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INTRODUCTION

An electrical power system is composed of various power distrib-
uting elements and loads. The properties of these elements are generally
specified by the manufacturer for 60 Hz, using such standard measure-
ments as open—circuit and short-circuit tests. Thus, if the power
elements were in operation, to test them would be impossible without
affecting the loads on the system because the loads must be disconnected
before open- or short-circuit tests can be performed. For power elements
found extensively in power distribution systems at Naval facilities, it
would be advantageous to perform tests and measurements while the elements
were in operation.

This report introduces a new technique to circumvent the current
problems of performing tests on these elements. The new measurement
technique provides the characteristic immittances, the impedances or
admittances, of the power element for high frequencies (in the range
from 1 kHz to 100 kHz), measured with artificial short and open circuits.
These measurements can then be extrapolated down to 60 Hz to provide the
operating characteristics of the power element. Perhaps the most signif-
icant facet of this new measurement technique, however, is that the
element can be tested on-line in normal operation at 60 Hz. This provides
the advantage of running tests without taking equipment or loads off-
line and thereby minimizes equipment down time for periodic maintenance.
In addition, measurements are achieved through electromagnetic coupling
to minimize the effect of measuring equipment on the operation of loads.

This report, being the first on this topic, covers the theory and
implementation of the measurement technique. Various theorized configura-
tions are presented, as well as the problems and shortcomings of each.

The final implementation of the method is presented in measurements

carried out on a two-port network (a transformer).




CHARACTERIZATION OF POWER ELEMENTS

A power element is said to be characterized if its response to any
given excitation can be predicted. If the element is linear, then its

\ characteristics are described by the matrix equation: 1

(v] (z][1] (1)

or

[1] [Y][V] (2)
where [Z] is the impedance matrix and [Y] is the admittance matrix. The

general expression for the elements in the impedance matrix is:
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The expression for the elements in the admittance matrix is:

Ii
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ij v, (4)
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The impedances Zij are measured with various currents set to zero, which ‘

implies open circuits. Thus the z-parameters are referred to as the '
open circuit parameters. The admittances Yij’ on the other hand, are

measured with various voltages set to zero, which implies short circuits,

and are called the short-circuit parameters. Then, by performing open-

and short-circuit tests, we can determine either the impedance or admit-

tance parameters of the power element. Both the impedance and admittance




are not required, however, to characterize the power element because, if

one is known, the other can be calculated. Since
3
(vl = [2][1]
and [
EEY o= SRR
then
(el =TTy e

Thus, the product [Z][Y] must give the identity matrix, or that

[z} = [t (5)

el e e (6)

If either [Z] or [Y] can be determined, then the element's response for
any known excitation can be calculated.

For a linear element, the superposition theorem states that the
total response to a number of sources is equal to the sum of the responses
of each source. If the element is excited by a 60-Hz signal and a high

frequency signal then
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only frequency
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since |Vh] = [Z][Ih]; the element can be characterized (that is, the im-

pedance can be determined) by measurement of the high frequency signal
only. A similar derivation can be used to show that [Ih] = [Y][Vh]; again
only high frequency measurements are required to define the admittances.
Thus, if open or short circuits can be simulated for high frequency
signals, and the high frequency voltage and current measured, then the

z- or y-parameters can be measured with no effect on the 60-Hz AC power.

ARTIFICIAL SHORT AND OPEN CIRCUITS

A technique for producing an artificial short or open circuit (that
is, one that appears like a short or open circuit to a high frequency
signal but one that has no effect on the 60-Hz AC power) is introduced.

The circuit used to produce an artificial open circuit is shown in
Figure 1 for a two-port network. The method, however, can be generalized
for three or more port networks. The high frequency signals are injected
simultaneously into both ports. The phase and amplitudes are carefully
adjusted to obtain a minimum in the reading for the high frequency
(subscript h is to designate high frequency com-

component of I Iy

2,
ponents). With Ihz approximately zero, we have an open circuit in the

o

secondary for the high frequency but not for the 60 Hz as the 60 Hz

component of I, is not affected. Now measurements of the high frequency

2
signals of Vhl, th, and ]hl will provide the values for le and Zyps as
vh1
s (8)
h]
Ih =0
2
th
= 9
22] 1 (%)
h|
Ih =0
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In a similar fashion obtaining a minimum in the high frequency component
of I1 will provide the values of Z]2 and 222.

