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INTRODUCTION

The power swing relay described in this paper provides additional security over
conventional means of out-of-step protection, and records data during each
swing, which are useful in verifying the dynamic modeling of the power system,
and in evaluating the out-of-step protection.

Out-of-step relaying serves two purposes:

1) it prevents distance relays from separating the system at arbitrary
points, and

2) it commands separation of the system at specific points, when swings
are unrecoverable,

Particular design goals for out-of-step relaying schemes include:
1) do not separate the system for recoverable swings,
2) use only local voltages and currents, if possible,
3) adapt to changing system configurations, due to switching and faults,

4) provide signalling outputs for the control of stability-enhancing
apparatus, such as dynamic brakes and capacitors, and

5) base the design principle on concepts acceptable to engineers involved
in protection as well as in system analysis.

Traditional power-swing relaying schemes use impedance-plane characteristics,
such as circles, lenses, lines and ellipses, to detect power swings on the
basis of the apparent impedance entering such characteristics. These schemes
discriminate between swings and three-phase faults on the basis of the time
taken for the apparent impedance to travel through certain regions of the
impedance plane, these regions being defined by the spacing of impedance-plane
characteristics.

These schemes perform well 1in blocking distance relay operation for power
swings, but cannot always be used for controlling separation, as some recover-
able swings may enter the out-of-step relay characteristic and cause unwanted
separation.

One important effort to improve on this situation was the development of the R,
R-Dot relay at Bonneville Power Administration. This relay uses the apparent
resistance, R, and its first time derivative, R-dot, to assess whether or not a
power swing is recoverable. Improved discrimination between recoverable and
unrecoverable swings comes from its use of the rate of change of resistance as
a discriminant. When R drops to a setpoint, R-dot is checked. If the rate of
change of resistance is above a threshold, the swing is assumed unrecoverable;
otherwise it is classified recoverable. This relay makes use of Tocal voltages
and currents.

As is well known from the analysis of power swing stability, the fundamental
guantities of interest are the relative power angles throughout the system.



These angles, the internal EMFs of the sources, and the transfer impedances
together determine the power flow throughout the system during steady-state and
transient conditions.

We stress that the power angles not only contain the information required to
assess stability, but also are the most convenient variables to use in ana-
lyzing stability. These are the variables used in the study of the power
system dynamics, and are familiar to us in the swing equation.

Consider two approaches to out-of-step relaying. One is to generate estimates
of the power angles at critical points in the system, and to test these angles
against some stability criteria. This approach accentuates the dynamic
behavior of the power system. Another approach is to use system studies and
the electrical model of the power system to predict what voltages and currents
are expected for various contingencies, and to test the voltages and currents
against pertinent stability criteria. This approach accentuates the electrical
consequences of the dynamic behavior.

Assuming we apply the same stability criteria to both approaches, equal
performance results. We can select an approach which satisfies other consider-
ations, such as ease of setting, and the closeness of its relationship to the
dynamics of the problem.

Because the power angles are best suited for the most direct assessment of
stability, we took the first approach.  The out-of-step relay we developed
estimates the relative power angle between iwo Thevenin equivalent sources,
from local measurements of voltage and currents. The relay evaluates the
estimated angle and its first two time derivatives to assess stability.

Rnother approach based on power angies is being pioneered by Utah Power and
Light, where voltage-phasor information throughout the system is measured and
the angles are computed and tested. This approach requires substantial
communications resources, which may not be available or justifiable everywhere.

The next section of this paper provides the control theory background which
yields a stability-assessment criterion. After that, we describe how the relay
estimates the power angle and its derivatives, and how it tests these quan-
tities against the stability-assessment criterion.

Please keep in mind, therefore, that the control theory discussion contributes
to the understanding of ANY out-of-step relaying scheme. It is not based on
any particular relaying scheme. The out-of-step relaying scheme we implemented
does, however, make rather direct use of the control theory results.




CONTROL THEORY BACKGROUND AND THE SWING EQUATION

The dynamics of interest for power system stability depend on the mechanical
energy equations for the machines, and on the electrical power interchange
equations for the network interconnecting the machines. We combine these
equations to obtain the swing equation, which is a differential equation in
terms of the power angles.

We develop the principles using a very simple model for a single machine,
electrically connected to an infinite bus. The results are easily extended to
a two-machine system.

In the next section, the protective-relay algorithms are developed, bhased on
the resuits we are about to obtain. Since the protective philosophy is based
on a two-machine model, but intended for application on more complicated
systems, we must test the performance of the protective scheme on a more
complicated model. (Such testing was performed at Washington State University,
and is reported in Reference 3. The tests demonstrate that the principle
stemming from a two-source model performs well on a three-source model.)

Figure 1 shows a single synchronous machine connected to an infinite bus. The
bus voltage is Ep at a reference angle of zero degrees.  The synchronous
machine model consists of an internal source of EMF, Ey at an angle of d. The
reactance X combines the reactance of interconnection and the internal react-
ance of the machine.

The electrical power transfer between the machine and the infinite bus is given
by the equation below:

Pe = |E1Ep|/X sin d (1)

The power to transfer comes from the prime mover as a mechanical power, Ppn.
Under steady-state in-step operation, the electrical and mechanical powers are
equal, neglecting the small Tlosses of energy conversion. The maximum power
which can be transferred is obtained when d=pi/2, and is | E1E2|/X.

Equation (1) is plotted in Figure 2. The peak of the curve gives the maximum
power transfer. The mechanical power input to the machine is Pm- It 1is
plotted as a straight line, since the mechanical power input is determined by
the prime mover, and is independent of the nower angle of the synchronous
machine.

