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Abstract

This paper discusses an experimental distribution protection system using
an eight bit microprocessor. The paper reviews the historical development
of distribution protection and describes the implementation, testing and
future possibilities of this development.

Historical Development of Protection for Utility Distribution

Prior to 1961, many circuits eminating from distribution substations were
protected with circuit breakers equipped with induction disk overcurrent relays
and electromechanical reclosing relays. The reclosing relay used motor
driven cam operated switches for timing, reclosing, and reset functions.

The usual reclose program consisted of one or more instantaneous trips
and immediate reclose to clear temporary faults. This was followed by one or
two time delay trips on an extremely inverse characteristic with time delayed
reclose. The time delay trips were coordinated with feeder fuses.

In 1961 the first electronic control for oil circuit reclosers were
applied wherein the tripping and reclosing functions where combined in an
integrated control system. In this system reported by Riebs(3), time
curves,reclosing timing, and sequence were selected by plug-in modules for
convenient setting by operating personnel. The unit required an internal
battery for operation.

In 1968, Lipnitz and Fields (4) reported on a refined solid state control
used with a vacuum recloser, this was a self-powered design requiring no
control power for tripping. In this unit 14 dials allowed for selection
of phase and ground pickup, time curves, number of instant trips, number of
reclosures, and open interval time delays.

The design of discrete solid state overcurrent and reclosing relays
followed (5). In addition to lower burden, these relays provided a wide
variety of curves, fast reset and special instantaneous curves usefull in
distribution system protection. The use of discrete solid state relays
allowed the user to select desired models of each overcurrent relay and
reclosing relay and combine them in a system of his own choosing.

A comparison of the discrete solid state relays versus the integrated
solid state control system was presented in detail in 1974 by Lipnitz and
Zocholl (6) . It was made apparent each system had advantages for certain
applications but neither could fill all the requirements for the various

special schemes. .




The recloser control was adapted to a distribution circuit breaker
enclosed in metal clad switchgear in the early 70's. However, this
particular configuration was not commonly accepted because tripping
curve selection was limited.

More recently, certain European manufacturers have offered modular
solid state distribution protection systems packaged in 19 inch relay
racks. This approach in turn has not satisfied the average user mainly
because of prohibitive cost relative to conventional devices.

The combination of standard relay practices and special requirements
used in distribution protection schemes has set the goals for this

experimented microprocessor development.

Advantages of Digital Methods

Where integrated circuits and simple logic elements are replacing
discrete transistors in designs, solid state relays and systems remain
custom cirucits dedicated to specific relay functions. Inthe analog
relay, input signals are filtered, combined, and ultimately converted
to DC for comparison with a reference.

In the microprocessor system the analog input signal is converted
to a binary number represented by a series of voltage lines. The numbers
are then processed according to a set of instructions stored in a memory
element. Consequently, the processor is a universal piece of hardware
with a function determined and modified by the memory element.

In the solid state relay the input AC voltage proportional current
is immediately rectified and peak detected to obtain a DC signal. The AC
sine wave is in effect sampled twice per cycle.

Digital methods could be used to implement the means of signal
processing employed in analog relays. For example, analog peak detectors
followed by A/D conversion could provide a processor with essentially the
same information used in existing analog time-overcurrent relays. Whether
this approach is taken or not should be dictated by economics, among
other things. Our approach in applying digital techniques is to use common
analog preprocessing for all subsequent digital signal processing operations.
This approach makes it necessary to filter, sample and gquantize the analog
data so that phase and amplitude information are preserved. Thus, while
peak detection suffices for time-overcurrent relaying, phase information
for directional would have to be obtained by another analog preprocessing
scheme.

For these and other reasons, we have chosen to use linear input
transformers, followed by sample/hold amplifiers which provide a time-
discrete representation of the input quantities. With this approach,
the addition of other relaying or metering functions to the time-
overcurrent function is straightforward. Examples of other functions
include directional relaying, distance relaying, synchronism checking,
and watt and VAR metering.



Although a single
more could be employed

input transformer is required per input quantity,
for redundancy. This is in contrast to present

practice where each relay has its own input circuitry. As an example,
suppose a time-overcurrent relay is supervised by a directional relay.
The time-overcurrent has input circuitry for each of the currents, as
does the directional relay. The cost of this duplication is not offset
by any reliability advantage, since each relay function depends on the
information available from its input circuits only. Although analog

systems could be designed having a single input device per input quantity,

this has not been general practice. Digital techniques make such a

philosophy natural and

cost-effective.