Alternate proposals for producing an artificial open circuit are
shown in Figure 2. A variable capacitor can be connected across the
transformer terminals, as shown in Figure 2a, to form a tank circuit
which is resonant at a particular high frequency. At resonance the tank
circuit would appear like an open circuit. The c2pacitance can be
adjusted to provide resonance (and thereby open circuits) at various
high frequencies with no effect on the 60 Hz power signal.

The circuit in Figure 2b operates on the same principle as the one
in 2a. A clamp-on device with a shunt capacitance provides the resonant
circuit. Designed for resonance at high frequencies, the circuit presents |
a large impedance providing the artificial open circuit. The variable
capacitance as before provides the capability of achieving open circuits
at various high frequencies.

The circuit for producing an artificial short circuit is illustrated

in Figure 3. The high frequency signals are again injected into both
ports. The phase and amplitudes of the high frequency signals are

adjusted to obtain a minimum in I As 1 approaches zero, V

h@ & hC h
approaches zero; that is, the seconéary port appears like a short circuit

for the high frequency signal. Measurement of V. , I, and I will

h] h1 h2
give the values of Yll and Y21 as
Ihl
Y11 P (10)
hl
Vh =0
2
Ih2
Y21 = e (11)
h
A Y
h2 =0




The procedure can be repeated to obtain a minimum in IhC , and the
1

values of Yl? and Y. canthe determined in a similar manner.

Thus, it is possible to determine the immittance (impedance or

admittance) of a power element through measurement of high frequency

signals without affecting the 60-Hz signal.

ELECTROMAGNETIC COUPLING TECHNIQUES

To minimize the effects of the measuring equipment on the load, and
to minimize the number of connections to the power system, the measure-
ment of all currents will be accomplished through electromagnetic cou-
pling. An example of the electromagnetic coupling method is illustrated
in Figure 4. Through electromagnetic induction, the amplitude of the
detected voltage VO will be dependent on the magnitude of 11. Thus, by
accurately calibrating the transfer function of the ferromagnetic core
YT(m), we can determine the current flow from measurements of frequency
and voltage VO.

Two methods are proposed for measuring the voltage. One method is
to use measurement of the amplitude of the injected high frequency
signal to determine the voltage. The second method utilizes shunt
reactances and electromagnetic coupling to calculate the voltage. These
methods will be discussed in more detail in the "Instrumentation" section
under the topic 'Voltage Measurement." In most of these measurements,
direct electrical connections to the power system have been eliminated
because we need only measure the small high frequency signals and not
the much larger 60-Hz signals. Thus, these methods provide greater
safety to operating personnel as well as minimize effects of the measuring
devices on the power system or loads.

The same configuration (Figure 4) can be also used to induce or
inject a high frequency signal into the power system. With a high
frequency source connected across the V0 terminals, a high frequency

signal will be induced in the power system.
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Two major problems were encountered in the attempts to use electro-
magnetic coupling to perform measurements. One was the ferromagnetic
cores, which tended to saturate due to high currents found in the normal
operation of power elements and resulted in nonlinear characteristics.
The other significant problem was filtering out the 60 Hz and its harmon-
ics, so that the high frequency signals could be measured.

To prevent the core from saturating, a series LC circuit was con-
nected across the ferromagnetic core. The LC circuit was resonant at
60 Hz; it was theorized that the low impedance at resonance would shunt
the 60-Hz current and thus prevent the core from saturating. At the
same time, the LC circuit would present a large impedance to the high
frequency signal, making detection and measurement easier. However,
difficulty in obtaining resonance at precisely 60 Hz proved this scheme
unsatisfactory. Also, the large capacitance required and the harmonics
introduced in the system made this method impractical.

Finally, inductances were used in parallel with the cores to prevent
them from saturating. The effect of these shunt inductances can be seen
in Figure 5. The inductance value used in the detector circuit was
picked to give a linear relationship between current T and detected
voltage Vo' Thus for any given frequency, the ratio of VO and 1 would
be a constant value.

To minimize the effect of the 60-Hz signal, an L section filter was
added, which significantly attenuated the 60-Hz signal, thereby allowing

measurement of the high frequency signal.