When the system is disturbed by faults, switching or other causes, the mechan-
ical and electrical powers may be unequal. Excess mechanical power causes the
machine's rotor to accelerate. That is, an accelerating power results, which
is given by:

Pa =Py - Ppe (2)

The relationship between the accelerating power and the motion of the machine
is obtained by differentiating the kinetic energy equation of the rotor.

Let H be the kinetic energy of the rotor, N be the number of poles of the




machine, and J be the polar moment of inertia of the machine. If the rotor is
operated at an electrical frequency of w radians per second, then its mechan-
ical speed is 2w/N radians per second. The rotor kinetic energy equation
is:

Ho=1/2d ( 2w/N )2 (3)
(This is analogous to an energy of translation of 1/2 m vZ for linear motion.)
The time rate of change of the kinetic energy is the accelerating power. Using
an apostrophe to indicate a derivative with respect to time, and differen-
tiating (3), we get:

H' = Py =d (2/M2 ww' =3 (2/N)2 w d" (4)

This is the so-called swing equation. The power angle d is dynamically related
to the accelerating power input.

Let w, be the nominal system frequency. Then the nominal kinetic energy of the
rotor is obtained by substituting the nominal frequency into (3):

Ho = 1/2 0 ( 2wo/N)2 (5)
These two nominal values, wy and Hy, may be used to simplify the swing equa-
tion, if we allow the assumption that, during periods of interest, changes
in w in (4) are negligible. The swing equation becomes:

d" = (1/2Hg) wy Py (6)
Substituting for the accelerating power using (1) and (2) yields:

d" = (1/2Hg) wo [Py - (1E1E2]/X) sin d] (7)
If there is a stable equilibrium value for d, then it must be the value of the
power angle for which the electrical and mechanical powers are equal, i.e.,
zero accelerating power. Let dy be the stable equilibrium angle, if it exists.
Then, it is found by setting Py = 0.

The swing equation, when a stable equilibrium point exists, can be written in
terms of the stable equilibrium angle dy we just found:

d" = ['E]_EZ‘W()/(ZH()X)] ( sin d() - sin d ) (9)

This is the pendulum equation, with no damping. The term in square brackets is
the natural frequency of oscillation of the system, squared:

wnZ = [E1E2lw/(2HoX) (10)
Making this substitution in (9) simplifies the swing equation:

d" = wp ( sindy - sind) (11)




It may also be used in the swing equation when no stable equilibrium exists, as
follows:

d" = wp? (XPy/lE1En | - sin d) ? (12)

As an example, suppose the system of Figure 1 is operating in steady state.
The curve of Figure 2 shows a plot of power as a function of the power angle.
It is a plot of (1) over pi radians. The intersection of the curve and the
Tine nearer the P axis at angle d, is a stable equilibrium point for the old
system. It is an equilibrium point because the mechanical and electrical power
are the same. It is a stable one, since any acceleration produces a restoring
force. To check this, refer to (9), and suppose that a positive acceleration
exists. The power angle d increases from its steady-state value of dg, causing
sin d to increase above sin dy, and resulting in a negative acceleration, which
offsets the original disturbance.

There is another equilibrium point at the intersection of the curve, and the
mechanical power line, just below pi radians. This equilibrium point 1is
unstable, since a small positive d" causes d to increase, and the electrical
power decreases, leaving a net accelerating power, which aggravates the initial
small positive d". Because of the symmetry of the electrical power curve and
since the mechanical power is constant with respect to d, the stable and
unstable equilibrium points are symmetric about pi/2 radians. With the stable
equilibrium point at dy, the unstable equilibrium point is at pi - dj.

Assume steady-state operation at the stable equilibrium point is disturbed by
an event, such as a parallel line switching out, which causes the inter-
connecting reactance X shown in Figure 1 to increase. The power-angle curves
for the new and old systems are shown in Figure 3. Two new equilibrium points
now exist, at the intersections of the mechanical power line and the new system
electrical power curve. The system does not move to either of these points,
but rocks around the stable one, as described below.

Since the rotor angle d cannot change instantaneously, the electrical power out
of the machine drops to point 1 on the new system curve, at the same rotor
angle for steady-state operation of the old system. This leaves a net acceler-
ating power which causes the rotor to speed up. As its speed increases,
its angle increases, and d eventually reaches point 2. At that point, the
mechanical power and electrical power are equal, but the rotor speed exceeds
synchronous speed, so the angle continues to grow. With d greater than dg,,
deceleration occurs due to negative accelerating power, and the growth in d
slows, then stops at point 3. The deceleration continues back to point 4.
Since the deceleration has reduced the speed below synchronous speed, the rotor
continues to slow, finally reaching point 1 again, where the process begins
again, For a one- or two-machine system, the equal-area criterion can be
applied to determine the range over which d swings. The criterion requires
that the accelerating area (below the mechanical power line and above the
electrical power curve, to the left of the stable equilibrium point) equals the
decelerating area (above the mechanical power line and below the electrical
power curve, to the right of the stable equilibrium point). 1f there is not
enough room between the power curves to obtain equal decelerating area, then
the swing is unstable,



The middie graph of Figure 3 is a phase-plane plot for the same stable event.
It plots the angle d against its first derivative d'. Immediately after the
disturbance, the system is in operation at point 1. The disturbance causes no
jump in d or its derivative, but the acceleration causes d' and therefore d to
increase from point 1 to point 2, which was chosen immediately above the new
equilibrium angle do. The excess speed carries the trajectory on toward point
3, but the decelerating power slows down the rotor. When 3 1is reached the
speed is zero, but the decelerating power is not, so the rotor continues to
slow, and does so until the angle reaches point 4. Then the accelerating power
goes positive causing the rotor to speed up, back to point 1 and so on.