A particular advantage of digital processing for time-overcurrent
relaying is the ease of implementing very long time characteristics, as
may be required for protection techniques based on thermal emulation.

Examples include cable

protection and rotating machine protection.

Operating times of several hours are practical.

Digital techniques offer flexibility in the design and implementation

of time-current curves.

overcurrent relay is determined by network design, the digital relay curve

shape is determined by

constants, as well as pickup and time dial settings, from a remote location;

Whereas the curve shape of an analog time-

stored constants. It is feasible to change these

this may be useful in central coordination of relay settings for optimum
protection under system conditions which may be affected by loading or
out of service equipment.

Digital filtering

techniques provide means of reducing the effects

of transients on the relay functions, as well as means of implementing
sequence filters and harmonic filters. Such techniques have been applied
in the time-overcurrent relay described in this paper to reduce the
dependence of operating times on the decaying exponential transient (DC

offset).

Time-overcurrent Algorithm

The time-overcurrent relaying algorithm is described in Reference 1.
Its operation is summarized here. Time-discrete quantized current data
are presented to the processor. These data are digitally filtered using

Walsh filters to provide in-phase and in~quadrature representations of the

imputs, and to remove any DC component which may be present. Note that
this filtering process not only reduces the effects of any decaying
exponential offset that may be present, but also nulls out any bias that
may have been introduced in the lowpass filter, sampler, or quantizer.

The digital filter outputs provide a Cartesian coordinate repre-

sentation of the input
amplitude information.

current. Thus the outputs contain both phase and
It is necessary to determine the magnitude of

the phasor these components represent. In theory the magnitude could

be obtained by finding

the square root of the sum of the squares of the

components, however computational burden considerations make this an

undesirable approach.
an accuracy of 0.57.

Instead, a magnitude estimator is used, having




The digital filtering process and magnitude estimator provide a
value for the magnitude of the input current once every one-fourth cycle.
This value depends only on the latest four samples of the input.

Let the magnitude of the input current found by the above process
«fter the time instant k be denoted by I(k). If I(k) is above a pickup
value, then I(k) and subsequent values are summed.

The summing equation is:

S(K+1) = S(k) + T(kt+l1).

If the sum reaches a trip value, then the relay operates. This provides
an ideal inverse characteristic. To obtain any characteristic, the
summing equation is modified to include an adjustable gain of integration
and an adjustable offset.

That is,

S(k+1) = S(k) + al(k+1) - b,

where "a'" is the gain of integration and "b" is the offset. The gain

and offset are made functions of T(k) to adapt the equation to any desired
curve. For example, a very-inverse set of curves was implemented using
thirteen pairs of constants a, b to obtain agreement to the specified
curve to within two percent.

Metering Algorithm

Metering of the input currents is quite simple, since the time-
overcurrent algorithm determines the magnitude of each of the inputs
every quarter cycle. The I(k) values are summed over a period of
approximately one second; the sum is then displayved and cleared. Thus,
the displayed value is the average current over the summing period.

The averaging smooths out the amplitude quantization introduced by
the A/D conversion process, and the one~second averaging period makes
the "bobble" in the display tolerable, without the need for adding
display hysteresis.

HARDWARE DESCRIPTION

General Description

The svstem provides a means of implementing and evaluating digital
techniques and algorithms for relaving, metering and control. The system
was originally designed around the Motorola M6800 microprocessor, but
was updated to employ the Motorola M6B80Y microprocessor and more modern
memory devices. The system accepts analog and digital inputs, and provides
digital and visual outputs. All programs are stored in programmable
read-only memories.

Block Diagram

Figure 1 is a block diagram of the system. Major elements include
three input transformers and their associated low-pass filters and sample/
hold amplifiers; a sampling clock; the microprocessor and its memory; and
four types of 1/0 devices. Eight thumbwheel switches allow parameter
entry; an eight-digit numeric LED display provides current metering



information; digital input/output lines monitor circuit breaker auxilliary
contacts and control the breaker; and nine discrete LEDs display the
state of the relay.

