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Abstract:  Generator out-of-step relays are often applied based on long established 
setting guidelines.  These guidelines typically account for the generator and step-up 
transformer impedances, the system source impedance under various conditions and 
system voltages.  Other application documentation, specific to the type of relay, provides 
the relay engineer guidance in setting relay characteristic shapes and time delays.  These 
guidelines are based on typical system conditions and initiating events.  However, since 
out-of-step relays are exposed to dynamic system conditions, the interaction of the 
generator with the power system, particularly following a close-in fault, may produce 
conditions that prevent proper relay operation for legitimate pole-slip conditions.  The 
possibility of unwanted out-of-step relay operation for stable, recoverable swing 
conditions also exists.  This paper addresses the need to test generator out-of-step relay 
settings using power system dynamic simulation techniques. 
 
 
Introduction 
 
If a generator is subjected to conditions that cause it to lose synchronism with the 
electrical system, the generator can encounter pulsating torques, high currents and 
damaging mechanical resonances.  Generator out-of-step relays (Device 78) have 
traditionally been applied to large generators to protect them from these effects.  With the 
availability of multi-function numeric generator protection packages, this function is 
increasingly being applied to smaller generators.   
 
With the advent of electric utility deregulation, the responsibility for applying generator 
out-of-step relays commonly resides with the generator owner.  Much of the information 
needed to properly apply these relays, however, can only be derived from studies of the 
transmission system to which the generator is connected, now commonly in the domain 
of the transmission system owner or system operator.  It is therefore becoming 
increasingly common that out-of-step relays are applied by generator owners using 
“typical” relay settings, rather than settings derived from system transient stability 
studies.  While this practice may be acceptable in some instances, a recent review of out-
of-step relay settings, using transient stability simulations, uncovered numerous 
applications where the relays would trip unnecessarily for stable, recoverable swings or 
not trip properly for legitimate out-of-step conditions. 
 
This paper first reviews generator stability and the conditions and parameters that either 
improve or degrade the ability of a generator to remain in synchronism following a 
system fault or disturbance.  The general operating principles of typical out-of-step relays 
are then covered, followed by several examples of relay setting problems that were found 
while performing transient stability simulations. 
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Generator Stability Considerations 
 
The Equal Area Criterion 
 
Synchronous generators operating in an interconnected power system all operate at the 
same speed under steady-state conditions.  There is equilibrium between the total 
mechanical input to the turbines and the total electrical power output (plus losses) from 
the generators.  This balance is maintained during normal load variations by the action of 
the turbine governors. 
 
The active power transfer from a given generator to the remainder of the system can be 
expressed by the equation 

δsin
X
EEP SG=   

 
where EG = generator voltage behind direct-axis transient reactance, Xd’ 
 ES = voltage behind equivalent source impedance, XS 
 X = total reactance between the two voltage sources 
 δ = angle by which the generator voltage phasor leads the system voltage phasor 
 
This relationship is shown in Figure 1.  For power to be transferred from the generator to 
the system, EG must lead ES.  
 

Figure 1 
 

This power transfer relationship can be represented by the familiar power-angle curve 
shown in Figure 2.  Neglecting losses, the steady-state power delivered from the 
generator to the system, P0, will equal the mechanical power delivered from the turbine 
shaft.  The generator voltage leads the system voltage by the angle δ0.  An increase in 
generator prime mover input power will result in a momentary increase in the generator’s 
speed relative to the remainder of the system generators.  This will cause the generator 
rotor to advance in angle, relative to the system.  The generator voltage phasor, EG, will 
advance, producing a higher power transfer and establishing a new equilibrium point at a 
higher power angle.     
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Figure 2 

 
When the equilibrium is disturbed by a power system fault, the generator electrical output 
will decrease nearly instantaneously while the generator shaft power input from the 
turbine will remain nearly constant.  During the fault, the electrical power output will 
depend on the type and location of the fault.  For a three-phase fault, the power output 
will be the lowest since there are no unfaulted phases available to transfer load power.  
Fault location and transmission system configuration also influence power transfer.  A 
remote fault in the transmission system, where parallel paths exist, will allow power to be 
transferred during the fault, thus increasing the generator power output during the fault. 
 
Figure 3 shows the power-angle relationship during the fault.  Beginning at the pre-fault 
equilibrium point A, when the fault occurs, the electrical power will drop to point B on 
the power-angle curve representing conditions during the fault.  Since, for this condition, 
the mechanical input power exceeds the electrical output power, the generator will 
accelerate and the angle between the two voltage phasors will increase as shown by the 
arrow in Figure 3.  The angle will continue to increase until the fault clears at point C.  
Fault clearing is generally accompanied by a weakening of the transmission system as the 
faulted element is removed from service.  Thus, the new operating point will not be on 
the original power-angle curve but rather on a lower curve representing the increased 
system reactance of the post-fault system.  This point is shown as point E in Figure 3. 
 
