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ABSTRACT

This paper, in the form of a primer, discusses analog to
digital, A/D, converters from the power system engineer's

point of view. This view looks at the power system first,
the measurements required and then determines the required
A/D converter. Also discussed are what effects potential

transformers, current transformers, secondary cables, alias-
ing and scanning frequency have on the measured signals.
Finally a brief discussion on the effect computer massaging
of the data has on the number of bits and the number of sam-
ples per second required.

INTRODUCTION

My last year in university saw a basic change in the
electronics course taught to seniors =~ the abandonment of
tube type circuits in favour of discrete transistor circuits.
The IC chip had just become a commercial product. In the re-
latively short time I have been working, a little over 16
years, protection and control equipment has changed from
electromechanical to analog electronic to digital electronic
to computer based equipment. A major requirement of the lat-
ter is the conversion of the analog signals to digital form
through the use of an A/D converter. In discussions with
digital engineers their viewpoint is to talk of the equipment
first and what it can do for you; the analogy of a solution
looking for a problem is the impression you are sometimes
left with after talking to these engineers.

In preparing this paper I took the power system engi-
neers' view point, that is to say I looked at the power sys-—
tem first and determined what it was I wanted to measure and
at what resolution and with what equipment. In order to do
this the A/D converter is treated as a meter which gives an
output in real numbers. The A/D converter is treated in this
paper as an ideal device and is free from any error in the
conversion process. For a discussion on the errors associat-
ed with the conversion process the reader is referred to ref-
erence 1.



As a final word of introduction, I have written this pa-
per based on my own experiences of trying to come to drips
with the various aspects of digital equipment applied to a
power system. I have tried to be middle of the road in this
approach and my intention is to build a bridge, or at the
very least, the foundation of a bridge between the digital
engineer and the power system engineer. It is imperative
that the digital engineer talk the same language as the power
system engineer and vice versa. In doing this I take the
calculated risk of pleasing some and displeasing others.

POWER SYSTEM FREQUENCIES

With reference to figure 1, consider the £frequencies
that occur on a power systemz, First let's loock at the
steady state condition; the daily load curve is the lowest
frequency encountered, next load and/or generation changes
cause small perturbations in the power system and last the 60
Hz voltage and current signals. Under fault conditions,
there are four components; the dc offset, the 60 Hz load com-
ponent, low frequency transients from 120 to 1000 Hz due to
the terminal equipment and high frequency transients generat-
ed by the fault. Conventional relaying need only concern it=-
self with the first three components and the fourth requires
special relaying to measure the high frequency travelling
waves generated by the fault.

How does one know what part of the first three compo-
nents of fault bandwidth his relaying system must be able to
cope with? Shannon3 stated that in order to measure a given
frequency you must scan at twice the frequency. To apply
this to relaying then, consider the following; a modern gen-
erator differential relay can operate in 2 msec. This corre-
sponds to a frequency of 500 Hz, the relay must be capable of
responding to frequencies from dc to 1000 Hz in order for it
to operate in 2 msec.

Where, you might ask, is all this leading to? With the
application of digitally based equipment to the power system
there is the potential of scanning more bandwidth than is re-
ally necessary.

Consider another example then. A phase comparison relay
can under certain conditions operate in 1/4 of a cycle. Us-
ing the above criterion the relay must be capable of respond-
ing to a bandwidth from O to 480 Hz or eight times the funda-
mental. Digitally based equipment installed to measure the
performance of this relay need scan no faster than 500 Hz in
order that relay performance be assessed. There are other
examples that warrant higher bandwidths for measurements e.dg.
the ring down frequency of series capacitor banks and its ef-
fect on communiction circuits, but the general idea is con-—
tained in the above discussion.
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The engineer in applying digitally based equipment to
his power system must have some idea of what frequency band-
width is important to him. On the SPC system this has been
determined to be 0O to 500 Hz for fault recording equipment
and 0 to 240 Hz for for relaying purposes.

POWER SYSTEM HARMONICS

The above section gave a broad overview of what frequen-
cies exists on a power system. These frequencies can be both
harmonic and non-harmonic, an example of the latter will be
given in a subsequent section of this paper. An ELECTRA4 pa-
per published in 1981 included the following table listing
the various harmonics normally present on a power system.