A plot for d' against d" fis shown at the bottom of Figure 3. The origin
represents steady-state operation, i.e. the derivatives are zero in steady
state. When the system is disturbed, the net accelerating power (the differ-
ence between Py and P at point 1 in Figure 3) causes the acceleration to
jump from the origin in the d' - d" plane to point 1, and the nearly circular
trajectory is followed in the clockwise direction. This plot is easy to make,
noting that acceleration is proportional to the difference between the mechan-
jcal and electrical power curves of the top graph of Figure 3.

The discussion above is for a stable swing. If the swing were unstable, then
the power angle would increase without bound, instead of circling its stable
equilibrium point. There must be a boundary case between unstable and stable
swings. A boundary case (marginally stable) and an unstable case are shown in
Figures 4 and 5, respectively.

Consider the marginally-stable case first. The power-angle plot at the top of
Figure 4 represents switching between an old system with larger power-transfer
capability and a new system with smaller capability. The swing characteristics
and the phase plane trajectories are similar to those of the stable example of
Figure 3, except that the marginally-stable case uses up all of the restoring
force, by swinging all the way to point 3 in Figure 4, which is the unstable
equilibrium point for the new system. (Had d advanced beyond this point, the
system would have accelerated, slipping poles, instead of decelerating and
rocking about its stable equilibrium point.) Thus the most energetic stable
swing reaches the unstable equilibrium point 3. Soon we will use this fact to
find the maximum stable value for a constant of the motion.

The marginally-stable d' -d" phase-plane plot is heart-shaped, with the cusp at
the origin corresponding to the unstable equilibrium point.

The unstable case shown in Figure 5 has so much excess mechanical power that
there are no equilibrium points for the new system, since the mechanical power
Tine never intersects the new system electrical power curve. The accelerating
power is always positive, so the angle and its rate get going fast in a hurry!

The two phase plane curves no longer close, since the velocity grows without
bound.

The next few steps pursue some strategies we can apply to determine if a swing
is recoverable or not.

For the pendulum (swing) equation, a constant of motion is the kinetic energy
plus the potential energy. In terms of our variables, and with arbitrary




scaling, this is:
d
L=d2 + 2we2 |( sind- sindy ) dd (13)
do

To demonstrate that L is a constant of the motion, we need to complete the
integration with respect to d, and then differentiate L with respect to time.
If L is a constant of the motion, then L' should be zero. Inteqgrating (13)
yields:

L=d'2+ 2wy [ cos dg - cos d - (d - dy) sin do ] (14)
Its time derivative is:
L' = 2d" [d" - wy2(sin dg - sin d)] (15)

The term inside the square brackets is zero, as (11) shows, so L' must be zero,
and L must be a constant.

Consider now a phase-plane plot of the power angle d against its first deriva-
tive d'. Oscillatory motion produces a closed path in this phase plane, as we
saw earlier in the stable and marginally-stable examples. From (14), we see
that, for a given system (known wp), and known stable equilibrium point dg, L
is fixed by any point (d, d') on the phase-plane trajectory.

The phase plane loops are small for gentle disturbances, and large for more
severe disturbances. They surround the stable equilibrium point (d,,0). If
damping were included, the phase plane trajectory would spiral into the stable
equilibrium point.

There is a Timit to the size of the phase plane loops. The 1imit is easily
visualized using the pendulum analogy. Consider the case where a pendulum has
enough energy to swing from its unstable vertical position (straight up),
through straight down, and back up to its unstable vertical position, without
going over the top. This is the stability limit, so finding the limiting
trajectory (loop) should be useful in assessing stability. This corresponds to
the d - d' loop in Figure 4 for the marginally-stable system.

Using this limiting feature, we can find the value of L corresponding to this
maximum stability Timit, since the unstable equilibrium point is located at pi
minus dy radians, and since one point is all that is needed to specify a
trajectory. To do this, Tet d = pi - dy in (14), and set d' = 0. The latter
conditions says that the motion just stops when the unstable equilibrium
position 1is reached, corresponding to the "straight up" condition for the
pendulum, or the point 3 in Figure 4. L is proportional to the maximum energy
the pendulum can have without Tooping around over the top.

The substitution for the unstable equilibrium point yields:

L = 2wp2[2 cos dy - (pi - 2dy) sin dy] (16)



where the subscript m indicates that this is the maximum value L may be if this
system is stable.

If the stable equilibrium value of the power angle, dg, were known, we could
use (14) as a stability test. The approach would be to measure d and d', and
test them in (14), by comparing the result against Lp. If the result exceeds
Lm, then the system is unstable; otherwise it is stable.

Mathematically, the test is:

if

L =4d'2+ 2wp2 [ cos dg - cos d - (d - dg) sin dg ] (14)
>

Ly = 2wp2[2 cos dg - (pi - 2dg) sin do) (16)

then the system is unstable.
After solving for d', the test becomes:
d'2 > 2 wpl [cos dg + (dg +d - pi)sin dg + cos d] (17)

That is, given w, and dy, (the natural frequency of the system and the post-
disturbance equilibrium point, respectively), and measurements of d and d', we
can use Equation (17) to test the measured value of d' against the stability
Timit given by the equation.

