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INTRODUCTION

This paper introduces a new method of simulating power swings. I have been concerned for some time
with the efficacy of the tests currently performed on power swing relays and I believe this new test provides a
more useful indicator of a relay’s performance. The security and reliability of the protection relay, especially
the power swing relay, becomes more important with the higher utilization and longer transmission paths
encountered in the maturing power system. [ believe that the test effort applied to a relay should reflect the
criticality of its role in power system stability as well as its capital cost.

The paper begins with a review of the mechanics and effects of a power swing leading to the relaying
methods used for power swing detection and the tests applied to the relays themselves. From this base, the
new test method is developed and its application to the subject relay is justified. A frequency over-reach,
point-of-wave dependent and not visible using less accurate simulations, is explored and related to other
power swing relays.

A computer program for mho characteristic impedance reach calculation and a software simulation of the
relay which predicts the point-of-wave dependency are included as part of the investigation along with
information on a light sensor built to initiate F-series instrument timers from relay indication.

The ProTesTPLAN™ applied to the subject relay is briefly discussed and a sample printout of the new
power swing test is provided. The full ProTesTPLAN is available at no charge to ProTesT users via the
software exchange program.

REVIEW OF POWER SWINGS
What Is A Power Swing?

A power swing (or out of step) is the term used to describe conditions on a power system when blocks of
generation within the system are undergoing large changes of phase angle with respect to each other, leading
to large changes in current, voltage, and power flow across the system.

To illustrate the potential for such swings, the power transfer characteristic between a generator and a
reference bus as a function of the relative phase angle is illustrated in Figure 1. Here the horizontal axis
represents the angle that the generator e.m.f. leads the reference bus voltage (sometimes called the rotor
angle). The vertical axis represents power, with the horizontal line Pm representing the available power from
the prime mover. The sine curve P represents the power that can be transferred to the reference bus over
the interconnectors and can be plotted from the formula:

P = (Vs.Vr/X)sin Theta
Where , P = power transferred
Vs = Sending end voltage = Generator e.m.f.
Vr = Receiving end voltage = Reference bus voliage.

X = The combined reactance of the generator and the interconnecting transmission lines. (The
resistive element of these impedances is usually ignored).

Theta = angle by which the generator e.m.f. leads the reference bus voltage.
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The point where the line Pm intersects the Power Transfer Curve P on the left side represents a stable
operating point where the available prime mover power is balanced by the power transferred to the reference
bus. Any changes in :load (causing a change in receiving end voltage); any change in generator e.m.f. (due
to Voltage Regulator action); or any change in interconnector impedance (due to faults or the loss of a
line)will require that the Power Transfer Curve P be redrawn. If the new curve lies below the original curve,
the prime mover power will exceed the power that can be transferred at the existing angle and the rotor will
be accelerated to the stable point on the new curve as shown in Figure 2.

However, when the rotor reaches the new stable point it will be traveling faster than the system frequency
so it will overshoot until its excess kinetic energy is absorbed by the system. Then it will decelerate back
toward the stable point. When the rotor angle again reaches the stable point it will be traveling slower than
the system and will again overshoot until the prime mover accelerates it once more. The rotor will oscillate
about the stable point with decreasing amplitude until it settles into synchronism.

Similarly if the sending and receiving end voltages and the interconnector reactance are constant but the
available prime mover power increases, the line Pm will move up and the generator rotor will be accelerated
towards a new stable point as before.

Such changes are power swings and occur constantly during the normal operation of a power system.
Usually the changes are so small that the effect goes unnoticed.

However, if the line Pm does not intersect the curve P under the new conditions, the rotor will be continu-
ally accelerated by the excess prime mover power. This results in pole slipping and an unrecoverable swing.
Also, if the new stable point requires a large angle change and is so close to 90 degrees that the overshoot
takes the rotor beyond a critical point over 90 degrees, then the swing may also become unrecoverable. See
References 5 and 6 for more information including a new method of determining the recoverability of the
swing.

While it may look as if there are two stable operating points at the intersections of Pm and P, in practice
the one to the right is unstable as any change in load will lead to a movement in rotor angle away from the
new stable point, resulting in an unrecoverable swing®.

What Effect Does The Power Swing Have?

The magnitude of the power exchanged between a block of generation and a reference bus is proportional
to the sine of the phase angle difference between them. So large phase angle differences lead to high
currents. If the reference point lies in the middle of two blocks of generation as shown in Figure 3 then the
voltage at that point will be equal to the sending end voltage minus the voltage drops in the interconnector
due to the current flow.

As the difference angle between the blocks of generation increases, then the current flow increases and
the voltage at the reference point moves in phase angle and magnitude. Itis said to swing. The impedance
measured at any point in the system is equal to the voltage divided by the current. During a swing the voltage
falls and the current rises so the impedance also appears to swing.

In the extreme case the voltage and the measured impedance in the electrical center of the system may
fall to zero as the blocks of generation move through the point where they are 180 degrees out of phasel.
Even if the swing is not so extreme and is recoverable, the values of current and voltage may be enough to
cause operation of system protection relays, leading to the separation of the blocks of generation and the
failure of one or more of the now isolated subsystems.

What Can Be Done To Avoid This?

We may wish to detect a swing condition and apply a conditional block to some of these protection
elements. In this case a power swing blocking relay would be applied. ~Alternatively we may wish to detect
an unrecoverable swing and separate the blocks of generation to allow the recovery of one or both of the
isolated subsystems. In this case a power swing tripping relay would be applied. There is another considera-
tion here, however, in the recovery voltage when the system is split.

Consider the case where the system is connected at the center by a circuit breaker and the swing condi-
tions are in the extreme with the two blocks of generation 180 degrees apart. The voltage in the center of
the system is now zero. However if the breaker was opened at this time the voltage across the breaker would



recover to twice it’s normal operating voltage as a result of the phase angle difference of the two blocks of
generation. The high voltage and rapid rate of rise could lead to restriking across the opening contacts and
possible failure of the breaker.