HIGH VOLTAGE NETWORK AND DISTRIBUTION AT VERY HIGH VOLTAGE
AND LOCAL INTERCONMNECTION
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THE POWER SYSTEM - FIRST EXAMPLE

Consider the power system shown in figure 2, as part of
normal system operation the line designated SIR is run open
circuited to provide var support at bus R. The problem is to
provide metering with a resolution of 1%.

At 230 kV, @, the line charging vars can be estimated as
190 kvar/km which translates to:

{190X180)/1000 = 34.2 mvars
Under fully loaded conditions the line is designed to
carry 2 X SIL or 300 Mw, and this can be intrepeted as re-

quiring a current transformer with a ratio of 800/5.

The three phase fault at bus R is 4500 MVA, what fault



current in secondary amps will we see?

(4500 X 103) v 5

2 R % 50) 800

If = 70.6 amps

Saturation of the current transformer is not a concern
since the fault component is only 15 times the load compon-
ent.

The line charging current that is to be measured is:

I. =.34.2 X 103 % _5
¢ T T(\/3 x 230) ~ 800

Io = 0.54 amps

Before proceeding to the question of what A/D is re-

quired, two questions have to be answered. The first, deals
with the definition of accuracy. Where do we define the ac-
curacy point? If it is defined at the maximum valde meas-—

ured, 70.6 amps, this gives +/- 0.706 amps which is greater
than the quantity we wish to measure. At 0.54 amps the 1%

accuracy is +/- 0.0054 amps. The second and more important
gquestion is, what are the limits the current transformer im-
poses on our measurements. The composite error of a current

transformer has to be measured due to the high leakage flux
of the device. At full output, i.e. 20 times rated current,
the magnetizing circuit due to its nonlinearity is rich in
harmonics. The composite error of the current transformer
consists of both magnitude and phase angle. IEC® for a cur-
rent transformer with a 5% accuracy class defines these er-
rors as 1% magnitude and 1© phase at the operating frequency.
SPC's standard current transformer has an accuracy class of
2.5L800 at 1800/5 so we can safely assume that my accuracy
requirements are attainable. So far as I have been able to
determine the available standards do not define accuracies at
other than the fundamental frequency.

We require a device then that can measure 0.54 +/- 0.005

amps. The next section of the paper will show how this can
be accomplished.

THE A/D CONVERTER - AMPLITUDE MEASUREMENT

An A/D converter is a device used, in this case, to
translate the analog signals of a power system to a digital
number or code. Digital numbers or codes are composed of
bits. A bit is a unit of information that can have one of
two possible states; 1 or 0. Each digital code represents an
unique analog quantity.



An A/D converter has a number of bits, n, which are used
to make up 20 codes, each code containing n bits. Typically
used converters are 8, 10 and 12 bit. An example of a digit-
al code for a 10 bit A/D converter would be:

1011001101
The corresponding analog quantity in decimal form is;
2=l + 2-3 4+ 24 + 277 4 278 4 2-10
0.500 + 0.125 + 0.063 4+ 0.008 + 0.004 + 0.001
0.704

The number of levels that the n bit converter has be~
tween its minimun and maximum values is (20 - 1) and each
level has a decimal equivalent of 1/20 or 2-n,

Two other points of interest are the most significant
bit (MSB) and the least significant bit (LSB). The MSB is
the largest decimal value that the converter possesses and is
equal to 27! and the LSB is the smallest decimal value that
the converter possesses and is equal to 270, The LSB also is
the resolution of the n bit A/D converter.

With reference to figure 3, the maximun value that the
A/D converter will read is (1 - 2-1), the analogy of counting
fence posts is applied here. There is an uncertainty in the
digital measurement of +/- LSB. This is because the A/D con-
verter 1is a level detector and is assumed to change values
LSB/2 before and after the measured level. This is also re~
ferred to as the quantization or digitization error of the
A/D.

An A/D converter measures from zero to some positive
value, typically 10 volts, but the analog signal varies be-
tween some plus and minus value. Without going into the var-
ious ways an A/D converter accomplishes bipolar measurements,
let our A/D converter bias off the analog signal by 1/2 its
amplitude. This has the effect of using the MSB as a sign
bit with the result that the bipolar A/D converter has twice
the scale and one half the resolution of the unipolar A/D
converter.