During the faulted period, the generator rotor accelerates as turbine power remains 
constant and electrical power is significantly reduced.  Area ABCD is a measure of the 
total accelerating energy accumulated by the generator rotor during the fault. 
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Figure 3 

 
With the fault cleared, the ability to transfer power between the generator and the system 
is restored.  At point E in Figure 3, the electrical power output of the generator exceeds 
the mechanical power.  However, the rotor is now operating above synchronous speed 
and, because of the rotor inertia, it will continue to advance in angle.  Figure 4 shows the 
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Figure 4 

 
post-fault power angle relationship.  The rotor will continue to advance until angle δ2 is 
reached where area DEFG, representing the rotor decelerating energy, equals area 
ABCD.  However, at this point, the electrical power transferred to the system still 
exceeds the mechanical power so the rotor speed will be further decreased and the power 
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angle will be reduced.  After a period of time, if sufficient damping exists, the rotor will 
return to point H where electrical and mechanical power are again in equilibrium.  This 
represents a transiently stable system.  Note that at this point, the generator operates at a 
higher power angle since the reactance to the system was increased by removing the 
faulted element. 
 
There are many conditions that can cause the accelerating area, ABCD, to be larger.  
Among these are an increase in fault clearing time, a fault location closer to the generator 
or lower electrical power transfer during the fault due to more phases being involved.  In 
this case, as shown in Figure 5, with a larger accelerating area, the power angle may 
reach δX after the fault clears.  If at this point, the decelerating area DEF is less than the 
accelerating area ABCD, the rotor will continue to advance, electrical power transfer will 
continue to decrease and the rotor will not recover to a stable equilibrium position.  This 
condition represents transient instability where the generator is out-of-step with the 
system. 
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Figure 5 

 
Impedance Locus for Stable and Unstable Conditions 
 
In order to relate generator stability to out-of-step relay operation, it is instructive to plot 
on an R-X diagram the locus of apparent impedance as seen from the generator terminals 
for both stable and unstable conditions.  Figure 6 shows how the power angle, δ, relates 
to the position of the impedance locus.  Note, however, that while the power-angle curves 
shown in Figures 2 through 5 above describe only the active power component of 
generator output, the impedance locus on the R-X diagram includes the effects of 
generator reactive power output as well. 
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For an unstable condition, the impedance locus will pass through the electrical center of 
the total impedance, if the generator and system source voltage magnitudes are equal.  
This locus will generally pass through the generator step-up transformer although for 
small generators connected to strong systems, the trajectory may be through the generator 
impedance itself. 
 
If the generator source voltage magnitude is greater than the equivalent system voltage 
magnitude, reactive power will initially flow from the generator into the system and the 
impedance locus will follow a circular path around the system impedance point.  
Conversely, if initially, |EG| < |ES|, reactive power will flow into the generator (leading 
power factor) and the impedance locus will follow a circular path around the generator  

       
impedance point.  In each case, the locus will make a complete circle during each slip 
cycle of the unstable generator. 
 
For the stable system condition shown in Figure 7, the impedance locus will advance in 
angle to the point where the decelerating energy equals the accelerating energy 
accumulated during the fault.  The maximum angle (δ2 from Figure 4) is shown in Figure 
7.  The angle will then decrease and the locus will return to the point representing the 
new operating condition, after a damped oscillatory interval.  The trajectory of the 
impedance locus during the fault is not shown in these figures. 
  
Limitations of the Two-Machine Analogy 
 
While the two-machine representation provides insight into the behavior of a generator 
during power swings and transients, the use of this model as the sole basis for the 
application of generator out-of-step relays is inadequate.  Most generator relay 
manufacturers recommend, in the relay setting procedures, that transient stability studies 
be used as the basis for setting the out-of-step relay. 
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The two-machine model cannot represent the dynamic effects of generator voltage 
regulators, which, if in the automatic mode at the time of a disturbance will partially 
counteract the voltage variations that occur during fault conditions and the power system 
swings that result.  These dynamic effects include significant alterations of the generator 
field current magnitude as well as damping.  Fast-acting generator excitation systems can 
have a significant impact on generator stability. 
 
