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NEW MICROPROCESSOR BASED DISTRIBUTIONM
FEEDER PROTECTION SYSTEM

Summary

A protection system using a microprocessor has been designed for
protecting distribution line feeders. The system utilizes the finite
state machine concept, and incorporates the phase and ground time
overcurrent, phase and ground instantanecus overcurrent, and multishot
reclosing functions. Four time overcurrent characteristic curves are
built in. The curve selection can be done independently for phase and
ground. Besides these protective relaying functions, ammetering and
demand ammetering functions are also provided.

The finite state machine approach identifies distinct, well defined
states of a real-time system. The system resides in a definite state
until the occurrence of an external stimulus or an event. A fault is an
example of such an event. This approach yields a state transition
diagram for the system. This diagram pictorially depicts all the states
of the system, alongwith the events which cause distinct changes in
system states. This results in a better understanding of the system,
reveals additional capabilities, and yields a well structured, easily
maintainable software.

Continuous event reporting and recording functions are provided. The
record is stored in the system nonvolatile memory, for future playback.
The record includes details such as the cause and time of trip, the line
currents at the instant of fault etc.

The line currents are computed using sampling and digital filtering
techniques. The time overcurrent function is achieved through
specialized integration techniques.

Self diagnostics feature is provided. A1l the vital system components
are continuously monitored for correct performance and data integrity,
and failures are annunciated immediately. This enhances system
avaitability for protection.

Introduction

Overhead distribution feeder circuits are protected today generally by a
vacuum recloser with solid-state control, or by a circuit breaker with
discrete phase and ground overcurrent relays and a reclosing relay.
These discrete relays may be either electromechanical or more modern
solid-state designs. The advent of microprocessor technology has made
it possible to design compact, powerful digitally based systems at
reasonable cost. This paper will report on several aspects of the
design of a microprocessor based distribution feeder protection system.
This system incorporates the usual protective functions, but, in
addition, offers capabilities previously economically unattainable such
as event recording and reporting, remote communications, and self
diagnostics.



Real-Time Systems

A real-time system is a control system which operates in a time critical
environment. The system must recognize and respond to changes in the
environment in sufficient time to be effective. The protection of a
power distribution feeder can be seen to be a real-time system. For
example, if a fault occurs, the protection system recognizes this change
in conditions and responds by tripping the circuit breaker. If an
instantaneous operation is called for based on the fault current level
or the step in the reclosing program, the system must send the trip
signal with no intentional delay. If a time delayed operation is the
correct response, the system must provide the correct delay before
sending the trip signal. Upon breaker operation the system must
determine when to send a closing signal, if reclosing is the appropriate
response. This is illustrated in Figure 1.
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Figure 1: Power System Protection: A Real Time Control System

The Finite State Machine: A Representation Of The Real-Time System

A very useful concept for implementing a real-time system is the finite
state machine concept. A finite state machine is defined as a virtual
system or a machine which exists in one of a finite number of states at
any point in time. The state of the machine at any time is a function
of the previous history of the system. The system changes states only
on occurrence of an event in the external environment it controls. When
the system changes states, it may carry out a set of well defined
actions. The states of the system can be easily identified from the
functional requirements of the system or the state machine. See
Reference 1.



Consider for example, a simple relay with two control commands. One
command 'TRIP' energizes the trip coil of the circuit breaker causing
the breaker to open, and the other command 'CLOSE' energizes the closing
coil of the breaker causing it to close. This relay can be considered
to be a finite state machine. This machine can exist in two states:
‘circuit breaker closed' state and 'circuit breaker open' state. Assume
that the system is in the ‘hreaker closed' state. 1f no command s
given to the relay, i.e. if no external event occurs, it remains in the
"hreaker closed' state. If a 'TRIP' command is issued at this time, the
system recognizes this event, in response to which it performs certain
actions. The action in this case is to energize the trip coil of the
breaker. Hence the system causes the breaker to open and changes its
state to 'breaker open' state. Another possible action might be to
annunciate the beaker open condition. It remains in this state till a
'CLOSE' command is issued. While the breaker is open, if a 'TRIP'
command is given, then the system neither changes its state, nor does it
perform any action, since the breaker is already open. Thus, it can be
seen that the state changes are dependent on the "type' of the events
seen by the finite state machine, and its next state depends upon the
present state.