The relay must then be arranged to trip before the swing angle reaches an unsafe value or only after it has
swung back to a safe value. Relays are available which include both functions®-5.

What Does The Swing Look Like And How Can It Be Detected?

The shape of the impedance swing depends on pre-swing and post-swing load conditions as illustrated in
the simplified sketch of Figure 4.

The swing will be normal to the system overall impedance only if the relationship between the magnitude
of the leading and lagging end voltages remains constant throughout the swing. It will only appear to be
normal to the maximum torque angle (M.T.A.) of a relay if that angle coincides with the angle of the overall
system impedance. This is illustrated by the simplified sketch of Figure 5.

For simplification, the generator difference angle will be called the “swing angle” and the rate of change of
this angle the “swing rate”.

It should be noted that the apparent impedance and its phase angle measured at any point are only
mathematically related to the swing angle and must not be confused with it. For instance during a swing
normal to the system the apparent impedance at the center of the system will change in magnitude but its
phase angle will remain constant even though the generator angles are changing.

The critical difference between a fault and a power swing is that the apparent impedance changes instanta-
neously for a sudden fault but in a power swing the rate of change is limited by the accelerating power of the
leading generation on any tightly connected load. Thus if we know the maximum rate at which this can
happen on a given system, we can use this information to segregate swings and faults.

RELATIONSHIP BETWEEN THE RELAY AND A POWER SWING

The impedance measured at any point in the system during a power swing depends on the magnitude of
the swing and the position of the measuring point in the system. Conversely, if we know the electrical
position of the measuring point in the system and we measure the apparent impedance, we can calculate the
generator difference angle. This is shown as a construction in the simplified sketch of Figure 63.

If a measuring relay was set to represent its position in the power system and set up to generate the vectors
shown in Figure 6, it could measure the generator difference or “slip” angle. By timing the transition
between selected difference angles it could determine the swing rate and be set only to act if the rate was less
than a set maximum. In other words it could be set to capture swings and reject faults.

This is the basis for the operation of the General Electric OST 1000 relay3. For a relay using this
principle, it can be shown that the maximum swing rate captured is independent of the angle of attack of the
swing on the relay characteristic. Thus for any angle of attack (determined by pre-fault and relative genera-
tor voltage conditions) there should be a definable maximum swing rate that will be captured for a given
setting.

Other relays may delimit the swing rate by differing constructions of the two relative voltagess, or by
providing two impedance measuring zones (with similar or different characteristics), and time discrimination.
In all cases information implied by the rate of change of the measured impedance at the relaying point is
processed and the result compared with some preset value to determine whether the change is a swing or a
fault. However in some relay types, the maximurm swing capture rate is dependent on the shape of the swing
or angle of attack.

For a relay such as the General Electric OST 1000 the maximum theoretical capture swing rate can be
calculated directly from the relay settings. It is dependent on the difference between the two set point angles
and the duration of the set point timer. At the suggested acceptance test settings for the OST 1000 these are:

Outer Angle (Start angle) = 70 degrees
Inner Angle (Stop angle) = 120 degrees
Transition Timer = 720/60 Hz degrees or 33.33 seconds



The theoretical maximum swing rate expressed as slip frequency is dependent on the difference between
the outer and inner angles and the minimum time in which the measured angle can change between these
two values. The difference between the angles in degrees divided by 360 (to express it as cycles), divided by
the transition time(to express it in cycles per second or Hertz) gives the maximum theoretical captured slip
frequency (Figure 6).

Fs max = ((outer-inner angle)/360)/transit time :Hz
Fs max = (120-70)/0.03333*360 = 4.17 Hz

HOW CAN A SWING BE SIMULATED?

Simulating system operating conditions is the most precise method of assessing relay performance.

For power swing relays, the traditional approach has been to measure the operating boundaries of the two
discriminating zones, then determine the accuracy of the discriminating timer. The best available simulation
of a dynamic test included a manual sweep of voltage or current to grossly prove that, “If you move it slow it
goes and if you move it fast it doesn’t!”.

With the advent of computer controlled test equipment allowing cycle-by-cycle changes, it became possi-
ble to apply a quasi-dynamic test by ramping the impedance at different rates on a cycle-by—cycle basis. It is
now possible to say, “If you move between the boundaries in three cycles it goes but if you move between
them in two it doesn’t!”, allowing a much better performance evaluation of the relay under dynamic condi-
tions.

However, the time increment of one cycle was large in respect to typical discriminating times of 2 or 3
cycles. Since abrupt though small changes occurred at the same point on each wave these may provide more
operating torque than a smooth power swing. In general cycle-by-cycle simulation did not allow a full
evaluation of the relay’s dynamic performance.

A more accurate swing simulation is possible using two Doble F2000 instruments to provide one action
quantity.

Generation Of A Smoothly Changing Swing

Let us assume that swing can be adequately simulated by keeping one of the measured gquantities constant
and smoothly changing the other in magnitude and/or phase angle. In this example the current is kept
constant and the voltage is swung. The swinging voltage is generated by two voltage sources connected in
series opposion. The sources are set initially synchronous at a predetermined phase difference. Then, the
frequency of one of the sources is stepped to a new value. This interaction of two sources at different
frequencies produces a voltage smoothly changing in magnitude and phase angle with respect to the fixed
current. In order to simplify calculations, one voltage is left at the same frequency as the current.

In the initial case, the fixed voltage is set to offset the second voltage by a magnitude equal to the reverse
reach of the relay. The angle of the fixed voltage is selected to be the same as the M.T.A. of the relay. The
origin of the second voltage is thus at the common point of all characteristics at the end of the reverse reach
1Z.

This can be seen in the sketch Figure 7 where the test quantities are displayed on the characteristic of a

relay which discriminates by use of different characteristic angles.

Note that the grounded or “LO” terminals are connected together in series, and therefore the resultant is
the difference between the two voltages. In the sketch, the fixed voltage has been inverted to allow the
resultant to appear as the summation of two phasors.