While the electrical and mechanical (inertia) characteristics of the generator can be 
determined and represented, the characteristics of the equivalent system machine cannot 
be determined exactly.  The system equivalent machine in the two-machine model 
represents the entire system to which the generator under study is connected.  Since the 
system can be composed of many generators, synchronous motors and dynamic loads, it 
is not possible to represent the dynamics of this system under all conditions by a single 
machine.  Most two-machine model analyses assume that the equivalent machine has 
infinite inertia and a fixed voltage.  Yet, at the point of interconnection in a real power 
system, the nearby machines and loads may significantly affect the dynamic behavior of 
the generator under study as they too are impacted by the system fault and subsequent 
swing conditions.  This is particularly true where a small generator is connected to a 
system where one or more larger generators are in operation nearby.  It is even more 
significant where other generators are connected to the same generator bus or high-
voltage bus.  In cases where nearby generation is tripped by the system disturbance, the 
entire interconnected system may drop in speed, retarding the reference angle to which 
the generator under study is compared.  
 
To properly account for the dynamics of the system, a transient stability study must be 
used.  This simulation must represent in detail the electrical and mechanical 
characteristics, as well as the voltage regulator/exciter and turbine governor controls, of 
any generators that might be affected by the conditions studied. 
 
Out-of-Step Relay Principles 
 
To be both dependable and secure, an out-of-step relay must refrain from operation for 
faults and stable, recoverable swings, yet operate in a predictable time for all cases where 
the generator loses synchronism with the system.  Differentiation between these 
conditions is accomplished by monitoring the positive-sequence apparent impedance at a 
point in the system, generally the generator terminals. 
 
While the designs of specific out-of-step relays vary, most share a common operating 
principle.  Impedance zones are typically defined by combinations of mho-type elements 
and blinders.  The trajectory of the apparent impedance is monitored as it passes through 
these zones and a trip output is issued if the trajectory passes through in a sequence 
indicative of a pole-slip condition.  Timers can be used to differentiate between a fault 
condition, in which the impedance locus passes through almost instantaneously, and a 
swing condition where the travel time is greater. 
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Figure 8 shows the characteristics of several common designs.  Figure 8a, for example, 
uses a single pair of straight-line blinders and a mho circle to define three impedance 
zones.  An out-of-step condition is detected if the positive sequence impedance point 
passes into region A, then swings into Region B and remains there for a time greater than 
a timer setting.  Upon passing into Region C, the out-of-step condition is declared.  Other 
variations on this scheme rely on only the sequence of zone pickup and dropout, without 
the timer.  An additional trip delay may be added or tripping may be further delayed until 
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the impedance locus passes out of the mho circle.  The delay in tripping reduces circuit 
breaker duty as the voltage angle across the generator breaker is reduced by this point.   
 
All schemes differentiate between faults and swing conditions by blocking operation if 
the impedance passes instantaneously through the outer region(s), as would be the case 
for a fault in the generator, step-up transformer or nearby transmission facilities.  The 
schemes are also symmetrical, that is, they will operate for swings traveling in either 
direction. 
 
The relay shown in Figure 8b has an added set of blinders to improve security.  The 
impedance locus must enter Region A, remain there for a time greater than a timer 
setting, and then enter Region B before an out-of-step condition is declared.  Tripping 
may again be delayed until the locus has passed out the mho circle to reduce breaker 
tripping duty. 
 
Figure 8c depicts a scheme where regions are defined solely by mho-type circle 
characteristics.  The impedance locus must enter and remain within each region long 
enough to satisfy individual zone timers.  Upon entering Region C, an out-of-step 
condition is declared and, depending on tripping logic selected, the trip can be immediate, 
time delayed, or wait until the locus passes out of one of the outer regions, opposite to 
where it entered. 
 
Figure 8d represents a similar scheme implemented with quadrilateral characteristics.   
 
Case Studies 
 
The following four examples were taken from recent studies where a large interconnected 
power system was modeled using a power system dynamics (transient stability) program.  
The out-of-step relays on several generators in one area of this system were modeled in 
the simulations and the transmission system in this area was subjected to many severe 
contingencies.  These included three-phase faults with delayed clearing via zone 2 and 
zone 3 distance relays, faults followed by multiple relay system failures, and 
contingencies that included substation battery and breaker failures. 
 
For certain large generators in these studies, critical clearing time analyses were 
conducted with three-phase faults placed at the generating station high-voltage buses or at 
the remote ends of high-voltage lines emanating from the generating station.  Fault 
clearing times were increased in one cycle increments until the generator lost 
synchronism.  The two cases, one stable and one unstable, that bracketed the critical 
clearing time, were used as the basis for out-of-step relay setting review. 
 