The state changes of a finite state machine can be pictorially
represented by what is known as the state transition diagram. In this
diagram the states of the system are represented by boxes with curved
sides, events by flag symbols, and actions by rectangular boxes. This
form of representation of a finite state machine is that recommended by
the CCLITT, an international standards organization. See Reference 1.
Figure 2 shows the state transition diagram for the simple state machine
described above.
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Figure 2: State Transition Diagram For The ON/OFF Relay




This diagram describes the functional specification for the system.
Alternately, the functional requirements of the system being designed
gives an indication about the states of the system, and hence the state
transition diagram. If the on-off relay is to be created in software,
an action table as in Table 1 can be formed.

PRESENT STATE EVENT ACTIONS NEXT STATE
CB closed (1) 1. CLOSE none CB closed (1)
command
2. TRIP i. energize trip CB open (2)
command coil of CB

2. annunciate CB
open condition

CB open (2) 1. CLOSE 1. energize close CB closed (1)
command coil of (B
. annunciate CB
closed condition

(AN

2. TRIP none CB open (2)
command

Table 1: Action table for the on/off relay

Table 1, the action table, is a tabular representation of the state
transition diagram. The action table also defines the actions to be
performed while changing states. From the action table another table
known as the state table can be formulated. The state table gives
information about which events are likely to occur while in the
different states. 1t also specifies the sequence in which the event
occurrences are to be checked, while in any state. Thus when the on/off
relay is in state 1, the 'CB closed' state, the software scans the state
table Tooking for the events that could occur while in this state. If
none of these events occurs, the system remains in this state. If a
particular event occurs, the next state is defined in the action table
and also the actions to be performed. The state table can be easily
implemented in software.

The principal advantage of this approach is that any functional changes
in the system can be implemented by simply redefining the state table
and the action table. It also results in a well structured and
modularized software. Such a software can be better maintained and
documented. Changes can be incorporated easily. The modules can
sometimes be even adopted for other systems. This results in a reliable
software for the real-time system. When applied to the protection
system, this means a very reliable protection for the power system.




The Distribution Protection System As A Finite State Machine

With the functional requirements of the system in mind, the next task is
to identify the states of the system. This is explained with the help
of an example. Assume that the protection system has been installed to
protect a feeder. Initially the circuit breaker is closed and the
feeder carries a normal load. Hence one of the system states is the
‘circuit breaker closed' state, indicating the normal condition of the
system. An external event in this case would be a fault on one or all
of the lines. The time overcurrent unit picks up. Hence another state
of the system is '51/51N picked up state'. On occurrence of a fault -
which is an event - the system changes its state from the 'CB closed’
state to the '51/51N picked up' state. If the fault persists, the
system remains in this state until trip time is reached (as per the time
overcurrent characteristic selected). This timed out condition is
another event, the system energizes the trip coil of the breaker, and
the new state reached is the 'CB trip coil energized' state. The system
remains in this state until the circuit breaker clears the fault. When
this event occurs the system jumps to the 'circuit breaker open' state.
Thus, by following the operation of the system, the states of the system
get identified. The state transition diagram for the above sequence of
operation is shown in Figure 3.
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Figure 3: State Transition Diagram: CB Closed To CB Open



Some additional capabilities come to light while studying the state
diagram. In the above example, what happens if the circuit breaker does
not clear the fault in response to the trip signal issued by the
protection system? In other words, after the system issues the trip
signal, if the line currents do not drop to zero, or the circuit breaker
auxiliary contacts do not change over, it indicates a failure of the
breaker operation. Using the state table/state diagram approach,
detection of breaker failures can be incorporated easily. In this
case, a new state - the circuit breaker trip failure state - is
introduced. The system remains in this state until the fault finally
gets cleared, and the breaker contacts change over. When the breaker
does open however, no automatic reclosures should be permitted since a
problem has already been found in the breaker operation. Thus,
additional features can be included with relative ease. Figure 4 shows
the same example discussed above, with the breaker trip failure
detection included.
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This figure also shows the case of a fault, where the fault current is
above the instantaneous threshold. When an instantaneous trip is called
for, note that the system directly energizes the trip coil of the
breaker, and jumps to the 'CB trip coil energized’' state. This is
because there is no intentional time delay for an instantaneous trip.
Figure 5 shows a similar example, this time showing the sequence of
events leading to the 'CB closed’ state.
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Figure 5: State Transition Diagram: CB Open To CB Closed

In the feeder protection system under discussion, the abnormal
conditions such as the circuit breaker trip and close failures, failure
while manually tripping the breaker, self-check failure, etc. are
detected and implemented in the system state diagram.