Analog Inputs

Three input transformers and secondary shunts provide analog current
inputs to the system. The current range at the input is zero to five
amperes RMS. An input of 0.1 amp is defined as one per—unit; thus the
maximum input is 50 pu. The five ampere maximum input was chosen to
facilitate testing with relatively low-level sources. The analog inputs
are filtered, sampled and converted to digital information which is
delivered to the processor. The sampling rate is set at four samples
per cycle, or 240 samples/second. A summing amplifier is provided to
determine the residual current. Of course, the residual current can also
be determined from the samples of the three input currents; the addition
of the summing amplifier enables a simple means of wvalidity checking
of the input data.

At present, four of the eight inputs to the data multiplexer are
used by the current channels. The remaining four inputs are available
for voltage inputs when the system is upgraded to provide directional
relaying capabilities.

Sampling Clock

The sampling clock dictates the instants at which the input data
are sampled. It also is the timing reference for the relay. Originally
a quartz crystal oscillator and divider chain were used. It was later
replaced by a programmable timer/counter IC, which, under the control
of the processor, can produce any sampling rate by counting down the
processor clock. This change reduced the number of ICs, and eliminated
one quartz crystal. In addition, the timer/counter IC contains a total
of three independent counter/timers; this leaves two for other purposes.

Digital Inputs

Two optically-isolated inputs and eight non-isolated TTL-level
inputs are provided for monitoring such externals as the auxiliary
contacts of a circuit breaker, or the outputs of other relays.

An eight-digit thumbwheel switch register provides for the input
of constant parameters, such as the time dial settings, reclosing interval
times, reset interval time, and numbers of instantaneous and time trips
to lockout.

Since all of the digital inputs are under the control of the processor,
their functions are assigned by software.




Digital Outputs

Digital output lines are provided to command a circuit breaker to
operate, and to indicate the relay state via discrete LEDs. The programmed
functions of the LEDs are listed below:

~Pickup

~Phase A flag

—~-Phase B flag

-Phase C flag

-Reclose signal

~Trip signal
-Instantaneous unit flag
~Time unit flag
-Breaker open indicator

An eight-digit numeric display provides a means of indicating such
information as line currents. The display is programmable to indicate
essentially any internal of the system; it 1is presently programmed to
indicate the current level, in per-unit, in the three phases and in the
residual circuit. The display operates for inputs below pickupyi if the
input is above pickup and if the relay operating time is less than the
display period, then the current above pickup is also displayed.

Microcomputer

Originally, a Motorola M6800 microprocessor was used. It was replaced
by a Motorola M6809 to reduce the number of parts, and to increase the
processing power. An additional benefit is that software for the M6809
requires less memory to perform the same functions as the M6800. The
present configuration supports six kilobytes of read-only memory, and one
kilobyte of RAM. (The time-overcurrent, reclosing and metering functions
require about 1400 bytes of ROM, and less than 200 bytes of RAM.) The
microprocessor and memory components are contained on a 4% inch by 6} inch
circuit wire-wrap card. The card also contains the I/0 device which
handles the thumbwheel switches and the numeric display. An edge-connector
bus provides the data, address and control lines for all other I/0 devices,
such as the A/D conversion circuitry, the discrete LED displays, the
digital I/0 lines, and the programmable timers. If required, additional
memory and I/0 devices could be interfaced via the bus.

Software Description

The program consists of two parts:

-Main Program
~Interrupt Program.

The flowcharts for these programs are shown in Figures 2 and 3.

In response to power up or reset, the main program begins. This
program then reads the settings of the thumbwheel switches, stores their
settings in memory, and echoes their settings to the numeric display. The
relay remains unresponsive to input signals, insuring that the settings
of the switches do not cause unintended operations. Once the operator



has decided that the parameters entered via the thumbwheel switches are
those desired, the operator can enter these parameters by pressing the
"ENTER" pushbutton switch. Initialization routines process these para-
meters to determine the internal constants required by the algorithms.
The internal constants include: number of instantaneous trips, maximum
number of trips, reset time counter setting, and the trip value corres—
ponding to the selected time dial.

Once these constants are set, the main program enters a wait state
and remains there until it is interrupted by the sampling clock. The
interrupts occur four times per cycle, and signify that the analog data
are sampled and ready for conversion and subsequent processing.