The variable frequency macro for automating this test was not available at the time of development so the
test was implemented using the F2010 minicontroller. See description of ProTesTPLAN.



The example relay settings are as follows:

Zf = Zr = 3 OChms

Characteristic angle — outer = 70 deg.
Characteristic angle — middle = 90 deg.
Characteristic angle — inner = 120 deg.
M.T.A. = 85 deg.

Transition limit timer = 33.33 milliseconds.

The example applied test quantities are;

I1 = 5 Amperes
Vpol = 15 Volts @ 85 deg.
Vop = 21 Volts @ 265 deg.

At these settings the apparent impedance is outside the reach of the relay. If the angle of Vop is in-
creased, the composite voltage phasor approaches the boundary of the relay and the angle at which it crosses
that boundary can be measured by the operation of the outer characteristic. The theoretical value can be

calculated from the relay’s operating characteristic.

CALCULATION AND VERIFICATION OF TEST RESULTS

The phase angle of the swinging phasor at the point at which it crosses the outer and inner characteristics
can be calculated from the construction of the relay and test phasors shown in Figure 9.

From Figure 7.
1f A = IZ+]1Z’
B
C = I1Z+(Vpol+Vop) = IZ+1Z2'+Vop
a = angle(B< >C)
= angle (A< >C)

¢ = angle(a< >B)

fl

Vop (the swinging part of the summed voltage)

then... sine b = B sinea /A
and ¢ = 180 ~(a+b) deg.
therefore ¢ = 180 —(a+[asine {A/B} *sine aj)

and angle of Vop for operation of any characteristic detector —
Vop angle = ( M.T. A. + a + [ asine {(IZ+IZ’)/Vop} sine a ]) ~180 degrees.
where  'a’ is the characteristic angle.
M.T. A. is the relay maximum torque angle.
For the relay settings and test quantities shown:
Angle Vop outer = (85 + 70 + [ asine{(3+30ohms * 5 A) / 21 volts} * sine 70]) — 180
= 16.13 degrees
On the relay initially tested, operation of the outer characteristic was measured at 16.4 degrees.
Angle Vop inner = (85 + 120 + [asine{0. 7 sine 120}]) — 180 = 62.3 degrees.
Relay operation was measured at 61.5 degrees.

These Figures represent the conditions when Vop is running faster than I and the swing enters the charac-
teristic on the right side. Similar calculations for the case where Vop is running slower than I and the swing
enters from the left yield outer and inner angles of 153.87 and 107.7 respectively. Relay operation was
measured at 157 and 108.3 degrees.



If instead of manually adjusting the phase angle of Vop, Vop is now switched to a different frequency then
Vop will rotate about the offset voltage Vpol creating a smoothly changing phasor that closely simulates the
voltage during a power swing. By controlling the slip rate between the current(and Vpol) and Vop we can
control the simulated swing rate. By applying conditions simulating different swing rates the capture range of
the relay can be determined.

The maximum Vop slip frequency for operation at these settings and test conditions should be that at
which the phasor Vop passes between the characteristics in the set time limit. In this case 33.33 millisec-
onds.

Then from the transition angles above, the theoretical maximum slip frequency between Vop and I that
the relay should capture :Fs(Vop< >I): is found from:

Fs(Vop<>l) = (outer angle — inner angle}/(360 * time limit)
= (62.3 ~ 16.13)/(360 * 0.033
= 3.848 Hz.
Calculations using the figures for the left side entry will generate the same answer.

Note that this does not represent the maximum slip rate between generating systems that the relay is set to
capture since Vop does not represent any one generator voltage in this case.

The relay operated correctly at slip frequencies below the calculated figure and began to block for swings
generated by slip frequencies slightly above this figure. However, occasional operation for a range of fre-
quencies above the calculated value was observed. As the limit was exceeded, the relay operated less fre-
quently and blocked for any swing at about 130% of the calculated value.

The tendency to operate at any frequency above the set point was found to be dependent on the point of
wave at which the summed voltage crossed the outer characteristic. This effect was analyzed and found to be
due to the point of wave dependency of phase angle comparators and can be expected in any relay which
uses phase angle comparison to determine characteristic transition. The maximum possible percentage over-
reach reduces as the transition timer setting increases.

In order to check the effect of the swing locus on the relay a new set of fault components was developed.
These simulated a swing approaching at an angle close to 90 degrees from the M.T.A. on the right side.
Using these components, only swings with Vop running faster than I are valid. The results of that simulation
yielded a theoretical maximum slip frequency of 2.4 Hz. Proper relay operation was observed up to this
figure with again a decreasing tendency to operate above this figure depending on point of wave at which the
summed voltage crossed the outer characteristic.

The relay settings and applied quantities were the same as in the previous test except as follows:

Vpol = 29.2 volts @ 116 degrees.

Vop = 24.8 volts.

Vop angle for outer operation :calculated = 70 degrees
:measured = 70.5 degrees

Vop angle for inner operation :calculated = 99 degrees
:measured = 99 degrees.

The test phasors are shown on the relays characteristic plot in Figure 8.
REVIEW OF BLOCK AVERAGE (V+-1Z) COMPARATOR UNDER POWER SWING CONDITIONS

In a block average or, as it is otherwise termed, phase comparator, two waves are compared and their
phase relationship may be inferred from the proportion of their period during which they have differing signs.
Thus if both waves are negative and one goes positive followed one quarter of a period by the other they can
be inferred to be a quarter of a cycle or 90 degrees apart. If the two waves have different frequencies then
the answer may not be meaningful in degrees but is still valid as a time measurement. The comparison time
in this case being the period during which the waves differ in sign. This is illustrated in the sketch Figure 10.
where the waves 'v—iz’ and ’v+iz’ are compared.

Under power swing conditions, the relationship between the power system voltage and current is constantly
changing. A phase comparator driven from the system under these conditions will produce an answer that



represents the average relationship during the period of measurement. Since the comparator can only sam-
ple the phase relationship following a change in sign of one of its inputs, then it can only take take snapshots
of the average value at points in a constantly changing relationship. Therefore, if we wish to detect a
particular value and if that value occurs between snapshots, we will have to wait till the next snapshot or
measuring period comes along to detect that we have exceeded that value. This is illustrated in Figure 10.