The maximum value that d' can have corresponds to the point in the swing where
the angle of the rotor is equal to the equilibrium angle, analogous to a
swinging pendulum passing through the straight down position. There, all the
energy is kinetic, so the swing rate must be maximum. Using d = do in (17)
yields a maximum swing rate:

(d'M)2 = 2 wy? [2 cos dy + (2 do - pi) sin dg] (18)
Examine (18) at two extreme equilibrium values:

1. When d, = 0, d'ym = 2 wp, which is the maximum stable rate
for all dy possibilities.

2. When dy = pi/2 radians, d'm = 0, which satisfies our intuition that
any motion (kinetic energy) existing when the equilibrium point is
at the point of maximum restraint (where the unstable and stable
equilibrium points are the same) means the system is unstable.

1f we designed a relay using (18), then settings would necessarily include wp
and dy, implicitly or explicitly. The natural frequency depends mostly on the
machine inertia constants and the transfer reactances (system configuration),
as Fquation (10) reveals. The post-disturbance stable equilibrium angle, dg,
depends on the pre-disturbance loading of the system, and the nature of the
disturbance. Whereas w, can be reasonably bounded by studies, dy cannot, so we
need to find a practical scheme which does not depend on knowledge of dy.
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Consider this approach. If we measure d and d' somehow, then the equality
condition of (17) provides a relationship from which we can find the Timiting
value of dg, corresponding to the largest stable trajectory passing through our
measured point (d, d'). If there is no solution, then there is no stable value
for dg, meaning that the mechanical power line does not intersect the electri-
cal power curve. If it does, then we can use the values of d and dy in the
swing equation (11) to find a maximum allowable rate of acceleration, d"y.

The stability criteria now become:

if d' >0 and d" > d'y
or
if d' <0 and d" < -d"y

then the system is unstable;
otherwise it is stable.

In words, if the measured velocity is positive and the measured acceleration
exceeds a threshold, or if the measured velocity is negative and the measured
acceleration is below the negative of that threshold, then the system will pull
out of synchronism; otherwise it will not.

To summarize, if we can represent the system by a one- or two-machine system,
and if its natural frequency is known, then we can assess its stability by
measuring and testing d, d', and d". The next section presents an algorithm
which does this in a computationally-efficient way, and discusses its implemen-
tation in a practical relay.

DEVELOPMENT OF POWER SWING ALGORITHMS

The control theory results of the previous section and the general requirements
in the introduction lead to some approaches for power swing assessment.

Decisions about the recoverability of a swing must be made at critical angles
so that stability-enhancing actions can be taken before it is too late, and so
that separation of the system, if necessary, is performed at an angle safe for
the circuit breakers.

Suppose that system studies reveal that, under certain conditions, maintaining
stability requires dropping generation at a power angle of 60 degrees, if the
swing is otherwise determined to be unstable. Further suppose that maintaining
circuit breaker recovery voltages within limits requires that separation be
completed by an angle of 90 degrees.

The swing relay must assess the stability of the system so that generator
dropping, if necessary, can be completed by 60 degrees. Reaction-time delays
in communications and machine Controls must be accommodated by making the
decision before 60 degrees, by an angle proportional to the rate of change of
the angle times the reaction time. Thus, for a slow swing, the decision could
be made just before 60 degrees, and for a fast swing, the decision needs to be
made well before 60 degrees.




If the swing is assessed to be recoverable, then no generator dropping is
commanded, and presumably the swing relaxes to the new equilibrium point. On
the other hand, if the swing is assessed to be unrecoverable, then the relay
must command generator dropping. With less generation, the source reactance on
the generation side is increased, and the relay must recognize the new system
configuration. If the generator dropping action is successful, then the system
recovers by settling down to a new, different equilibrium point. If it is
unsuccessful, under the terms of our example, the next act is to protect the
breaker by separating the system by the time the angle reaches 90 degrees. The
decision point now is near 90 degrees, but must be compensated by the reaction
time of the circuit breaker times the rate of the swing.

Figure 6 shows a set of maximum phase-plane trajectories for three stable
equilibrium angles. It also shows two “preliminary decision lines", which
represent the angle - angle-rate relationships for the example, for generator
dropping and separation. The generator-dropping line crosses the d axis at 60
degrees, and has a slope equal to the control system response time. Thus the
Tine is represented by:

d =60 - tg d’ (19)

where ty is the response time for generator dropping. Note that if the time
were zero, then the preliminary decision line is vertical, passing through 60
degrees. As more and more response time must be accommodated, the line tilts
more and more to the left, above the d axis. This means that the slower the
controls are, the smaller the angle is at which the decision must be made to
assess recoverability.

The preliminary decision line for separation passes through 90 degrees, and is
given by:

d=9 -ty d' (20)
where ty is the circuit breaker operating time.

The term "preliminary decision 1ine" reinforces the point that the instant the
phase-plane trajectory crosses that line is the last instant at which the
recoverability determination can be made, if, in the case of an unrecoverable
swing, the subsequent control actions are to be safe or effective.