The next thing to recognize about our A/D converter is
that it measures in peak values so our meter reads the value
times \/2. The 70.6 amps is now 100 amps peak and 0.54 amps
is now 0.76 amps peak. The A/D converter has an input of 200
amps peak to peak and since this device wants the input to be
0 to 10 volts we apply suitable isolation, conversion and
scaling equipment to the front end.
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Let's now take this information and create the above ta-
ble for a bipolar A/D converter which is required to measure
100 amps peak maximum and 0.76 amps peak minimumn.

The maximum peak amps is equal to 100 X (1 - 2/28) and
the minimum peak amps is equal to 100 X (2/21).

Let's return to our power system. We want to measure
0.76 +/- 0.008 amps. In order to do this a 12 bit A/D con-
verter is required and from the table its step size is 0.049
+/- 0.024 amps peak.

THE POWER SYSTEM - SECOND EXAMPLE

Consider the portion of the power system shown in figure
4. During switching of the 10 MVAR capacitor bank the break-
er flashed over. After checking the breaker it is decided to
put the bank back in service. Before doing so System Opera-
tions request that the Dbreaker be monitored. You decide to
do so by using a recorder that incorporates an A/D converter.
The problem is, what frequency bandwidth is required to meas-
ure the restrike voltage?

Assume the source fault MVA is purely inductive and the
capacitor bank is a pure capacitor; calculate L and C.

L = X1,/377 = 13.82/(377x700) = 0.722 mh
C = 1/(377xXc) = 10/(377x13.82) = 139« £
fo = 1/sq.rt.(2x7°x0.722%0.139%10"9) = 500 Hz
In order to measure this frequency the A/D converter
must be able to resolve a frequency of 1000 Hz. How this

signal 1is measured will be covered in the next section of
this paper.

SAMPLING FREQUENCY

Shannon in his paper3 stated; "If a function f(t) con-



tains no frequencies higher than W cps, it is completely de-
termined by giving its ordinates at a series of points 1/2W
seconds apart”. As stated above this means you must sample
at twice the frequency you want to capture. There are two
effects if this theorem is not followed; the first deals with
“frequency folding"” and the second deals with "aliasing". It
is outside the scope of this paper to provide a rigorous
proof of these two phenomena, but figures 5a and 5b demon-
strate their effect very well.

With reference to figure 5a, suppose our signal f(t) has
a Fourier transform, F(w), and is completely defined over the
range =-wp to +wp with a fundamental of wg. It can be seen
that we must sample at 2wy in order that the decrete frequen-
cies in our signal do not overlap. If the sampling fregquency
is less than twice wg, the high frequency componhents of the
signal F(w) interfere with each other with the result that
the even harmonics add and the odd harmonics subtract and the
original signal is corrupted.

With reference to figure 5b, if the sampling frequency
is less than wy, a low frequency "alias" signal will be re-
covered during the signal reconstruction process and this low
frequency signal is the upper limit of the frequency spectrum
thus making it impossible to obtain any information about the
original signal.

This section on sampling frequency and the section on
amplitude measurements define two important parts of the A/D
converter; the resolution of the signal and the rate at which
the signal must be sampled.

What effect the equipment used to measure these signals
has on the bandwidth will be covered in the next section.

BARDWIDTH LIMITATIONS

The potential and current transformers and the secondary
cables that connect the potential transformers and current
transformers to the A/D will limit the bandwidth of the sig-
nals. In a 1980 ELECTRA paper® the following was published:

"Computer calculations and some measurements have
shown that the measuring errors of instrument
transformers are relatively small in a frequency
range of about:

-~ 1 Hz to a few thousand Hz for current transform-
ers

- 1 Hz to several hundred Hz for inductive voltage
transformers

- 20 Hz to a few hundred Hz for capacitor voltage
transformers.”



In 1981 another ELECTRA paper4 on harmonics in power
systems stated:

"When measuring harmonics of high-voltage networks
it is usually necessary to use instruuwent trans-
formers. These are designed and constructed to op-
erate correctly at the fundamental frequency of
power systems, and very little attention has been
paid to their capability to respond to harmonics.

"The transformation ratio of an inductive (mag-
netic) transformer may have a considerable error at
harmonic frequencies. As the freguency increases
resonances are introduced between winding induct-
ances and capacitances causing peaks of the ampli=-
tude response curve. When voltage transformers are
connected in cascade, errors may become significant
at frequencies as low as 500 Hz. Figure 6a shows
some examples of amplitude responses. The ampli=-
tude response of a capacitive voltage transformer
is even more, as can be seen in figure 6b.