OBSERVATIONS ON THE MEASUREMENT OF SWING RATE

Several power swing relays use block average phase comparators to measure either the swing angle be-
tween blocks of generation or the instantaneous local impedance during a power swing. By timing the
transition between set limits they infer the swing rate and either accept or reject the change as a valid swing.
The criteria used for this decision are the boundaries detected by phase comparator elements, either charac-
teristic angles or values of impedance, and a transition timer which delimits the time taken to pass between
the two boundaries. Since the boundary comparator can only give the average answer over the sampling
period, the timing marks will inevitably be late. Since the comparator only measures during a portion of the
cycle, the measurement lag will depend on the time between the angle reaching the set point and the next
sampling period.

If there are two different set angles, then the timing marks for these angles can only be late by the same
amount if the point of wave at which the set angles is exceeded is the same. The timing of a swing by this
method could result in errors which are point of wave dependent unless procedures were introduced to
recognize and compensate for the error.

The effect of these errors on a measuring system such as the OST 1000 would be to make the maximum
swing rate captured point-of-wave dependent. The relay does exhibit these symptoms capturing swings
above that predicted by the relay settings in a decreasing range of point of wave values.

JUSTIFICATION OF SINGLE PHASE TEST AND POWER SWING SIMULATION ON OST 1000
RELAY

The OST 1000 relay is a three-phase relay which measures on positive sequence quantities. This would
initially suggest that the relay must be driven from three phase voltage and current signals. However the
G.E. acceptance procedure suggests that operation from three currents and one voltage is possible. If we
analyze the test settings and suggested result limits, it appears that the relay operates when the voltage falls
below three times that expected for the current and impedance setting at the phase angle applied. The relay
“sees” only one-third of the single-phase voltage applied.

This lines up with the positive sequence values calculated as follows:

Vpos.seq = (1/3) *[ VA + (VB +120 degrees) + (VC + 240 degrees)]
= (1/3) * (0 + (VB + 120 degrees) + 0)

VB/3 + 120 degrees

20 volts angle zero degrees.

(1/3) * [ IA + (IB + 120 degrees) + (IC + 240 degrees)]

IA or (IB + 120 degrees)

= 5 A angle zero

Ipos.seq

With the settings given, the reach of the outer characteristic at zero degrees could be calculated from the
program in listing 1. However, calculating the reach at -5 degrees (normal to the M.T.A.) is trivial as can
be seen from Figure 9. The reach in positive sequence volts is 21.42 volts or about one~third the single
phase value implied in the test results. This corroborates the calculated effect of the single phase voltage
(above).

If the relay will work with only one voltage, why is it necessary to apply three currents? If the relay
correctly generates positive sequence values from the applied quantities it should work correctly with any
combination of applied voltages and currents.

Although the component level circuit diagrams available are inadequate for detailed analysis of the se-
quence filters, the filters in the voltage and current circuits appear similar. Therefore, if the relay will work
correctly with single-phase voltage, it should work correctly with single~phase current. Bear in mind that
while operation of the comparator should not be affected within a reasonable range of currents, the current
supervision will only see one-third of a single-phase current and so the test current must be greater than
three times the positive sequence setting of the current supervision.



The relay was tested with single-phase voltage and current, and the reach of the outer characteristic
measured. The reach was found to be 21.5 volts (very close to the 21.42 volts calculated above) or one-
third that required for the test with three—phase current. This suggests that the relay does derive its sequence
components correctly and that a single phase test is valid.

The reach of the relay inner characteristic was calculated to be 8.66 volts at -5 degrees; the relay oper-
ated at 9 volts confirming the validity of the single phase test.

PROGRAM TO CALCULATE REACH OF VARIABLE CHARACTERISTIC OFFSET MHO RELAY

The program of List 1 was developed to repeatedly calculate reach points during verification of the single—
phase test and development of the dynamic swing and static reach tests. The magnitude of any deviation
from a characteristic shape is not always apparent from inspection of the plot; on principle, no test should be
performed unless a mechanism exists to confirm the accuracy or acceptability of these results.

As mentioned earlier, calculation of the reach of a mho characteristic is trivial normal to line angle.
Calculation of the reach at any other angle(ignoring the M.T.A.) is involved and not immediately obvious.
The geometric principles applied can be found in Reference 2.

Referring to Figure 9.
To solve for reach point RZ when the angle theta is known but the length RZ is not:

If the characteristic angle (ACB) is alpha degrees (on circumference at C)

then angle(AOB) = 2 * alpha degrees(at the centre)
and the radius OA = (IZ +1Z')/2 * sine alpha

the characteristic center offset from the origin Phasor RO is found from:
RO angle phi = [Z'angle (M.T.A. + 180) - Radius OA angle (M.T.A. + 90 + alpha)

. the angle gamma between the reach line and the offset phasor is gamma = phi - theta
. Phasor PO = RO * sine gamma (PO being normal to RZ)

. Phasor PZ = SQROOT(0OZ"2 - PO"2)

. Phasor RP = RO * cosine gamma

. Reach RZ = PZ + RP

The program accepts inputs for forward and reverse reach, characteristic angle, fault angle and M.T.A.
and prints the reach in ohms. The program can easily be modified to print out the reach in ohms for a
characteristic over 360 degrees. See List 2. Note that variables A and M are changed from degrees to
radians in 160 and 170 so care must be taken in re-asserting them in future variations.

COMPUTER SIMULATION OF RELAY

Initially, the frequency overreach of the relay, discussed earlier, was puzzling. Subsequent investigation
of the block average comparator led to the realization that overreach is possible based on the operation of
the block average comparator. However, quantifying the expected overreach proved difficult especially since
no information was available on the relay’s algorithm.

A software simulation which would predict the operation of a conceptually similar relay was developed.
The simulation is documented in List 3. .