Figure 6 convinces us that we cannot assess stability solely by inspecting the
angle and its rate of change, since we do not know dgy, the new equilibrium
angle. For example, consider the maximum trajectory shown for dy = 60 degrees.
Stable swings for this equilibrium point are internal to this trajectory, and
unstable ones are external to it. Now consider the point in the first quad-
rant, where the maximum trajectory crosses the 60-degree preliminary decision
line. If we knew d,, then we could say swings crossing the line inside this
trajectory are unrecoverable, and ones crossing inside it are recoverable.
Since we do not know dy, we must consider the behavior of trajectories for
other swings related to different dy values. A gentle swing for a disturbance
with dy = 30 degrees would certainly be inside the maximum phase-plane trajec-
tory for this angle, and one exists which passes just outside the 60 degree
maximum trajectory, where it crosses the decision Tine. This shows that there
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exists a stable swing (e.g. with a 30 degree equilibrium point) which crosses
the decision 1ine at the same angle as an unstable swing (e.q. with a 60 degree
equilibrium angle, just outside the maximum trajectory).

Other examples can be concejved, such as an unstable swing, which takes off
from the d axis, and passes through an infinity of points belonging to stable
trajectories associated with smaller equilibrium angles.

The important conclusion is that the d - d' phase plane tells us when the
recoverability decision must be made, but the d - d' plane does not tell us how
to decide. The exception to this is that any swing crossing the 2 wp line
(that is, one exceeding an upper 1imit on d') is unrecoverable, no matter what.
This exception stems from Equation 18 and the first cbservation following that
equation.

What is needed now is a stability decision criterion to apply at the decision
making instant discussed above. The previous section ended with a test on the
acceleration, d", to be applied to the swing equation after dy is computed from
the Equation 17, using measurements of d and d'.

A simpler procedure from a computational point of view was proposed by Baker
and demonstrated in Reference 3. He demonstrated that a "final decision 1line"
in the d' - d" plane can be drawn which separates recoverable swings from
unrecoverable ones.

In Figures 3, 4, and 5, the bottom plots show d* versus d'. Figure 7 shows the
same plane (rotated by 90 degrees) on which three points are plotted. Point S
represents the stable swing point taken from the d" - d' plot of Figure 3 at a
decision angle of 70 degrees. Point M is a similar point from the marginally-
stable event of Figure 4, and Point U comes from the unstable event of Figure
5. Also shown is a separand, the final decision line, with the stable event
below and the unstable event above. It passes through the point for the
marginally-stable event.

The d' - d" plane and the final decision line have a satisfying physical
relationship. We are thrown into this plane at the instant the recoverability
decision must be made, when the preliminary decision 1ine is crossed. Once in
the decision plane, the decision line allows more acceleration for smaller
velocities, as we would expect. Applications requiring early decision making,
such as when Tong reflex times are involved, or when control actions are to be
tried to avoid possible separation, tolerate small angle changes, and yield
relatively slow velocities. The acceleration, therefore, is especially
important when assessing recoverability at small angles.

The best d" - d' final decision 1ine can be determined the following way:

1. Draw the maximum phase-plane trajectories for several values of
stable equilibrium angles, in the d - d' plane.

2. On top of those plots, draw the preliminary decision lines which
represent the angle by which any control action must be complete.

3. Draw the d' - d" trajectories corresponding to the d - d' tra-
jectories.

[




4. Using d' as a guide, find the d' - d" points corresponding to the
d -d' points of intersection with the preliminary decision Tines.

5. Draw the best straight line through the d' - d" points so determined.
This is the final decision line, separating recoverable and unrecover-
able swings, since we found it from the maximum phase-plane trajec-
tories separating recoverable and unrecoverable swings.

We have already completed the first two steps in Figure 6, for stable equili-
brium angles of 0, 30, and 60 degrees. Two preliminary decision lines are
included. The one passing through 60 degrees has a smaller slope, meaning the
reaction time for the control action necessary at 60 degrees is larger. The
line passing through 90 degrees is steeper, implying that a smaller reaction
time is required for the decision at 90 degrees.

Figure 8 shows the d' - d" trajectories for the three cases of Figure 6. It
also shows the points on those trajectories corresponding to the points of
intersection between the maximum phase-plane trajectories in Figure 6 and the
preliminary decision lines of that figure, as required by steps 3 and 4 above.
T?e 1ines through the d' - d" points are the best final decision lines (step
5).

When control actions must be completed at smaller d values, and when the
reaction time of the control system is longer, the final decision line slope is
smaller. Figure 8 clearly shows this, with the gentler slope of the 60 degree
1ine. The gentler slope means that velocity (d') is less important than
acceleration (d") in our decision making. Indeed, if the final decision line
were along the d' axis of Figure 8, then velocity could be anything when we
need to make our decision, and all the information we need is in the acceler-
ation.

In summary, the relay must perform the following tasks:
1. Determine d and d'.
2. Test (d,d') to see when the preliminary decision line is reached.
3. When it is, determine d".
4, Test (d',d") with the final decision line to see if the swing
is recoverable.

This next section describes how the SEL-68 performs these and other tasks.

A PRACTICAL SWING RELAY

We must obtain measurements of d and its derivatives to assess recoverability
of swings. The SEL-68 obtains d and its derivatives from measurements of
voltages and currents at one point in the system, with the help of a simple
electrical model for the system. Using control logic inputs, the SEL-63
selects between up to four models and relay settings, so that the best results
are obtained for widely-varying system conditions. Furthermore, it performs a
number of tests on the data to determime when accurate operation is not
possible, such as during nearby faults, or with unreasonable settings.
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The SEL-68 uses the electrical two-machine model shown in Figure 9 to determine
the power angle d from measurements of the positive-sequence voltages and
currents at the bus in between the two machines. Thus the SEL-68 assumes that
the real system can be represented sufficiently well during the time period of
interest for the contingencies of interest using this model.

The equations for this model are the same as for the single machine model of
Figure 1, except X becomes X1 + X2, and the angular momentum appropriate to the
two-machine model becomes the parallel combination of the angular momenta for
the two machines.