“Harmonic currents are always measured using cur-
rent transformers. Fortunately their primary im-
pedance 1s very low and thus the resonance points
of the amplitude response curves are determined by
the impedances of the secondary windings and are
usually above 5 kHz.

"As a summary it can be concluded that capacitive
voltage transformers cannot be used when measuring

harmonic voltages. Also many types of magnetic
voltage transformers have a considerable error of
transformation ratio at higher frequencies. The

most reliable measurements results of harmonic
voltages can be obtained by using capacitors or ca-
pacitive voltage dividers. In most high-voltage
substations there are suitable capacitors for meas-—
urement, such as carrier frequency capacitors, ca-
pacitors of capacitive voltage transformers and ca-
pacitive tappings of current transformers or bush-
ings.

Contrary to voltage transformers, current trans-
formers have a good accuracy at harmonic frequen-
cies and thus the measurements of harmonic currents
is simpler."”

Secondary cables will not 1limit the frequency response
of the signals presented to them to the same extent as the
instrument transformers. Calculations and field measurements
on a standard SPC ct cable, a 4C #9 with no overall shield,
gave a bandwidth of greater than 50 kHz for a 1000 foot loop
of cable. The bandwidth is inversely proportional to length.



In summary for this section let me make the following
two points:

- Greenwood in his book’ on electrical transients indi-
cates that up to 5 kHz bandwidth is achievable for measuring
purposes.

- National standards do not specify the frequency band-
width of instrument transformers and this specification must
include both the magnitude and phase angle limitations of the
instrument transformer.

COMPUTER MASSAGING

The above discussgsions on the amplitude measurement and
sampling frequency of an A/D converter have purposely ignored
any statistical manipulation that would be employed in the
digital processing of the A/D signals. A brief introduction
of what can be accomplished using a computer to process the
signal will be covered in this section.

It is the intent of the following basic proof to link
the number of A/D bits, n, with the number of samples, N,
taken over one second. From this exercise it is possible to
see a relationship between the two.

Assume a process, x(t), is a pure sinewave. Also assume
the process, x(t), is sampled with an A/D converter which has
n bits. The sampling rate is N samples per second at the
power system frequency.

The sampled functions, xi, differ from the true value,
x(t), by the quantization error defined previously as LSB/2.

The distribution function of x; is given by:
F(x;) = 1/LSB in the range +/- LSB/2

The probability density function, S2, for the distribu-
tion of this sinusoid is:

S2 = (LSB)2/6 = 2/(3-4D)

The probability, (1 - a), that the true value, x(t),
lies within the interval +/- LSB/2 is governed by:

LSB = +/- tg/2,n (8/sq.rt.(N))

where tg /7 i is test of significance between two sampled val-~
ues with N-1 degrees of freedom.



Substituting for S in the last equation we have:
LSB = +/- ta/2,N 8q.rt.(2/3-40:N)

To keep the LSB constant between two sampling rates, Nj
and Ny, or two n bit A/D converters we have the following ex-
pression:

ta/Z,Nl SQ»rt.(l/4nl‘Nl) = ta/2,N, sq.rt.(1/4n2-N2)

Assume that N3 and Ny are large such that the expression
for ta/2,N; approaches ta/2,N,s this will occur when N is
greater than 20.

4nlch - 4n2.N2
Rearranging the above expression yields:
Nl/N2 = 4n2 - nl

If nl - n2 = 1; Nj must sample at four times Ny and this
defines a relationship between the number of bits, n, and the
number of samples per cycle, N, at the power system frequen-
cy. As is usually the case the dynamic range of the A/D gov-
erns the number of bits required. The number of samples per
cycle can then be estimated from the above keeping in mind
Shannon's criteria of sampling at twice the frequency you
wish to capture.

CONCLUSIONS

The purpose of this paper was to give the non dgital
power system engineer a basic understanding of A/D conver-
ters. Before the majority of us retire we will in one way or
another be dealing with digitally based equipment on our pow-
er systems. It is imperative that Dboth the power system
engineer and the digital engineer understand and communicate
with each other.

It is very important that the application engineer
understand meaning of the number of bits, n, and the sampling
frequency, N, when applying A/D converters to his power sys-
tem.

Equally important to both engineers is an understanding
of the limitations the voltage and current transformers im-
pose on the measurement of the magnitude and frequency of the
voltages and currents on the power system.
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