The program accepts relay settings for two characteristic angles, and the slip time limit, a starting coinci-
dence angle and the desired slip rate to be simulated. For simplicity it assumes a forward and reverse reach
of 3 ochms, a current of 5 A @ 60 Hz and a swing at 90 degrees (normal) to the M. T.A. This angle of attack
is set by the expression “R=C+1.5708” in line 210.

The program generates instantaneous values for the starting voltage (from the coincidence angle) and
current based on a point of wave of zero degrees. It then generates the instantaneous values of phasors 12+
V and I{(Z+Z) - V. If the two phasors are of different sign they are considered to be coincident. The
program loops in one degree steps until it detects a coincidence angle greater than the outer characteristic
angle and then starts a software timer which increments in one degree intervals.

The program continues to loop in one degree steps until it detects an angle greater than the inner charac-
teristic. It then stops the software timer. If the software timer count is greater than the timer limit entered



by the operator, it “captures” the swing and prints that the relay would trip. If the timer count is less than
the limit it does nothing. The program then loops again after recalculating new starting values based on a 10
degree point of wave start. When the simulation has looped for 360 degrees it decrements the swing slip time
by 10 milliseconds and then runs through the cycle again. This process is repeated until the slip time is down
to 70% of the slip limit timer setting.

The program prints the initial points of wave at which the relay would trip for increasing slip rates. The
results of running the program suggest that such a relay would trip at a decreasing range of angles above the
notional setting. This correlates with the actual results found for the OST 1000. A sample of the the
program output is given in List 6.

DEFINITION OF TEST REQUIREMENTS.
The OST 1000 relay has settings to define operation as follows:

Forward and reverse reach which should be set to reflect the relay point position in the
power system.

M.T.A. sets the maximum torque or line angle.
Characteristic angles which set the shape of the characteristics.

Timers which together with the characteristic angles determine the power swing capture
range.
Current supervision which sets the current below which the relay should not operate.

Other power swing relays can be expected to have settings which define the relays operating parameters in
a similar manner though not all relays will use the same names or operating elements.

The ProTesTPLAN contains tests of two types:
1. Steady state tests to verify the reach or setting of all accessible operating elements.
2. Dynamic power swing simulation to check the operation of the relay as a whole.
All tests other than CONTROSWING are of the former type.
The instructions for the development of such tests are can be found on the DOBLE ProTesT MANUALS.

BRIEF DESCRIPTION OF TESTS.

NOTEBOOK presents an explanation of the tests and procedure to the operator. It uses the NOTEBK
macro.

M.T.A. plots in high resolution the characteristic of the relay around the M.T.A. It clearly defines the
M.T.A. For simplicity, only one characteristic is plotted but this could be expanded if desired. It uses the
impedance plot ~linear ramp- voltage macro ZPLLRV. The M.T.A. is normally found more simply using a
dedicated macro called M.T.A. In this application this method proved more definitive.

CHARACTOUT, MID, and INR plot the characteristic over 360° for the respective zones using single—
phase quantities. The reach error at any point can be found by comparing the test data with a table of results
generated by running the program listing 5.3. They use the ZPLLRV macro.

CHARACT OUT AB & BC plot the two-phase and three-phase characteristics to check all input condi-
tioning circuits. They use the impedance plot -linear ramp —current macro ZPLLRI.

MINISWING and MAXSWING are quasi-dynamic tests that check the logical operation of the relay.
Maxswing should always fail. They use the maximum torque angle -voltage macro MAXTAV.

CONTROSWING is a true dynamic test which can be used to check the limit of the swing capture range
under realistic system conditions. It may be seen that this test yields results that cannot be determined from
even a quasi-dynamic test such as MAXSWING. It uses the minicontroller and the ProTesT NOTEBK
macro since the F ProTesT plan for automated testing was not available at the time.

TIMESWING is a dynamic test similar to CONTROSWING but deliberately set within the normal fre-
quency capture range of the relay to determine the operating time, again using the minicontroller and the
NOTEBK macro.



MINCUR is a test to determine the minimum operating current and check the operation of the current
supervision circuit. It uses the reach ~linear ramp —current macro RCHLRI.

Those familiar with ProTesT will observe that all reach checks use linear ramp macros rather than pulsed
ramp or binary search type macros. This is a consequence of the power swing relay algorithm which inter-
prets sudden changes as faults and prevents operation of the relay under these conditions.

The characteristic and minimum current tests are repeated for each phase to check accuracy of the input
circuitry. The other tests are performed on a single phase basis only as the target circuitry is common to all
phases. However these tests could also be extended to all phases if desired.

Some of these tests require the application of a light switch accessory to monitor operation indicators.
Information on this accessory is given in Appendix A.

ProTesT™ TEST PLAN.

There are 18 separate tests in the ProTesTPLAN developed for the relay used as a test bed for this new
technique. This number was considered necessary to evaluate the relays performance. Not all of these tests
would necessarily be performed in a routine test run. In an evaluation or acceptance test situation these and
possibly more might be considered. For instance a frequency response might be considered as well as a
wider range of voltage/current magnitude and more in~depth operation and reset timing tests.

The full printout of all the tests is not included because of its volume but the plan is available free to
ProTesT users under the library exchange program. A condensed list appears in the Test Plan screen. The
NOTEBOOK screens are included as an explanation of the test principles and the “TRUE SWING” test
CONTROSWING.

CONCLUSION

In the foregoing I have attempted to explain the rationale behind the development of a new test for power
swing relays. I have included information on the behavior of the power systemn and the relaying methods
used to measure this behavior in order that anyone considering testing power swing relays may have the
consolidated information.

The test method provided a more accurate representation of dynamic power swing conditions than was
possible with older generations of test equipment and revealed features of power swing relay performance I
had not previously understood existed.
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APPENDIX A
DESCRIPTION OF LIGHT SWITCH

The OST 1000 relay has no electrically measurable external output for the boundaries of its characteris-
tics. However an L.E.D. indicator is fitted for each characteristic boundary. This indication appears to be
delayed by the associated characteristic timer so tests using this indication must allow for this delay. The light
switch was developed to allow the use of this indication as an input to the F2000 series test equipment.