The procedure for computing d consists of first estimating the sources of emf
on either side of the point of measurement. Let E1 and Ep be the equivalent-
source emfs. Then,

E1

]

Vo+ gXqI (21)
and

V- iXol (22)

E2

where V and 1 are the positive-sequence quantities determined from measurements
at the point in between the equivalent positive-sequence reactances X1 and Xp.
The relay computes V and I by sampling the three voltages and three currents
four times per power system cycle, filtering them with a double-differentiator-
smoother filter, and passing the results through digital positive-sequence
filters. These techniques are well-proven in other SEL relays.

The power angle d which we need to find is the angle between the equivalent
source voltages Ey and Ep. The easiest way to get d is from the complex
product between Ej and Ep:

A+ B = E1Ep* (23)
where the asterisk is the complex conjugate operator.
Then, the power angle is the angle of this complex product, so

d = tan~1(B/A) = cot-l(A/B) (24)
The rate of change of d can be found without directly finding d:

d' = (AB)/(AZ + BZ) (25)
The acceleration is found from the first difference, taken over three cycles
for smoothing:

d" = d'y - d'y-3 (26)

The SEL-68 tests d, d' and d" using the preliminary and final decision lines
described in the previous two sections.

Faults or unreasonable settings could invalidate the mode] used to determine
the source voltages, so the relay must check its input quantities several ways.
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Five tests are included, as described below:

1. Excessive positive-sequence current
a. Three-phase faults
b. Severe phase or ground faults
c. Swings resulting in unexpectedly large currents, due to model
errors

2. Excessive negative-sequence current for any unbalanced condition
3. Excessive zero-sequence current for ground faults

4. High or low estimates of £y or Ep
a. Errors in X1 or Xz
b. Error in the nominal expected source voltage

5. Excessive rate-of-change of power angle
a. Errors in X3 or X2
b. Fault or other event invalidating the model

The relay accommodates four sets of settings, so that different electrical
models and decision making criteria can be applied to different system config-
urations. The relay monitors three control logic inputs, and switches to the
appropriate settings as required. Whenever a changeover takes place, and after
a fault condition vanishes, the SEL-68 spends six cycles stabilizing its
measurements before re-enabling its control functions.

The four control outputs are Tisted below:

TRIP--Asserts whenever an unrecoverable swing is detected
BLOCK--Asserts whenever a recoverable swing is detected
FAULT--Asserts whenever any of the five tests described above fails
ALARM--Signals internal relay self test warnings or failures

In addition to the three control inputs which control the selection of one of
the four sets of settings to be used, there are three more control inputs. One
blocks assertion of the BLOCK output, and another blocks assertion of the TRIP
output. The last input triggers a recording of power system data when it is
asserted.

Logic settings include means of selecting any combination of tripping on the
way in or out, for positive or negative angles, individually in each of the
four setting sets.

A 1ist of the settings required for each of the four sets is given on the next

page. The numbers in angle brackets <> at the end of each row give the 1imits
to each of the settings.
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SET 4<

carriage return>

Enter data or RETURN for no change
Relay ID = <up to 39 characters>
OUT-OF -STEP TRIPPING, EXAMPLE LINE
?
I-—-—
.— X1 g XZ——'.

V

E1

+DELTA

0 E2

X1 : Pos. Seq. Reactance To E1 (ohms pri) = 100.00 ? <0,1000>
X2 : Pos. Seq. Reactance To E2 (ohms pri) = 101.00 ? <0,1000>
El : Nominal E1 Source Voltage (KV pri, L-N) = 132.8 ?  <10,1000>
59E1: E1 Over-Voltage Threshold (KV pri, L-N) = 195.0 ?  <10,1250>
E2 : Nominal E2 Source Voltage (KV pri, L-N) = 132.8 2 <10,1000>
59E2: E2 Over-Voltage Threshold (KV pri, L-N) = 195.0 ? <10,1250>
50P : Pos. Seq. Inst. Over-Current Threshold (A pri) = 1500 ?  <10,50000>
50Q : Neg. Seq. Inst. Over-Current Threshold (A pri) = 500 ?  <10,50000>
50N : Zero Seq. Inst. Over-Current Threshold (A pri) = 500 ?  <10,50000>
DDOT: Angle Rate Fault Threshold (deg/cyc) = 5.00 ?  <0.1,20>
SRI1: Swing Report Angle - Delta Increasing (deg) = 75 7 <30,180>
SRIZ: Swing Report Angle - Delta Decreasing (deg) = 285 ? . <180,330>
ROWS: Maximum Interval Between Swing Report Rows (cyc) =2 7 <1,63>
TDDO: TOWI And TOWO Time Delay Dropout (cyc) = 10.00 ? <.25,63.75>
PCBD: Power Circuit Breaker Trip Operation Delay (cyc) = 2.00 ? <1,5>
TBDA: Trip - Block Decision Angle (deg) = 90.00 ? <30,90>
TSLP: Trip Line Slope (l/cyc) = -1.00 ? <-1,0>
TDOT: Trip Angle Rate (deg/cyc) = 0.50 ? <0,10>
CTR : Current Transformer Ratio = 200 ? <1,2000>
PTR : Potential Transformer Ratio = 2000 ? <1,10000>
TWIl: Trip On Way In - Delta Increasing (Y or N) =Y 2
TWI2: Trip On Way In - Delta Decreasing (Y or N) =Y ?
TWOl: Trip On Way Out - Delta Increasing (Y or N) =Y 2
TW0Z: Trip On Way Out - Delta Decreasing (Y or N) =Y 2
SRLR: Report Load Reversal (Y or N) = N ?
New set #4 settings for: OUT-OF-STEP TRIPPING, EXAMPLE LINE
X1 =100.00 X2 =101.00 E1 =132.8 59F1=195.0 E? =132.8 59E£2=195.0
50P =1500 50Q =500 50N =500 DDOT=5.00 SRI1=75 SRI2=285
ROWS=2 TDD0=10.00 PCBD=2.00 TBDA=90.00 TSLP=-1.00 TDOT=0.50
CTR =200 PTR =2000 TWI1=Y TWI2=Y TWOl=Y  TWO2=Y  SRLR=N
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Enable with new settings (Y/N)
(Event history will be lost) 2 Y
Calculating internal settings...