INSTRUMENTATION
Current Measurements

The equivalent circuit of the detector circuit given in Figure 6

indicates the shunt inductance 1.1 and L-section filter made up of C and
LZ' The detected voltage VO is:




I S W 5

where 12 = Il/a
a = NI/NZ (turns ratio)
%Ll = ‘](UI‘l
Z, = -j/wC
7 = jul
L2 2

Substituting these identities, the magnitude of VO iS50

ll W L1L2
o a 1l
w(Ll+L2) e

For a particular frequency, the larger the magnitude of Il’ the larger
will be the magnitude of VO. Then if the transformer core is not driven

into saturation, the transfer function Il/vo 1S

<)
=L =
El ) a(le wL2 oC 15
v 2L L
© e e
and presents the restriction that we cannot operate at w = 1A/C(L1+L?). [

By accurately measuring the value of the transfer function Il/vo’ we
can determine the magnitude of currents from measurements of VO and
frequency. The result of calibrating the detector circuit is given in
the graph of Figure 7. Illustrated are the llllvul transfer function
for two different values of capacitance. Both circuits produced accept-
able results; however, since the filter circuit severely attcnuates
signals below f = 1/(2n\ﬁLl+L2)C), the circuit with the larger capacitance
proved to be superior in providing results that could be more accurately

extrapolated to obtain the parameters at 60 Hz.

i AR\

i bkl mici| ML SEINE e AL e




Voltage Measurements

The method of measuring voltage using shunt capacitances and electro-
magnetic coupling is illustrated in Figure 8. Knowing the current,
capacitance, and frequency of the high frequency signal, the voltage can

be calculated from the expression:

L
CeE e (13)

This method, employed in the experiments at CEL, provided satisfactory,
duplicatable data; however, it required careful application in the
measurement of z-parameters when an artificial open circuit was needed.
The other proposed voltage measurement method was developed for
open-circuit testing only. The schematic diagram for the secondary
terminals is given in Figure 9a. Considering only the high frequency

signals, the Kirchhoff's Voltage Law equation is:

Bwa gkt B (14)

zeff is the impedance of the capacitor and load. With the high frequency
current nulled to zero, there is an artificial open circuit and Vind = V?.
A comparable circuit is shown in Figure 9b. By determining the transfer

curve AV =V /v of the injection circuit for the high frequency

ind’ inj
range, we can theoretically determine the value of V, in the open circuit

tests, as:

v2 = V,mJ,AV (15)

Some serious problems, however, arose in this voltage measurement
- -3 b
technique. The value of AV was on the order of 10 ~, requiring very

accurate measurements of Vinj to obtain reliable values of Vin and V,.

d

Also, the value of V2, the open-circuit voltage, could be affected by




the voltage injected in the primary side. This occurred with no discern-
ible change in Vinj of the secondary. The error introduced by noise and
harmonics significantly affected the measurements (so much so that this
technique was considered unreliable).

The failure of the foregoing method for voltage measurement necessi-
tated a modification of the circuit configuration for (open circuit
tests) measuring z=-parameters. These changes will be discussed in the

section MEASUREMENT ON A TWO-PORT NETWORK.
Detector Circuit

The actual detector circuit used in the electromagnetic coupling
measurements is shown in Figure 10. It consists of (1) Hewlett-Packard
wave analvzer model 3581A; (2) Weston transformer coil model 327;

(3) shunt inductances and filter circuit, and (4) a capacitor used for
voltage measurements. The most important component in the detector
circuit is item (1). It provides the high selectivity and accuracy
required in the measurement of the injected high frequency voltages and
currents. The wave analyzer is tunable to a particular frequency and
will measure the amplitude of that particular frequency using a bandwidth
as narrow as 3 Hz. Thus it filters out much of the noise, 60=-Hz signal,
and harmonics present on the system, providing accurate measurements on
the injected high frequency signals. 1In addition, it is capable of
accurately measuring amplitudes smaller than 0.1 microvolt, and provides
a digital readout of the frequency and an analog indication of the
amplitude. These features are essential to the successful characteriza-
tion of the power element by electromagnetic coupling and high frequency

injection techniques.
Injection Circuit

The circuitry for injecting the high frequency signal into the

power element is shown in Figure 11. The circuitry consists of:

10
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(1) Hewlett-Packard Audio Oscillator Model 201C (no. 2,

Figure 11)

NS

(2) Phase-shift network (no. 3, Figure 11)
(3) McIntosh MC2100 solid state stereo dual power ampli-

fiers (no. 4, Figure 11)

(4) Weston current transformers model 327 (no. 1 and 5,

Figure 11)

(5) Filter circuits and shunt inductances (no. 6 and 7,

Figure 11)

The McIntosh solid state stereo power amplifier is an important part of
the high frequency injection circuitry. TIts two independent channels,
with associated gain controls, provide the capability of simultaneously
injecting high frequency signals of different amplitudes and phase into
the primary and secondary sides of the transformer. The phase shift
network, shown schematically in Figure 12a, provides a means of changing
the phase of the high frequency signal. As the potentiometer is adjusted,
the angular displacement between Vin and V0 is changed without affecting
the magnitude of Vo. The phasor diagram in Figure 12b illustrates the
phase relationship between Vin and VD as the value of the resistance is
changed. The controls afforded by the stereo power amplifier and phase-
shift network are essential to obtaining the artificial open and short
circuits required in determining the operating parameters of the power
element.