Once the functional requirements for the system are understood, the
first step is to identify the states of the system. The system is
represented in the form of a state transition diagram. The action table
for the system is formed from the state diagram. This action table
completely defines the operation of the system at a glance. Having
established the action table, the state table is formed. The software
for the system can then be very easily written.

Since the states, events, actions and the state transitions of the
system directly reflect the functions of the system, the resulting
software is tailored for the application at hand, while the software
structure itself is general enough to be adopted for any real-time
system design.

Digital Filtering

The basis for the overcurrent relaying and metering functions is the
measurement of the input currents. The currents are sampled four times
per cycle as shown in Figure 6. Also see Reference 2.
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Figure 6: Current Sampling

X(n) is the sample at the instant 'n'. The samples are digitized using
a 12 bit analog to digital converter. The digital filter is applied to
these samples as follows.

CAL(n) = X(n) - X(n-1) - X(n-2) + X(n-3)

This filtering technique has several unique features. First of all
digital filtering is carried out in software, hence no specific hardware
is necessary for this. The filter consists of simple additions and
subtractions. The microprocessor is best capable of performing these
simple arithmetic operations efficiently. Thus the filter utilizes what
the microprocessor does best, and poses a very low computational burden
on the processor. The filter allows the currents to be represented in a




phasor form as shown in Figure 7. This makes the task of computing the
current magnitudes simple.
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Figure 7: Phasor Representation Of Currents

The frequency response of the filter is shown in Figure 8. The filter
has zeroes at all even harmonics. This means all even harmonics are
eliminated from the signals. However, the filter has maximum gain at
odd harmonics. These can be eliminated easily by providing an analog
lowpass filter at the front end. The digital filter has a folding
frequency at 120 Hz, hence aliasing must be prevented. This is achieved
by having a cutoff frequency of less than 120 Hz for the analog lowpass
filter. The digital filter also eliminates any DC offset component
present in the input signals. Figure 9 shows the analog filter
characteristics, and Figure 10 presents the composite response of both
the filters.
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Implementing Time Overcurrent Characteristics

The time overcurrent characteristic is achieved in real time by using a
specialized integration technique. The current values computed after
each sample are integrated as follow:

% = S-1 * (@) - b

where 5, s the integration result after the K sample, 'a' and 'b' are
integrator constants. Trip time is reached when the integrator sum
reaches a threshold value 'TV'. Using the constants 'TV', 'a', and 'b’
any time-inverse curve can be simulated in real time. The integrator

constants 'a' and 'b' are current dependent. The characteristic curve
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is split into various current regions, with each region having its own
'a' and 'b' constants. DUifferent time dials can be achieved by simply
changing the threshold 'TV'. See Figure 1ll. These constants are
permanently stored in the program memory for each of the curves provided
for selection. Reference 3 discusses the theory of time-inverse curve
simulation. Also see Reference 4.
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Figure 11: Time Overcurrent Characteristic Simulation

System Functions

The unit is designed for application in distribution substations for the
protection of one radial feeder. 1t operates from standard 5 ampere
current transformer secondaries and circuit breaker auxiliary contacts.
The unit provides in one integrated package, phase and ground
overcurrent protection and multishot reclosing. Various metering and
recording functions give the user a picture of the operating history of
the feeder that is unavailable with conventional protective relays.

Various displays may be called up for observation by operating personnel
by means of a keypad on the front of the unit; however, a password is
required to change the relay settings. Access may also be gained from
an external terminal via the RS 232 C serial communications link.
Information transmitted to the terminal is more “"user friendly" than can
be provided on the built-in display. The user has substantial
flexibility in setting up the unit for a particular application. Wide
range settings are provided, four time overcurrent characteristics are
programmed into the unit, and various functions may be activated or de-
activated as desired. A brief overview of the functions follows:

1z




Phase overcurrent protection: Four time-current characteristic curves
are programmed into the unit: lnverse, Very Inverse, Extremely Inverse,
and Short Time. The Very inverse and Extremely Inverse curves are
illustrated in Appendix A - Figure 14 and Figure 15 respectively. Time
dial selection is from 1 to 10 in 0.1 dincrements. Pickup current is
selectable from 1 to 12 amperes in 0.1 amp. steps. The inverse
instantaneous characteristic gives somewhat longer tripping times for
lTow and moderate fault Tevels. Instantaneous operation may be blocked
on any particular reclose during the reclosing program.