Enabled with new settings - 1/1/86 00:14:07
=>>
=>>

Each swing triggers an event report, which saves time, current, voltage, swing,
auxiliary element, output states, and input states during the swing. Please
refer to the example swing report on the next page. The first line in the
report is part of the settings, in which you identify the line, application or
other information. In this case, the operator wanted to indicate that this
report was generated for an example T1ine, when applied for generator dropping.
Since each setting set has an identifier, if the relay switches to another set
of settings, it is easy to see by the label assigned to that set of settings.

Data are reported in row pairs. The left-most column reports the time in
cycles from the initiation of the report, and the computed power angle at that
time. The report is always 22 row pairs long, but you may control the duration
and initiation of the report using SRI1, SRIZ and ROWS. The first two deter-
mine at what angle a report is triggered, and the third sets a limit to the
maximum time between row pairs. If the maximum is not exceeded, then the SEL-
68 outputs a row pair every time the angle changes by 15 degrees. This way
the 22-row-pair report can span up to 22 times 15 or 330 degrees of a swing.

The next six columns report the currents and voltages, using the phase-A
voltage at the initiation of the report as a reference. These data, together
with the time in cycles, make it very easy to plot a swing in the impedance
plane, by finding the ratio VA/IA, and using the time as a parameter. Of
course plotting the power angle versus time may be done directly using the data
in the first column.

The six Swing columns are next. The I1 and 12 columns report the results of
the test of d" versus d', which is performed all the time. Two columns are
required. 11 is for increasing d, and 12 is for decreasing d.

The 01 and 02 columns are similar to the I1 and 12 columns, except they are for
the on-the-way-out conditions.

The DD column shows the state of the excessive d' rate.

The RV column reports a test for load reversal, which may or may not trigger a
report, as desired.

The DN column indicates the decision making instant, when the d - d' trajectory
crosses the preliminary decision line. Note that a decision to block was made
at 8 cycles, since a swing was underway which crossed the preliminary decision
1ine, but the acceleration test (Il) indicated the swing was recoverable.
Later, at 19 cycles, the swing crosses a new preliminary decision Tine (associ-
ated with a switch in settings--see below). This time, however, the final
decision line test indicates that the swing is not recoverable, as indicated by
the T in the I1 column at 19 cycles.

16



EXAMPLE EVENT REPORT

Time: 00:15:09

1/1/86

Date:

GENERATOR DROPPING, EXAMPLE LINE
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(Event Report continues on following page)
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Event : POWER SWING

Set #1 settings for: CAPACITOR INSERTION, EXAMPLE LINE

X1 =100.00 X2 =101.00 E1 =132.8 59E1=195.0 E2 =132.8
50P =1500  50Q =500 50N =500 DDOT=5.00  SRI1=30
ROWS=2 TDD0=10.00 PCBD=2.00  TBDA=45.00 TSLP=-1.00
CTR =200 PTR =2000 TWIl=Y  TWI2=Y  TWO1=Y TWO2=Y

Set #2 settings for: BRAKING RESISTOR, EXAMPLE LINE

X1 =100.00 X2 =101.00 E1 =132.8 59E1=195.0 E2 =132.8
50p =1500 50Q =500 50N =500 DDOT=5.00  SRI1=45
ROWS=2 TDD0=10.00 PCBD=2.00  TBDA=60.00 TSLP=-1.00
CTR =200 PTR =2000 TWIl=Y  TWI2=Y  TWO1l=Y TWOZ2=Y

Set #3 settings for: GENERATOR DROPPING, EXAMPLE LINE

X1 =100.00 X2 =101.00 E1 =132.8 59£1=195.0 E2 =132.8
50p =1500 50Q =500 50N =500 DDOT=5.00  SRI1=60
ROWS=2 TDD0=10.00 PCBD=2.00  TBDA=75.00 TSLP=-1.00
CTR =200 PTR =2000 TWIlsY TWI2=Y  TWOl=Y TWO2=Y

Set #4 settings for: OUT-OF-STEP TRIPPING, EXAMPLE LINE

X1 =100.00 X2 =101.00 E1 =132.8 59£1=195.0 E2 =132.8
50P =1500 50Q =500 50N =500 DDOT=5.00  SRI1=75
ROWS=2 TDD0=10.00 PCBD=2.00  TBDA=90.00 TSLP=-1.00
CTR =200 PTR =2000 TWIl=Y  TWIZ=Y .TWO1=Y TWO2=Y
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59£2=195.0
SR12=330
TDOT=2.00
SRLR=N

59£2=195.0
SRI2=315
TDOT=1.50
SRLR=N

59£2=195.0
SR12=300
TDOT=1.00
SRLR=N

59£2=195.0
SR12=285
TDOT=0.50
SRLR=N
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The next six columns show the states of the auxiliary elements and tests. The
DV (data valid) column indicates when the d, d' and d" data are valid, as
judged by the elements which follow. The three overcurrent elements for fault
detection follow. The Tast two columns report the under- and over-voltage
tests of Ey and E2.