The transient stability program used in these analyses provided apparent impedance (R-
X) plots at the relay location as an output from each simulation.  The program also 
modeled the characteristics of most out-of-step relays installed on the generators being 
studied.  This feature of the program greatly simplified analysis of results and reduced the 
possibility of errors being introduced. 
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In the cases that follow, the out-of-step relays are of the multiple mho-circle type.  
However, similar conclusions can be drawn regardless of the type of relay used. 
 
Case 1 – Relay Reach Error 
 
In this case, the transmission owner installed an out-of-step relay at the end of a short 
radial transmission line connecting the generator to the transmission system.  This was 
installed as a backup, should the generator out-of-step relay fail.  The forward reach of 
this relay was away from the generator.  The generator is rated at 62 MW.  The results of 
the initial simulation are shown in Figure 9.  The fault that caused instability was a three-
phase fault on one of the lines emanating from another nearby generating station, 
followed by a stuck circuit breaker.  The relay reach settings were clearly incorrect since 
the impedance locus for an unstable condition passed well outside the characteristic.  
Figure 10 shows the settings that were recommended, based on the results of the transient 
stability simulations.  In these impedance plots, the relay forward reach is toward the 
transmission system.  The generator is initially operating at a leading power factor.  The 
relay is a multiple-mho circle type.  The R-X scales are in per unit on a 100 MVA base 
and the time interval between points on the impedance locus is 4 msec. 
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Figure 9       Figure 10 

 
 
Case 2 – Close-in Fault – Impedance Recovers Inside OOS Relay Characteristic 
 
This case demonstrates a classic problem in generator out-of-step relay application.  The 
relay, by design, will refrain from tripping for close-in faults when the impedance locus 
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travels immediately into the middle zone(s) of the relay characteristic at fault inception.  
If this severe fault is followed by generator loss of synchronism, the relay will block 
tripping until the impedance locus has recovered (after fault clearing) to a point outside 
the relay characteristics.  This may not be the case for severe faults with long clearing 
times.  During the interval when the fault is present, the generator may accelerate 
sufficiently to produce a voltage angle, δ, that places the apparent impedance inside the 
out-of-step relay tripping characteristic when the fault is cleared.  The relay will remain 
blocked from operation until the generator experiences one complete slip cycle whereby 
the relay will reset and the impedance locus will swing through the zones creating a trip.  
In general, it is preferred that the generator be tripped before it has slipped one complete 
cycle since this places additional stress on the generator and additional disturbance to the 
system and other generators.   
 
Figures 11 through 13 illustrate this situation.  A three-phase fault is simulated on the 
high-voltage bus associated with a large (1200 MW) steam-turbine generator.  The out-
of-step relay is located at the high voltage terminals of the generator step-up transformer.  
Since the switchyard is of the breaker-and-one-half design, the post-fault system has the 
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  Figure 11a     Figure 11b 
same electrical configuration as the pre-fault system.  In Figure 11, the fault is cleared in 
11 cycles and the generator response is stable.  Figure 11a shows an overall view of the 
impedance locus response for this stable condition and Figure 11b gives detail of the 
impedance locus in the immediate vicinity of the relay.  When the fault clears, the 
impedance locus recovers to the outer zone of the relay, remains there for several cycles 
and exits in the reverse direction.  The relay correctly refrains from tripping. 
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In Figure 12, the fault is cleared in 12 cycles and the generator loses synchronism.  In this 
case, the impedance locus recovers to the outer zone of the relay, and then passes back 
through the relay zones.  However, the relay is blocked from tripping until the impedance 
is clear of all zones.  The generator must then slip one complete slip cycle before the 
impedance locus passes back through the relay characteristic (not shown) and satisfies all 
conditions for a trip. 
 
In Figure 13, the relay setting has been revised to shrink the width of the outer two zone 
characteristics so that, for this condition, the post-fault impedance will recover outside all 
zones, allowing the relay to reset immediately, then trip as the locus passes sequentially 
through all of the zones. 
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  Figure 12     Figure 13 
 
 
 
 Case 3 – Remote Fault with Long Clearing Time – Impedance Passes Through OOS 

Relay Characteristic During Fault 
 
For distant faults, the impedance locus may not enter the out-of-step relay characteristic 
upon fault inception.  However, if the fault clearing is delayed, the impedance may pass 
through the relay characteristic during the faulted period as the generator loses 
synchronism.  The inter-zone timers should be checked for this condition to assure that 
their settings are short enough for the relay to operate correctly.  Figure 14 illustrates this 
condition.  A three-phase fault is applied to the remote terminal of one of the high-
voltage lines emanating from the generating station switchyard bus and allowed to persist 
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for 30 cycles.  The system configuration is the same as in Case 2.  The impedance locus 
enters the zones of the relay in sequence during the fault and will properly initiate an out-
of-step trip as long as the locus remains in each zone long enough to satisfy any inter-
zone timers that may be included in the logic. 
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Figure 14 