Ground overcurrent protection: The residual connection of the phase
currents provides the ground current input to the relay system. The
same characteristic curves and instantaneous elements are provided as
for the phase protection, but are independently selectable by the user.

Reclosing function: The protection engineer has a great deal of
flexibility in setting up the reclosing program. Zero to four
reclosures may be selected. Each open interval may be set from 0.3 to
120 seconds. Reset time may be set from 4 to 180 seconds. The user may
select which of the instantaneous overcurrent elements are active upon
each of the reclosures in a sequence. Tap changer cutout contacts are
provided to block transformer or regulator tap changer operation if
desired. The contacts open at the first trip in the reclosing seqguence
and return to normal upon system reset or lockout. An alarm contact is
provided to signal the lockout condition.

High-set instantaneous: High-set instantaneous functions {phase and
ground) are provided to block reclosing on high fault currents. The
range of adjustment of these elements is 1 to 20 times the time
overcurrent pickup settings.

Ammetering function: This function allows the operator to display each
of the phase and ground currents in primary amperes.

Demand ammeter function: This function monitors the demand on each of
the phases, and also retains the peak demand. A 15 or 30 minute time
constant may be selected.

Breaker Duty Function: This function keeps count of breaker operations,
and totalizes the interrupting duty on each of the breaker contacts.

\

Event Recording And Reporting

Target indicators: Light emitting diode indicators are provided on the
front of the system to indicate the type of fault that caused a trip.
The targets displayed are for the last event that caused a breaker trip.
A1l targets from previous events are cleared automatically when a new
event occurs. This makes the target indicators more meaningful than
those obtained with conventional relays.

Event recording: A record of up to four compliete reclosing sequences are
retained in the system nonvolatile memory and may be called up via the
front panel keypad or via a remote terminal through the RS 232 C serial
port. The following information is provided: day and time of trip;
which relay element tripped the breaker; the three phase currents and

13



the ground current. The currents are given in primary amperes. If more
than four reclosing sequences occur before the event record is read, the
oldest event is removed as the new event is recorded. Figure 12 gives
an example of an event record as displayed on a serial port terminal.

>EVENT

EVENT# DEVICE DAY TIME Ia IR IC IN
1-1 51 297 21:54:20 18 8195 o 798¢
1-2 51 297 21:54:23 19 8244 10 8080
1-3 51 297 21:54:25 19 8185 25 8025
1-4 51 297 21:54:26 19 81043 4] BEOG
1-L 51 297 21:54:28 10 8300 19} 8180
2=1 50 296 15:14:15 1@ 17490 20 16455
2=2 51 296 15:14:31 1) 15210 10 14800
2-3 51 296 15:14:33 4] 14987 1@ 14785
2-4 5@ 296 15:14:44 18 18515 10 17130
2-L 51 296 15:14:52 10 14965 ? 14785
3-1 50 296 08:00:24 21340 10 25 21215
3=-2 51 296 08:00:30 16145 25 19 16285
3-3 50 296 ©8B:00:32 17239 19 25 17565
3-4 50 296 08:00:34 21225 25 12 20995
3-L 50 296 (8:00:36 21265 20 19 21035
4-1 51 295 14:20:15 i@ 1@ 18735 10320
4-2 51 295 14:20:18 19 10 16435 18335
4-3 51 295 14:20:20 24 10 196874 10450
4=-4 51 295 14:28:23 16 2 16685 1858¢
4-L 51 295 14:20:25 a 1a 18785 16695

Figure 12: Event Record

Event reporting: 1f a terminal is permanently connected to the unit all
events will be transmitted by the system to the terminal as they occur,
including a record of manual breaker operations.

Self Diagnostics

The system software continuously checks for the correct performsnce of
all the vital system components. This is done by monitoring the
operation of the components and the data integrity. If any failure is
detected during any of these checks, a relay contact is energized which
can be used for annunciation or alarm. The protective relaying
functions are disabled, and only the less critical functions such as
metering are attempted.

The following system components are continuously monitored.

1. Microprocessor: The microprocessor is the heart of the system, hence
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a stuck processor condition should be detected immediately.

2. Analog to digital converter: If the conversion time of the A/D
converter exceeds the specified 1imit, it indicates an A/D failure.