The output and input columns follow. In our example, the blocking element
asserted at first. Then the settings changed when the S$4 input asserted,
presumably as a result of some action initiated by the blocking output. The
data are then invalid for six cycles, as the filters stabilize, as can be seen
by dropout in the DV column. The next control action is assertion of the trip
output at 19 cycles.

The bottom of the event report identifies the event as a POWER SWING. Other
possible identifications are FAULT, LOAD REVERSAL, and EXTERNAL TRIGGER.

The report ends by displaying all four sets of relay settings.

Testing of the SEL-68 is simplified by the inclusion of a zero-sequence test
mode. In this mode, zero-sequence current and voltage are used in place of
positive-sequence current and voltage, and the functions which normally use
zero or negative sequence quantities are supplied with zeros. This way, a
swing can be simulated with a single voltage and a single current feeding all
three voltage and current inputs in parallel. Security built into the relay
includes jumper disabling of this feature, and a message that periodically
reports that the SEL-68 1is in test mode. Furthermore, the test mode can only
be entered from the second access level, after its two passwords are entered.

A Tist of all of the commands honored by the SEL-68 is included below.

Level O

ACCESS ---memen Answer with password (if enabled) to gain access to Level 1.
Three unsuccessful attempts pulses ALARM relay.

Level 1

2ACCESS ~-mmee- Answer with password (if enabled) to gain access to Level 2.
ALARM relay is always pulsed.

ANGLE [N] ----- Estimate and show power-angle "delta" [N] times.

CLEAR —memacan Clear event records and history.

CONTACTS [N] -- Read and show input and output contacts [N] times.

DATE meecmeeaem Show or set date: "DATE 4/16/86" sets date to April 16, 1986.

EVENT [N] [LT - Show record for event number [N, [LJong version:
"EVENT 1 L" shows the long form of the most recent event.

"EVENT 5" shows the short form of the oldest event.
HISTORY cvueee-o Show DATE, TIME, and EVENT TYPE for the five latest events.
METER [N] ~=---- Measure and display primary I, V, P, Q, and power-angle
[N] times.
QUIT —emmmeen Return to Access Level 0.
SHOWSET [M] --- Show set number [M] settings -- does NOT affect settings.
STATUS wememeee Show status of self-test functions.
TIME ~cememeann Show or set time: "TIME 13/32/00" sets time to 1:32.00 PM.
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TPOINTS [M] [N] Read and Show selected testpoint [M] for [N] times.

TRIGGER --ee=w- Initiate and save an event record.
Level 2
AUTO [N] ------ Show or change port for automatic communications:

"AUTO 1" selects Port 1 for automatic messages.
INTERVAL [NT -- Show or change keyboard timeout interval.
MODEM [N] ----- Show or change number of rings before modem at port 1 answers.
ouT [C] ~-=---- Test output relays:
"QUT TRIP" closes TRIP output relay. ALARM always closes.
OUT BLOCK, -FAULT or -ALARM to test other outputs.
PASSWORD -=-==- Show or change passwords:
"BASSWORD 1 OTTER"™ sets level 1 password to "OTTER".
"DASSWORD 2 TAIL" sets level 2 password to “TAIL".

SET N =--emme-- Initiate setting procedure for set number "N" settings.
ALARM relay closes when new settings are enabled.
TMODE [C] ----- Show or change present operating mode of relay:

"TMODE YES" enters SINGLE-PHASE TEST MODE.
"TMODE NO" enters OPERATIONAL MODE.

The following symbols may be used as delimiters for commands requiring
parameters: space comma semicolon colon slash.

SUMMARY

The two-machine model provides a sound basis for developing a new swing relay.
The investigations summarized in this paper show the importance of the acceler-
ation in the power angle, especially when decisions as to the recoverability of
a swing must be made relatively early in the course of a swing. They also show
a convenient way to view swings, in two phase planes. One plots the power
angle against its first derivative. The other plots the first derivative
against the second derivative. when viewed this way, we see that the d - d’'
plane helps us decide where in the course of a swing we must make the ultimate
decision on recoverabiTity. The position of the swing in the d' - d" plane
ultimately determines if the swing is recoverable.

These principles are implemented in the SEL-68 relay. Additional requirements
are met for fault detection, validating the model, event reporting, and
automatic switching between four sets of settings. As with other micro-
processor relays, the design benefits include communications capabilities,
remote setting, and automatic self-checking.

The new principles and their effective implementation provide additional
security against unwanted separation, sophisticated event reporting for post-
event analysis, and the capabilities needed for advanced stability control
systems.

Applications for the new relay include out-of-step blocking, out-of-step

tripping, swing monitoring, and the control of stability-enhancing equipment
and practices.
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Fig. 1 -- Single-Machine Model for Development of the Dynamic Equations
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Fig. 2 -- Power-Angle Characteristics for the One-Machine System
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Fig. 3 -- Stable Swing Plots
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Fig. 6 -- Maximum Phase-Plane Trajectories for Three Stable Equilibrium Angles
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Fig. 7 -~ Final Decision Line
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Fig. 8 -- Final Decision Lines from the Maximum Phase-Plane Trajectories
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Fig. 9 -~ Two-Machine Model for SEL-68
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