The main constraints for the design of the light switch were:

Economy to allow the construction of as many application specific devices as mechanical
mounting considerations warrant.

Ease of application.

As much “bomb proofing” as was compatible with the above.

Non-critical design to allow easy replication with available parts.

Gain in the range sufficient for reliable operation while avoiding over—sensitivity.

Consequenily after designing the circuit based on the principles above the components were bought at a
local electronics store and the circuit adjusted to obtain reliable operation. The circuit is neither claimed nor
believed to be optimized for the L.E.D. indication on the OST 1000 but is meant to be an all-round compro-
mise which can be reliably replicated with generically similar parts.

The bridge rectifier (DB1) and the resistors (R1 & R2) are part of the “bomb proofing” to reduce the
chance of damage due to wrong connections or applied voltage. DB1 also obviates the need to “plug it in the
right way round” eliminating one source of test error.

The Zener diode (ZD1) is provided to reserve some drive voltage for the Photodarlington (OP1) when the
switch operates and causes collapse of the sense voltage from the timer.

A Photodarlington (OP1) and general purpose transistor (T1) proved necessary to achieve the gain and
power handling required for reliable operation.

The sense voltage output of the F2000 series timer was measured as 30 Volts open circuit and 100 mA.
short circuit, sense threshhold is 15 Volts at 15 mA. The light switch drops the sense circuit voltage to about
10 volts on operation from the OST 1000 L.E.D..

All of the major components except the Photodarlington are mounted in a minicomponent box which is
intended for exactly such applications. The box is fitted with two 4 mm plugs designed to plug directly into
standard spaced sockets. Similar boxes are made by several manufacturers and should be readily available
anywhere. The Photodarlington is mounted in an application specific mounting made from two paper clips
and a pen top.

The circuit diagram is shown in Figure 11.
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10 REM a program to calculate reach for any fault angle for offsetmho/mho relay
where characteristic determining angled(=> 90 degres.

50 W=.0174533

100 REM input reach in ohms and angles in degrees

110 INPUT"forward reach”;L

120 INPUT"reverse treach”;S

130 INPUT"characteristic angle” ;A

140 INPUT"maximum reach angle®:M

150 INPUT"fault angle(plus mra to minus mra)” ;X

1565 REM convert degrees to radians

160 A=AxW

165 M=MxW

170 K=X*W

175 IF K>M THEN K={(M~(K-M))

180 IF K<(M—-3.1416) THEN Kz={(~(M+(-K+M)))

200 REM calculation based on characteristic construction

210 U=(M+A)+1.5708 .

220 V=M+3.1416

250 R=(L+S)/(2%SIN(A))

260 B=S*xCOS(V)

270 C=R*COS(U)

280 D=S%XSIN(V)

290 E=R=®SIN(U)

300 F=B-C

310 G=D-E

315 REM resolve magnitude and quadrant

320 H=SQR(F"2+G"2)

325 Q=0

330 IF H<>0 AND F<>0 THEN Q=ATN(G/F)

340 IF F=0 AND G<O THEN Q= -1.5708

350 IF F=0 AND G>0 THEN Q= 1.5708

352 IF SGN(F)=-1 AND SGN(G)=-1 THEN Q=Q+3.1416

354 IF SGN(F)=-1 AND SGN(G)=1 THEN Q= Q+3.1416

360 T=Q-K

380 Z:(SQR(R“2~(H*SIN(T))“2)) +(H * COS(T))

390 PRINT"reach is “";Z:;" ohms"”

400 INPUT"again{y/n)}? “;Y$

410 IF Y$="Y" THEN 50

1000 END

Program to Calculate MHO Relay Reach
LIST 1



- 10 REM~ ostrec?2- a program to calculate reach for fault angles from 0 to 360 for
offset/mho relays where characteristic determining angle<(=> 80 degrees.