3. EPROM - the program memory: The system performs a summation of all
the program bytes and compares this with a known value. A difference in
the two sums indicates an EPROM fajlure.

4. RAM - random access memory: The random access memory is checked for
address decoding errors, read and write errors, and to a certain extent,
for pattern sensitive faults.

5. Analog gain and offset: A self-check error is indicated if the gain
and offset values in any of the signal channels exceed reasonable
Timits.

6. Internal DC power supplies: If a loss of any or all of these
supplies is detected, the system disables all the relaying functions,
and all the critical system data such as the relay settings, event
record etc. are saved in the nonvolatile memory.

/. External control power supply: 1f a loss of the control power supply
is detected, all the critical system data are saved in the nonvolatile
memory, as in the above case.

8. Circuit breaker trip circuit for continuity: The breaker trip
circuit is continuously checked for continuity. If a discontinuity is
detected, the relaying functions are not disabled. However, a trip
Circuit discontinuity message is transmitted to the serial port.

By detecting the self-check failures and annunciating them immediately,
the availability of the system for protection is enhanced considerably.
By disabling the relaying functions on occurrence of a self-check
failure, incorrect operation of the system is prevented.

System Hardware

The system block diagram is shown in Figure 13. The system software
resides in the EPROM. The random access memory is used for temporary
data storage during program execution. The nonvolatile memory is used
for permanent retention of vital data such as the system relay settings,
event record etc. Thus, these data are retained even when a loss of
external control power supply occurs, or if there is a loss of internal
supplies.

lsolation is achieved for the contact inputs and outputs through the use
of optical couplers. The contact outputs provided are:

Circuit breaker trip

. Circuit breaker close
Lockout

Self-check failure alarm
. Tap changer cutout

(S S NI N
s .
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In addition, provision is made for monitoring the following contact
inputs:

Circuit breaker normally closed contact: 52a

Circuit breaker normally open contact: 52b

Local/remote switch, normally closed contact: 43a

Torque control contact for phase

Torque control contact for ground

- Trip circuit monitor contact

Closing spring contact for spring operated circuit breakers

- Truck contact for drawout type circuit breakers used in metal-clad
switchgear

OO~ N U1 S PO b
. s s & o @

Communication with the system is achieved either via the hexadecimal
keypad provided on the front panel, or via the RS 232 C port provided at
the rear. Displays are provided on the front panel to indicate system
responses to keypad commands. The target lights also serve as function
Tights for some of the keypad commands. Remote communication through a
modem is achieved through the RS 232 C port. This port can also be
interfaced directly to any standard serial port device having the RS 232
C capability.

Conclusions

A new system has been designed for protecting the distribution line
feeders using the microprocessor technology. This approach has made it
possible to implement several relaying functions with essentially the
same compact hardware. It also offers a variety of other jmportant
functions and features such as metering, communications capability, self
diagnostics, detection of breaker failures etc.

The digital filter offers a very simple means of eliminating some of the
harmonics, the DC offset, etc. from the input signals. It also poses a
very low computational burden on the processor and also aids in
computing the current values easily.

Finally, the finite state machine concept helps in defining and
understanding the protection.system thoroughly, reveals a variety of
additional capabilities, and offers a simple yet efficient and flexible

structure for the system software design.

References

I. S.T. Allworth, "Introduction To Real-Time Software Design"”.
Springer-Verlag New York, Inc.,1981.

2. E.0. Schweitzer, III, "Unified Protection, Monitoring, And Control
Of Overhead Transmission Lines Achieves Performance And Economy".
Protective Relay Conference, Georgia Institute Of Technology, 1985.

3. E.O0. Schweitzer, IlI, A. Aliaga, "Digital Programmable Time-

Parameter Relay Offers Versatility And Accuracy". IEEE PES Summer Power

17



Meeting, Paper No. F—79—769—1,'Vahcouver B.C, Canada, July 1979, IEEE
Transactions On PAS, Jan.-Feb.1980, pp. 152-159.

4. E.O0. Schweitzer, IIl, S.E. Zoého]], "Experimental Microprocessor
Based Protective System For Electrical Utility Distribution Circuits".
Seventh Annual Western Protective Relay Conference, 1980.

The New Distribution Feeder Protection System

18



Appendix A
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Figure 14: Very Inverse Curve
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Figure 15: Extremely Inverse Curve
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