The processor responds to the interrupt by executing the interrupt
program, which determines the relay state and sets a control word as
described below. Once the interrupt program is completed, control is
passed back to the main program, where the state of the relay control
word is examined, and several conditions are checked. These include the
following:

- has the relay tripped?

- if so, was it an instantaneous trip or time trip?
- has the maximum number of trips occurred, implying lockout?
- 1f not, perform reclosing after the appropriate delay
- is it time to display the currents?
- was the reclose successful? — if so, reset the sequence

At the conclusion of these operations, the program enters the wait
state again, and remains there until the next interrupt occurs.

Note that the relay ignores any alteration of the thumbwheel switch
settings unless the processor is reset manually or a power—down — power-up
sequence ocCcurs.

The interrupt program performs the majority of the computations
required. In response to the interrupt caused by the sampling clock,
the interrupt program sets the analog multiplexer to the first analog
input channel and commands the A/D converter to start a conversion.
When the processor senses the conversicn is complete, it steps the multi-
plexer, starts the next conversion, and reads in the result of the first
conversion. This process continues until all analog input channels are
converted, read in, and stored in memory.

The input data are stored in short arrays consisting of the latest
four samples of each input. These data are used for computation of the
digital filter outputs. In turn, the digital filter outputs are pre-
sented to the magnitude estimator subroutine to determine the magnitude
of each of the inputs.

The magnitudes of the inputs are compared to a pickup value: 1if any
of the inputs are above pickup, the condition is recorded by setting
appropriate bits of the control word. This control word contains the
following information:

~ Trip flag, which is set if the relayv has tripped
— Instantaneous flag, which is set if the trip was instantaneous




- Reset flag, which is set if the relay detects normal conditions
over a period of time equal to the reset time

- Display flag, which indicates to the main program that sufficient
data have been accumulated (averaged) to allow for the display
of the currents

~ A flag, set if phase A 1s above pickup

- B flag, set if phase B is above pickup

-~ C flag, set if phase C is above pickup

- R flag, set if residual or any phase is above pickup

Thus, communication of the state of the relay between the interrupt
program and the main program is via this control word.

TEST AND EVALUATION

Computational Burden Analysis and Measurement

Four samples per cycle of each of four inputs must be processed within
one sample period, if the relay outputs are to be updated every one-fourth
cycle. This implies that one pass through the relay programs must be com-
pleted in less than 4166 usec. The algorithms were designed to be com—
putationally efficient so as to minimize the processing burden. Certainly,
the design and implementation of efficient algorithms are keys to maximizing
the effectiveness of the processor. Conversely, if less efficient processing
schemes are employed, a more expensive processor may be required, or less
functions per processor can be performed.

The computational burdens of the various processing tasks were estimated
when the assembly language program was written, and these estimates were
useful in determining where effort should be placed to minimize the total
processing time. In addition, the actual processing times of various
routines were measured to verify the estimates and to observe the data-
dependent variations in the processing times.

Measurement of the processing times was accomplished with both hardware
and software help. A number of uncommitted 1/0 lines were designed into
the system. Individual lines were turned on at the beginning of critical
code segments, and turned back off at the end of the code segments. The
times the lines remain high provide a direct measure of the processing
times of the code segments. For example, a line is turned on at the
start of the magnitude estimator, and back off when the magnitude estimator
returns its estimate to the calling program. Thus, the time this line is
high equals the time the processor spent executing the magnitude estimator
subroutine.

In analyzing the numbers given below, keep in mind that the relay
must complete its processing tasks in less than 4166 usec.

The main program executes in 35 usec. under normal conditions.
Exceptions include reclose timing,displav outputting and resetting.
Fortunately, the display function is itself interruptable, and therefore
need not be completed in one sample period. If data are ready to be dis-
played on the numeric display, the main program requires 600 used; however
this occurs only once every 272 sample periods, so the average time per
sampling period required for this exception is about three usec.



Most of the processing burden is in the interrupt program, and the
burden depends on the values of the inputs, if the inputs are above pickup,
and on the phase angle between the sampling clock and the inputs.

With all inputs below pickup, the interrupt program requires between
1700 and 2000 usec., or nearly half of the available processing time.
On the average, each input above pickup requires an additional 300 used.
1f all three phase units are above pickup, then the total processing time
of the interrupt program is between 2800 and 3100 usec.