50 W=.0174533:P=0:X=0

110 INPUT forward reach”;L

112 LPRINT"FORWARD REACH = “;L;" OHMS"

120 INPUT"reverse reach”™:;S

122 LPRINT"REVERSE REACH = 7:;S;" OHMS"

130 INPUT“characteristic angle”;A

132 LPRINT“CHARACTERISTIC ANGLE = “:;A;" DEGREES"
140 INPUT "maximum torque angle "M

142 LPRINT"MAXIMUM TORQUE ANGLE = “;M;" DEGREES”
150 INPUT" step angle” ;P

152 LPRINT"STEP ANGLE = ";P:" DEGREES”

154 LPRINT, "fault”, "reach”, "step”

156 LPRINT, "angle”

158 LPRINT, “degrees”, "chms™, "degrees”

160 AzAXW

165 M=MxW

170 K=XxW

175 IF K>M THEN K=(M-(K-M})

180 IF K<{M=-3.1416) THEN K=(-(M+(-K+M)}))
210 U=z{M+A)+1.5708

220 V=M+3.1416

250 R=(L+8)/(2%SIN(A)})

260 B=S%COS(V)

270 C=R*xCOS(U)

280 D=Sx%SIN(V)

290 E=R%SIN(U)

300 F=z=B-C

310 G=D-E

320 H=SQR(F"2+G"2)

325 Q=0

330 IF H<>0 AND F<>0 THEN Q=ATN(G/F)

340 IF F=0 AND G<O THEN Q= -1.5708

350 IF F=0 AND G>0 THEN Q= 1.5708

352 IF SGN(F)=-1 AND SGN(G)=-1 THEN Q=Q+3.1416
354 IF SGN(F)=—1 AND SGN(G)=1 THEN Q= Q+3.1416
360 T=Q-K

380 Z=(SQR(R"2-(H%SIN(T))"2)) +{(H % COS(T))
380 LPRINT,X,Z,P

400 X=X+P

410 IF X<=360 THEN 170

1000 END

Program to Calculate Characteristic
LIST 2



FORWARD REACH = 3 OHMS
REVERSE REACH = 3 OHMS
CHARACTERISTIC ANGLE = 120 DEGREES
MAXIMUM TORQUE ANGLE = 85 DEGREES
STEP ANGLE = 10 DEGREES
fault reach step
angle
degrees ohms degrees
] 1.73536 10
10 1.761847 10
20 1.816114 10
30 1.8998779 10
40 2.015626 10
50 2.166752 10
60 2.356011 10
10 2.585013 10
80 2.852826 10
90 2.852826 10
100 2.585013 10
110 2.356011 10
120 2.166752 10
130 2.015626 10
140 1.89977¢9 10
150 1.816114 10
160 1.761847 10
170 1.73536 10
180 1.735362 10
190 1.761953 10
200 1.816123 10
210 1.899792 10
220 2.015645 10
230 2.166774 10
240 2.356039 10
250 2.585047 i0
260 2.852865 10
270 3.154735 10
280 2.852822 10
290 2.585009 10
300 2.356008 10
310 2.166749 10
320 2.015624 10
330 1.899777 10
340 1.816112 10
350 1.761947 10
360 1.735359 10

Sample Run of Characteristic

LIST 3



-10 DEFSNG A-Z
20 PRINT"THIS PROGRAM FINDS AND PRINTS TRIP POINTS FOR GIVEN SETTINGS AND WILL A

UTOMATICALLY REDUCE THE SLIP TIME TO FIND LOWEST POINTS{DOWN TO 70%SET SLIP"
30 LPRINT:LPRINT:LPRINT:

40 INPUT"ENTER OUTER CHARACTERISTIC ANGLE(O - 180) ";I
50 IF I>0 AND I<180 THEN K=I

60 IF K=0 THEN GOTO 40

70 LPRINT“OUTER ANGLE = ";K

80 INPUT“ENTER INNER CHARACTERISTIC ANGLE(O - 180) ";I
90 IF I>0C AND I<180 THEN J=I

100 IF J=0 THEN GOTO 80

110 IF K=>J THEN PRINT"OUTER/INNER ERROR":GOTO 40

120 LPRINT"INNER ANGLE = ";J

130 INPUT“ENTER STARTING COINCEDENCE ANGLE(1 TO 180)7";I
140 IF I>0 AND IKK THEN Q=I

160 IF Q=0 THEN GOTO 130

160 LPRINT"START COINCEDENCE = ";Q

170 INPUT"ENTER SET TIME(10 TO 2550) ";I

180 IF I>10 AND I<2550 THEN M=I

190 IF M=0 THEN GOTO 170

200 LPRINT"SET TIME = “;M

210 INPUT"ENTER SAMPLE STEP ANGLE ";I

220 IF I>0 AND I<180 THEN T=1

230 IF T=0 THEN GOTO 210

240 LPRINT"STEP ANGLE = ;7T

250 INPUT"ENTER SLIP TIME(10 TO 2550) ";I

260 IF I>10 AND I<2550 THEN L=I

270 IF L=0 THEN GOTO 250

280 LPRINT"SLIP TIME = ";L

290 IF L>M THEN LPRINT"SLIP TIME GREATER THAN SET TIME"
300 LPRINT"STEP ANGLE = “;T

310 LPRINT

320 LPRINT“AT THESE SETTINGS RELAY TRIPS AS FOLLOWS”
330 LPRINT"DEGREES AFTER POINT OF WAVE","START","STOP","TRANS.TIME"
340 FOR F=0 TO 180 STEP T

350 U=0:X=0:G=90~(Q/2):P=(J~K}/(2%L)

360 FOR S8=0 TO 1200

370 C=(S+F)*.01745:R=C+1.5708

380 H=(G-(Px8))}*.01745

390 A=15 x TAN(H) * SIN(C)

400 B=15%SIN(R)

410 D=SGN(B+A)

420 E=SGN(B-A)

430 IF D=E THEN X=X+1

440 IF D<>E AND X>0 THEN GOSUB 500

450 NEXT §

460 NEXT F

470 IF L>(Mx,7)THEN L=L-10:G0TC 280

480 PRINT"RUN COMPLETE™:SOUND 1000,100

4390 GOTO 560

500 IF X>=K AND X<J AND U=0 THEN U=S:W=X

510 IF X>=Jd THEN 0O=S-U

520 IF O>M THEN LPRINT §,F,W,X,0:5=1200

530 IF X>=J THEN 5=1200

540 X=0:0=0

550 RETURN

560 INPUT DO YOU WANT TO RUN AGAIN (Y/N)";I$
570 IF I$="Y" THEN 40

580 END

Relay Simulation

LIST 4



OUTER ANGLE = 80

INNER ANGLE = 120
START COINCEDENCE = 89
SET TIME = 720

STEP ANGLE = 30

SLIP TIME = 720

STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

365 c 97
935 30. 95
304 60 95
873 S0 a3
843 120 21
965 180 97

SLIP TIME = 710

STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

935 30 95
904 60 a5
874 90 93
843 120 91
SLIP TIME = 700
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

935 30 85
905 60 95
874 90 93
843 120 91
SLIP TIME = 690
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

936 30 95
805 60 95
874 80 93
844 120 91
SLIP TIME = 680
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

905 60 85
874 90 83
844 120 91
SLIP TIME = 670
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

9056 60 95
875 90 93
844 120 91

STOP
126
126
124
122
122
126

STOP
126
124
124
122

STOP
126
126
124
122

sTOP
127
126
124
123

STOP
126
<124
124

STOP
126
126
124

Result of Relay Simulation

LIST §

TRANS.
735
736
735
735
736
735

TRANS.
736
735
736
736

TRANS.
736
736
736
736

TRANS.
737
736
736
737

TRANS.
736
736
737

TRANS.
736
737
737

TIME

TIME

TIME

TIME

TIME

TIME



SLIP TIME = 660
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

875 S0 93
844 120 91
SLIP TIME = 650
STEP ANGLE = 30

ATﬁTHESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

875 90 93
845 120 92
SLIP TIME = 640

STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

876 90 93
845 120 92
SLIP TIME = 630
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

845 120 92
SLIP TIME = 620
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

846 120 92
SLIP TIME = 610
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

846 120 92-
SLIP TIME = 600
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

846 120 82
SLIP TIME = 580
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS .

DEGREES AFTER POINT OF WAVE START
SLIP TIME = 580
STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

SLIP TIME = 570

STEP ANGLE = 30

AT THESE SETTINGS RELAY TRIPS AS FOLLOWS
DEGREES AFTER POINT OF WAVE START

SLIP TIME = 560

STEP ANGLE = 30

LIST 5 (continued)

STOP
126
124

STOP
126
-1256

STOP

127
126

STOP
126

STOP
127

STOP
128

STOP
128

STOP

STOP

STOP

TRANS. TIME
737
737

TRANS.TIME
737
137

TRANS . TIME
738
737

TRANS . TIME
737

TRANS.TIME
738

TRANS.TIME
738

TRANS . TIME
738

TRANS . TIME

TRANS.TIME

TRANS.TIME



L.OCATION: LIBRARY Z TESTS, VOL. 1 DISTANCE

ELAY ID UNCTION TP # R—TYPE OPERATOR: Bob Ryan
0ST-1000 POWKSW>SHORT i 11 la Z ‘]

—4 g TEST NAME M ACROPRINTTESTEDLOC - COMHMENTS
1 Explanation notebk] NO NO test principles
2 M.T.A. ZPLLRVE NO NO REACH NEAR M.T.A.
3 CHARACT OUT.A ZPLLRV| NO NO reach over 360 deg.outer,ph.a.
4 CHARACT MID ZPLLRV| NO NO reach over 360 deg
5 CHARACT INNER ZPLLRV] NO NO reach over 360 deg
6 miniswing maxtavi NO YES jJump into char. small. so go
7 maxswing maxtav{ NO YES jtoc big a jump so nogo
8 controswing notebk | NO YES [uses mimicontroller
S timeswing notebk| NO YES ftimes operation with mimicntlir
10 JMINCUR.A RCHLRI] NO YES jchecks current supervision phase A
11 [CHARACT OUT.BC jZPLLRI| NO NO reach over 360 deg.outer, phsesBC
12 Jreset 3ph 6 Ohm|ZPLLRV] HO NO plots reset region near M.T.A.
13 |CHARACTOUT 3 PH|]ZPLLRV] NO NO 3 phase open delta outer charact
14 JCHARACTIMNN 3 PH|ZPLLRV| NO NO 3 phase open delta inner charact
iTEST $LAN;
Space for 3 more tests 4/6/1988 09:42:0(

INSTRUCTIONS: Arrow keys select a record,function keys initiate actions

1 F2 F3 F4 ¥5 6 7 78 F9 F10
{*;gST l ‘ ORIG } ‘ ‘ ‘ ‘PRINT ‘ | DIR

Test Plan

ProTesT Screen 1



LOCATION: LIBRARY Z TESTS, VOL. 1 DISTANCE

WU -5 ) 5\ QD § » Tomm——————c | e £ B e | i L OPERATOR @
OST~1000 POW<{SHW>SHORT i1 a]

ORIGINATOR OPERATOR
1.1 PLUG MIMICONTROLLER INTO SOCKET
marked 4232
1.2 press power on button.observe Operator

resolution coarse,ampllitude,sourcel
and set value “a® indicatlions.

i.3select and set as follows; - -
VA =src#l set%a,ampl=21,phse=-95

Please enter operating limit

on lower page.

Page down both sides for more.

freqg=60
VB =src#2 set%a®,ampl=15,phse=+85 Source Relay
treg=60 VA Hi Instrument 1 Source 1 C2
RETURN TO sxcll,set®a®,freqg VB Hi Instrument 1 Source 2 Cl
1.4 using F2200 front panel set the 11 Hl Instrument 2 Source 2 D1
I1 source to range 13.0,hertz=60 i1 Lo Instrument 2 Source 2 D5
ampl.=5,phase angle=0.0 “Connect inst.l Src.l&? Lo terminals
1.5 cycle source selector thrul,2, together.
both,1{this synchronises sources)
i TEST 8: controswing i
Space for 3 more tests
INSTRUCTIONS: Arrow keys select a record,function keys initiate actions MOR
[——Fl F2 £3 4 F5 6 F7 F8 9 £10-
RUN l NEXT i USER i HELP ‘ DATA l PLOT l ]PRINT lMANUAL ]PLAN
LOCATION: LIBRARY %2 TESTS, VOL. 1 DISTANCE
s RELAY I Do FYNCT T ON o TR ff e R OPERATOR :
08ST~-1000 POW<LSW>SHORT 11 a]
ORIGINATOR OPERATOR
1.6 enable VA,VB and Il with F2200
front panel switches. .
1.7push system ocutput %on® button
and cbserve indication on sources
and minlicontroller.
1.8 rotate controlknob clockwise and
observe as freq.increases relay
LEDS cycle and relay trips.contlinue
to ralse freq until indicatlion cycle
occurs only at >10 sec. intervals.
RECORD THIS AS MAX TRIP FREQ. Max. Trip Freq.=
1.9 repeat 1.8 rotating controlkncb
anticlockwise to lowest cycllc freq.
RECORD THIS AS MIN TRIP FREQ> HMin. Trip Freqg.=
MAX SHOULD BE 65 +-0.5
MIN SHOULD BE 54.5 4+-0.5

Space for 3 more tests

i TEST 8: controswing i

INSTRUCTIONS: Arrow keys select a record,function keys initiate actlons

F10~

1 52 3 4 £5 F6 &7 £8 59
{ﬂggﬂ l NEXT ! USER i HELP l DATA l PLOT l IPRINT lMANUAL lPLAN
Notebook

ProTesT Screen 2 and 3