[n measuring the parameters of the transformer, a single audio
oscillator is used to generate the high frequency signals, which insures
that both signals injected into the power system have precisely the same
frequency. The audio oscillator output is fed into one channel of the
power amplifier and also into the phase-shift network. The signal from

the phase=shift network is then fed into the other channel of the power




amplifier. The output of the stereo power amplifier is two signals of

3 the same frequency, but with different amplitudes and phase, which are
then injected into the primary and secondary of the transformer.
The instrumentation for measuring the parameters of the two-port

network is shown in Figure 13.

MEASUREMENT ON A TWO-PORT NETWORK

z-Parameters

The initial attempt at using the electromagnetic coupling measure-
ment techniques was carried out on a two-port network. This was a
Standard Transformer, 1200V/120V, 37.5 kva, Serial No. 533604. The
objective was to determine its open-circuit parameters. Several problems

were encountered. Problems with the voltage measurement techniques

(discussed previously in the Voltage Measurement of the INSTRUMENTATION

section) necessitated modification of the circuit hookup from that

B i st btk

indicated in Figure 1 to that shown in Figure 3, as voltage measurements
would have to use shunt capacitance and electromagnetic coupling. Also,
§ the proposed techniques of obtaining open circuits by using resonant
! tank circuits as illustrated in Figure 2 could no longer be used, because
there was no valid method of measuring voltages with these configurations.
Tank circuits also appeared to introduce harmonic interference to the
system which increased the noise level, making consistent, accurate
measurements difficult.

The complete detailed diagram of the instrumentation is shown in
ﬁ Figure 13. Using this new setup, measurement of the z-parameters were i

once again attempted. Great difficulty was encountered in nulling the

7 current to obtain the artificial open circuit. With no 60-Hz AC applied,

it was fairly simple to null the current to where the detected voltage

V) was a few microvolts (measured by the wave analyzer). However, with
C




60-Hz AC applied, the system harmonics and sporadic noise only allowed
nulls in the range of 20 to 100 uV. These readings were often oscillating
erratically; as a result, nulls were often guessed at — again making it
very difficult to obtain consistent, duplicatable da:a.

Another problem encountered was that the currents to be measured
were minuscule; and sporadic noise and harmonics played havoc with the
readings. In retrospect, these very small currents could have been
predicted from evaluation of the equivalent circuit of a transformer
shown in Figure 14. Considering the case of an open circuit in the

secondary, we have R -« and I,>0. The input current I then, is equal

L 2 ik
to Im’ or the magnetizing current. For a typical transformer, X¢ and
R¢ are very large (much larger than X1 or Rl’ respectively), which

severely limits current flow in the transformer should an open circuit
occur in either the primary or secondary. At high frequencies, X¢ would
even more severely decrease the current, as its impedance is directly
proportional to frequency.

These difficulties prevented the collection of any cogent data from
open—-circuit tests. However, as noted previously, the HP wave analyzer
has the capability of measuring amplitudes less than 0.1 pV, which
should be adequate for measuring the minuscule currents. To verify the
validity of the artificial open-circuit test and to show that it was the
harmonics and noise in the power system that prevented the achievement
of reliable data, an additional experiment was conducted.

A capacitor was used in place of the two-port network, and a low
pass filter was used at the input. The low pass filter would block much
of the high frequency harmonics and noise of the AC power system, allowing
easier detection of the injected high frequency signals. The results of
the tests with 60-Hz AC applied to the capacitor correlated well with

theoretically calculated values. As expected,

~N
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The impracticality of using filters on all power elements, therefore,
prevents using artificial open circuits in determining z-parameters.
Thus z-parameter measurements were discontinued, and methods of measuring

y-parameters were undertaken.
y-Parameters

The experimental setup for measuring the y-parameters is the same
one as that used in the z-parameter measurements, illustrated in Figure
13. Initial indications were that the substantially larger currents
would facilitate measurements of voltages and currents. The value of
the shunt capacitances for voltage measurement was picked so that the
detected voltage can be easily measured by the wave analyzer. Adjust-
ments of the phase and amplitudes of the injected high frequency signals

produced a distinct minimum in the measurement of V1 or VZ' This minimum

corresponds to V1 or V2 being approximately zero; that is, a short
circuit occurs across one of the ports. These indications were very
promising in view of the difficulties encountered in z-parameter mea-
surements.