The figures in the preceeding paragraph indicate that about half
of the available time is used under normal conditions, and that about
three-fourths of the available time is used if all four units are above
pickup. In the worst case, about 1000 usec. are left over for additional
functions, such as directional relaying.

One reason the upgrade from the 6800 to the 6809 processor was made
was to gain additional processing power, and, due to some differences in
the clock requirements, eliminate a few ICs. The 6800 could not complete
the processing tasks in the required time, unless metering during pickup

was eliminated‘ Fven this elimination left no time for additional functions.

The 6800 and 6809 implementations were made using a processor clock
of one MHz. These parts are now available in versions which operate at
up to twice that clock rate, or double the throughput. If the processing
burdens are converted to figures for a two MHz 6809, the worst-case burden
is about 37%. Thus, the higher speed part would be burdened to little over
one—-third of its capability, leaving ample processing power for additional
functions.

Simulation of the Effects of Offsets and Samoline Angle on Accuracy

A simulation study was performed to determine the effects of offset
current waveforms and the sampling angle on the operating time of the
time-overcurrent relay. The simulation program generates current waveform
data for any value of sampling angle and angle of fault initiation. These
data are processed in the program using the same steps as used in the
relay itself. In addition, the quantization effects of the A/D converter
are included, and the processing arithmetic in the simulation is performed
to the same precision as in the relay. The low-pass filter characteristics
and input transformer characteristics are not included.

The net results of the simulation study are summarized below.

Input current 5 Multiples

X/R 3.73

Sampling angle range 0 to 45 degrees in 5 degree steps
Fault angle range 0 to 90 degrees in 10 degree steps
Maximum trip time 0.2054 second

Average trip time 0.2011 second

Minimum trip time 0.1982 second

Standard deviation 0.0014 second




> This demonstrates a worst—case error band of 3.6% around the average
tripping time: this band is less than one-half cycle.

Other values of input current and X/R were simulated with similar
results, i.e., the error band remained less than one-half cycle. An error
band of that width is expected, since the operating times are quantized
into one-quarter cycle intervals. Thus the major contribution to the
error in operating time is the time quantization; not sampling angle or
the presence of offsets.

Test Data

The system was tested using a current source and simulated breaker for
reclose operations. The unit performed trip, reclose, reset and lockout
sequence correctly.

Sample test data for dial settings of 1.0 and 9.9 of the microprocessor
representing the time dial for a very inverse time current characteristics
is shown in table 1. Three sucessive trip times are listed with the
curve value for comparison.

Table 1: Very Inverse Characteristic Test Data

oy T.D. t to ts Curve % Error
p 1.5 1.0 2.839 2.831 2.836 2.85 -0.7
. 2 1.14 1.16 1.15 1.15 +0.3
) 3 <427 426 426 .43 -0.9
5 .196 .195 .197 .196 -0.5
10 .108 .110 .105 .105 +2.5
15 .083 .085 .084 .079 +6.3
20 .071 071 .070 .068 +3.6
1.5 9.9 38.66 38.77 38.71 39 -0.8
2 15.78 15.72 15.73 15.7 +0.3
3 5.84 5.82 5.81 5.8 +0.4
5 2.68 2.68 2.69 2.70 ~-0.7
10 1.48 1.48 1.48 1.48 0
15 1.14 1.14 1.14 1.12 +1.8
20 .968 .967 . 969 0.96 +0.8

A test circuit with an X/R ratio 3.73 and a random closing angle was
used so that offset and symmetrical current test data could be compared.
The test data in table 1 shows remarkable precision with no detectable
difference in trip time caused by DC offset.

FUTURE CAFAGLTLITIES

Within the constraints posed by the processing capability of present-
day eight-bit microprocessors, it is practical to include other relaying,
control and metering capabilities. Several examples are briefly described
below.




Frequency Relaying ﬁ

Frequency relaying offers an interesting tradeoff between processor
capability, sampling rate selection, and hardware complexity. The rel~
ative rapid response required of a frequency relay in general implies
that the frequency must be measured from the period of the input, as
opposed to counting cycles over a fixed period of time. If the frequency
is to be determined rapidly from sampled data, then a fast sampling rate
is required, perhaps 16 or more samples per cycle. Furthermore, the
processing of these data cannot be performed simply. The combination
of algorithm complexity and high sampling rate poses a severe processing
burden on the microprocessor. An alternative is to use hardware help
to determine the period of the input waveform. This is easily accomplished
using a programmable counter and input signal conditioning hardware. The
programmable counter provides the processor with the period of each cycle
of input, and the processor is left with the simple task of comparing
the measured period to preset limits. Rate-of-change of frequency can
be determined by only slightly more complicated digital processing from the
period measurements.

