Climatology for Flat Humid Land by Harry Rubey, Professor Emeritus of Civil
Engineering. Reprinted from the Proceedings of the American Society of Civil Engineers, Volume 83,
Paper No. 1253, May, 1957.

36. The Impedance of a Coil Near a Conductor by D. L. Waidelich, Associate Director, Engineering Experiment
Station and C, J, Renken, Jr., Argonne National Laboratory. Reprinted from the Proceedings of the National
Electronics Conference, Volume 12, Page 188, 1956.

37. Automatic Control - The Fundamentals by Gladwyn Lago, Associate Professor of Electrical Engineering.
Reprinted from the Pr dings of the S d Annual Conference on Automatic Control, University of
Oklahoma, April 29-30, 1957, Page 9.

38. Non-Aqueous Solvent Electrochemical Systems, by G. Myron Arcand, Assi Prof of Chemistry,
and Jameés R. Tudor, Assistant Professor of Electrical Engineering. Reprinted from Proceedings of
Eleventh Annual Battery Research and Development Conference, Power Sources Division, United States
Army, Signal Engineering Laboratories, Fort Monmouth, New Jersey, May 22-23, 1956, pages 16-19.

39. Comp ion of Sampled-Data Sy by L. M. Benningfield, Assistant Professor of Electrical Engi-
neering, and G. V. Lago, Associate Professor of Electrical Engineering, Reprinted from Proceedings of
the National Electronics Conference, Volume XIII, Hotel Sherman, Chicago, Illinois, October 7, 8, 9, 1957,
pages 888-897.

40. A. Application of the Smith Chart to the Design of Microwave Absorbing Materials by D. L. Waidelich,
Professor of Electrical Engineering, University of Missouri.

B. Synth of Control Sy Based on an Approximation to 2 Third-Order System by C. R. Hausen-
bauer, University of Arizona, Tucson, Ariz., and G. V. Lago, Professor of Electrical Engineering,
University of Missouri, Columbia, Mo, A paper presented at the AIEE Summer General Meeting and
Air Transportation Conference, Buffalo, N. Y., June 22-27, 1958.

41, A. Reduction of Probe-Spacing Effect in Pulsed Eddy Current Testing by Donald L. Waidelich, Professor
of Electrical Engineering.
B. Minimizing the Effect of Probe-to-Metal Spacing in Eddy Current Testing by C. J. Renken, Jr., Research
Assistant, and D, L, Waidelich, Professor of Electrical Engineering.

Reprints from Symposium on Nondestructive Tests in the Field of Nuclear Energy. American Society
for Testing Materials, 1958.

42, A system of Gaging Plating Thickness by R. G. Myers, Assistant Electrical Engineer, Argonne National
Laboratory and D. L. Waidelich, Professor of Electrical Engineering, University of Missouri. Reprinted
from Transactions of the American Institute of Electrical Engineering, Vol. 77, Part 1, p. 770, 1858.

43. Network Analyzer Measurement of the Mesh Equivalent of a Complex Circuit by J. C. Hogan, Professor of
Electrical Engineering, University of Missouri and V. E, Verrall, Electrical Engineer, Central Illinois
Public Service Company.

44, The Design of a Single-Layer Microwave Absorbing Material by D. L. Waidelich, Professor of Electrical
Engineering, University of Missouri. Reprinted from Volume XIV, Proceedings of the National Electronics
Conference, Hotel Sherman, Chicago, Illinois, October 13, 14, 15, 1958.

45, Pressure Changes at Open Junctions in Conduits by William M. Sangster, Associate Professor of Civil
Engineering, University of Missouri; Horace W, Wood, Professor and Chairman of Civil Engineering,
University of Missouri; Ernest T. Smerdon, Instructor in Civil Engineering, University of Missouri; and
Herbert G. Bossy, Highway Research Engineer, U. S. Bureau of Public Roads, Washington, D.C. Reprinted
from Journal of the Hydraulics Division, Proceedings of the American Society of Civil Engineers, 2057,
June, 1959, HYS6.

46. The Mutual Imped of Per dicular Half-Wave Antennas by D. R. Capps, Assistant Professor of
Electrical Engineering, University of Missouri, and D. L, Waidelich, P.E., Prof, of Electrical Engi-
neering, University of Missouri. Reprinted from Proceedings of the National Electronics Conference,
Volume XV, Hotel Sherman, Chicago, Illinois, October 13, 14, 15, 1959.

47, The Bandwidth of a Single Layer Absorbing Material by B. W, Sherman, Assistant Instructor, Department
of Electrical Engineering, University of Missouri, and D, L. Waidelich, P.E,, Professor of Electrical
Engineering, University of Missouri, Reprinted from Volume I of the Prc dings of the S d Annual
RADC International RAM Symposium 9, 10, and 11 June 1959, Rome Air Development Center, Griffiss

_Air Force Base, N.Y.

48. Measuring Equivalent Circuits by J. C. Hogan, Professor of Electrical Engineering, University of Missouri,
Columbia, Missouri, and V. E, Verrall, System Planning and Protection Engineering, Central Ilinois
Public Service Company, Springfield, Illinois. Reprinted from Volume XXII, Proceedings of the American
Power Conference.

*Qut of Print



The University of Missour:
SCHOOLS AND COLLEGES

COLLEGE OF ARTS AND SCIENCE
SCHOOL OF SOCIAL WORK
COLLEGE OF AGRICULTURE
SCHOOL OF FORESTRY
ScHooL oF HOME ECONOMICS
ScHOOL OF BUSINESS AND PUBLIC ADMINISTRATION
COLLEGE OF EDUCATION
COLLEGE OF ENGINEERING
ENGINEERING EXPERIMENT STATION
GRADUATE SCHOOL
SCHOOL OF JOURNALISM
SCHOOL OF LAw
SCHOOL OF MEDICINE
SCHOOL OF NURSING
SCHOOL OF VETERINARY MEDICINE




University of Missouri
University of Missouri

Libraries

MU Engineering Experiment Station Series

Local ldentifier
Capture information
Date captured

Scanner manufacturer
Scanner model
Scanning software
Optical resolution
Color settings

File types

Source information
Format

Content type
Notes

HoganVerral 11960

2018 May

Ricoh
MP C4503

600 dpi
Grayscale, 8 bit; Color, 24 bit
Tiff

Book

Text

Digitized duplicate copy not retained
in collection.

Derivatives - Access copy

Compression
Editing software
Resolution

Color

File types

Notes

Lzw

Adobe Photoshop

600 dpi

Grayscale, 8 bit; Color, 24 bit

Tiffs converted to pdf

Greyscale pages cropped and canvassed.

Noise removed from background and text
darkened. Color pages cropped.



	HoganVerrall1960p0000a
	HoganVerrall1960p0000b
	HoganVerrall1960p0001
	HoganVerrall1960p0002
	HoganVerrall1960p0003
	HoganVerrall1960p0004
	HoganVerrall1960p0005
	HoganVerrall1960p0006
	HoganVerrall1960p0007
	HoganVerrall1960p0008
	HoganVerrall1960p0009
	HoganVerrall1960p0010
	HoganVerrall1960p0011
	HoganVerrall1960p0012
	HoganVerrall1960p0013
	HoganVerrall1960p0014
	HoganVerrall1960p0015
	HoganVerrall1960p0016
	HoganVerrall1960p0017
	HoganVerrall1960p0018