The y-parameters were first measured using conventional means. The
loads were disconnected, and each port was short-circuited in turn.
Measurements were made using voltmeters and ammeters. This data proved
to be consistent and was used as the reference; that is, measurements
using electromagnetic coupling would have to provide similar results to
prove that the methods work.

Next, measurements were done using electromagnetic coupling: first
without 60~Hz AC applied then with 60-Hz AC applied. The resutts of
these measurements all correlated, as indicated by the graphs in Figure 15,
which compares the results of the three tests.

The results show that le(jm) and YZI(jm) are approximately equal,
as would be expected in a linear, reciprocal network like a transformer.
le(i.‘) is 10 times larger than Y”(jm), and Yzz(_]x) is a hundred times

larger than Y, (jw). These findings too are consistent with expected

11

results.

14




They can be verified by the following derivations.

1]

¥p )

Y,(0w) =

Y21(jw) =

Yzz(jw) =

Also, V1 = aVZ, I, = 1,/a, and a = N_/N

i 2
evaluated. Then
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The admittances are plotted on log-log paper in Figure 16. This

result seems to indicate a purely inductive circuit. This result is not
surprising if we consider the equivalent circuit for the transformer in
Figure 14 under short-circuit load conditions; that is, RL = 0. The
circuit is simplified by considering the following conditions. In

: 2 2 2
general, R, is much greater than a"R, and X¢ is much greater than a X

¢ 2 2
Ignoring R¢ and X¢ then, gives a series R L circuit, with (R] 75 asz) as

) 2 >
the resistance, and (X1 + a X2) as the total reactance. For a trans-

former, we expect
2 2
](x1 + a x2)| >>> ](R1 + a R2)l

so the transformer would appear like a pure inductance in the short-
circuit tests. This hypothesis is borne out by the data of short-
circuit tests and by the y-parameters plotted in Figure 16. The data
also indicate that the approximation of the transformer as a pure induc-
tance is valid even at 60 Hz. The results in the high frequency range
can then be extrapolated to give the results for operation at 60 Hz.

The impedance parameters can be calculated from the y-parameters.

For a two-port network, Equation 5 can be written

Y272 ;1 Y22 Y93
N ~y y -y y
T 12 X141 R 12 : 11 i)
11 ¥12 Y11Y22 ~ Y1291
31 Yog
.Vl 1
Y1122 ~ V12721
i (18)
Z,) e ————" - e "—
i Y11Y22 ~ V12721
q
16 f
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ar = el il

CONCLUSTONS

In the electromagnetic coupling measurements performed by CEL,
solid ferromagnetic transformer cores were used. This proved to be
satisfactory for laboratory use but would not be practical for field use
because power lines would have to be disconnected to pass them through
the cores. For field operations, clamp-on devices such as those shown
in Figure 17 could be used. This would allow setup of the measurement
instruments without de-energizing the power element.

Electromagnetic-coupling measurement techniques and high frequency
injection can be used to determine the circuit parameters of a power
element while it is operating on-line at 60 Hz. This provides the
tremendous advantage of minimizing the equipment downtime for periodic
maintenance, by allowing such standard tests as open- and short-circuit
tests to be run without disrupting the power supply or loads.

The techniques described in the measurement on a two-port network
can be generalized to any multiport network. Thus, measurements need
not be restricted to single power elements, and entire electrical systems
may be measured and characterized.

After the impedances or admittances of a network have been charac-—
terized, a linear mathematical model may be synthesized. This model can
then be used on an analog computer to simuiate responses and operation
of the network. In this manner, entire electrical power systems can be
simulated and analyzed for effects of load or system changes or for

responses to transients.




This method of measuring can readily be adapted for continuous

monitoring of power elements or systems. Since there is essentially no
effect on the system or loads, circuit parameters can be monitored
continuously to provide immediate indication of faults in the power

elements.
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Figure 8. Voltage measurement with shunt capacitance.
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Figure 10. Detector circuit.

Figure 11. Injection circuit.
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