Data Logging and Communications

The microcomputer contains information which may be of interest to
operators or engineers tasked with the analysis of the cause or nature
of faults. Information which is easily accessible includes:

-~ voltage amplitude and phase

- current amplitude and phase

- time of pickup

- time of dropout

- number of reclosures executed

- frequency

Such information can be stored for onsite retrieval at the relay
or by another computer, or it can be transmitted to another location.

Modification of Relay Settings

411 or a subset of the relay settings could be modified from a remote
location or locally in accordance with a predefined scheme for recoordination
in the event of system changes caused by equipment failures, changes in
loading patterns, etc. Benefits could include closer coordination of relay
settings, flexibility in system restoration strategies, and versatility
in operating under abnormal conditions.

Security can be maintained by restricting the set of parameters
which are subject to modification, and by checking the commanded modifications
against limits stored within the relay.




Directional Relaying

If potential input transformers and associated low-pass filters and
sampling devices are added, then directionality can be added to the system.
A particularly simple scheme is to digitally filter the voltage data using
the same filters as applied to the sampled current data, and then compute
the power using the algorithm described in Reference 2. The sign of the
power yields the directional information. This process yields a direc-—
tional relay characteristic having its maximum torque angle in the direction
of the imaginary axis of the impedance plane. The angle can be moved
elsewhere several ways. First, if the desired angle is in the direction of
the real axis, the reactive power can be computed using the Reference 2
algorithm. Arbitrary angles can be implemented by phase shifting the
voltage or current, and then applying the power or reactive power algorithm.
The phase shift required can be obtained by analog means, by skewing the
sampling instants, or by a transformation of rotation performed on the
digital filter outputs. The analog method makes digital setting of the
angle awkward, the skew method requires hardware help, and the transfor-
mation adds significantly to the computational burden. The skew method
is attractive, since the sampling skew between the voltage and current
can be controlled by a programmable timer.

The directional function can be applied to any phase or to any of the
sequence components. If the latter is desired, the appropriate sequence
component must be computed from the digital filter outputs. This is
straightforward, even with a sampling rate of four samples per cycle.

The rotation of the phasors of B and C phases through 120 degrees is
accomplished by multiplication by a matrix of rotation having diagonal
terms of one and off-diagonal terms of +/-0.5 and +/-0.86602. Multipli-
cation by the latter factor can be approximated to within 0.147 by multi-
plying by the fraction 222/256.

PERFORMANCE SUMMARY

Functions Provided

In addition to conventional time curves and reclosing functions, the
microprocessor approach provides for new functions which include: (1)
indication of load current, (2) indication of phase and ground pickup,

(3) provisions for adding other functions such as directional and frequency
functions and (5) remote change of characteristics.

Flexibility

By changing only the software, the protection system can be adapted to
practically any system program with out the need to change the hardware.

Protection Level

The protection level afforded by this microprocessor based distribution
system is enhanced primarily by flexibility in the control of its functions
rather than by a significant increase in accuracy over conventional systems.



Software f

After the basic design is completed the most difficult portion of the
development program is the definition of and the implementation of software
requirements.

Physical Configuration

Figure 4 shows the experimental embodiment of the described system.
In the final design the number of circuit boards would be reduced to two
or three not including the power supply. The overall physical size
requirements would be a substantial improvement over the use of present
day discrete relays. Figure (5) shows a typical circuit board.

Cost Effectiveness

At this point in the development, the microprocessor, memories, and
in-out peripherals are available at reasonable cost. Solid state tech-
nological advances continue to reduce the cost of the single most expensive
component, the A/D converter. Software cost for equipment of this nature
are substantial.

Until market acceptance has been determined the cost effectiveness
of this design cannot be fully resolved. However, although there are
problems to be resolved, the authors are convinced this development will.
prove its cost effectiveness. Developments of this type are a necessary
step in our industries continuing effort to improve distribution circuit
protection.
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