 
Case 4 – Effect of Initial Generator MVAr Loading 
 
The magnitude of generator source voltage behind the generator impedance impacts the 
trajectory of the impedance locus when the generator loses synchronism.  This was 
shown in Figure 6.  It is therefore important to test the operation of out-of-step relays 
over a range of generator and system voltages.  By testing the generator transient 
response at both maximum and minimum allowable generator reactive power loadings, 
the full range of source voltage conditions can be studied.  The relay characteristic may 
have to be adjusted to assure proper operation over this full range.  The same generator 
studied in Cases 2 and 3 was subjected to a 30-cycle three-phase fault on the high-voltage 
switchyard bus.  Figure 15 shows the impedance locus for the first full swing cycle with 
the generator operating initially at maximum lagging reactive power output (high 
generator source voltage).  Figure 16 shows the response to the same fault when the 
generator is initially operating at the maximum permissible reactive power absorption 
(leading power factor).  This limit is determined by the generator minimum excitation 
limiter or system operating restrictions. 
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When the generator is operating at a leading power factor, the impedance locus will pass 
through the relay characteristic closer to the generator than in the maximum reactive 
power output case.  The characteristic should be adjusted to encompass both conditions. 
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    Figure 15       Figure 16 
 
Stability Study Guidelines 
 
It is common practice in electric utility organizations for transient stability studies to be 
conducted by a different group than those responsible for generator relay setting 
calculations.  This is even more prevalent today as deregulation has separated the 
responsibility for generator protection from transmission or distribution protection.  
Transient stability studies are generally in the domain of system planners or, in some 
cases, operations planning personnel who have the tools, and maintain the system 
models, to facilitate these studies.  Thus, in cases where information needed to set relays 
must be obtained from others, the communication of needs and expectations is critical.  
The following are some of the issues that need to be addressed in conducting these 
studies or in requesting studies from others. 
 

• Transient stability studies should be conducted using a system model that 
includes all generating units and dynamic devices in the area.  The models used 
for system planning purposes or operations (outage) analysis are typically used.  
All generator controls including voltage regulator/exciter systems, power 
system stabilizers and turbine controls should be represented. 
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• The base case load flows that serve as a starting point for transient stability 
studies should represent a range of operating conditions.  As a minimum, the 
following two cases should be used: 

o A peak load case for a future year that represents heavy load conditions 
where most generation is in service, some transmission facilities are near 
maximum load capabilities and generator reactive output is at or near 
maximum. 

o A light load case (40-50% of peak load) with all generation in service 
near the generator under study.  The generator under study should be at 
minimum reactive power output.  The generator will be more unstable 
under this condition.    

• Most large-scale dynamics programs include the capability to monitor apparent 
impedance at locations in the system during simulation.  Many also have 
provisions to model impedance-type relays including generator out-of-step 
relays.  Some relay models automatically disconnect the generator with which 
they are associated.  These program features should be used when available. 

• The dynamic simulation setup should be tested initially with no fault or 
disturbance to determine if there are any initial conditions that are not satisfied.  
The response to a 20 second simulation should be a “flat line”. 

• Simulations should be run to 2 seconds which is sufficient to determine if 
stability is maintained and if out-of-step relay response is correct. 

• Simulations should be run for a few iterations (0.1 second) before application of 
the fault to record pre-fault conditions. 

• The following cases will typically be needed to properly set or check the 
operation of a generator out-of-step relay.  Each case should be repeated starting 
from each base case load flow: 

1. Three-phase bus fault on the high-voltage bus of the generator under 
study.  Run cases with increasing fault clearing times in 1 cycle 
increments until the generator loses synchronism.  Retain the two 
cases that bracket the critical clearing time. 

2. Three-phase fault at the remote terminal of the strongest line 
emanating from the generating station high-voltage switchyard bus.  
Run cases with increasing fault clearing times in 1 cycle increments 
until the generator loses synchronism.  Retain the two cases that 
bracket the critical clearing time. 

3. Long-time “uncleared fault” cases where the generator loses 
synchronism before the fault clears. 

4. Representative normal-contingency and extreme-contingency faults as 
established by the appropriate reliability coordinating council and/or 
system operator. 

• Take care that the units in which quantities are communicated are identified 
and labeled clearly.  Relay engineers typically work in either primary or 
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secondary (relay) ohms.  Planning and operations engineers that conduct 
transient stability studies generally express impedances in per-unit on the 
system base, often 100 MVA.   

• Pay particular attention to the direction of forward reach of the out-of-step 
relay, and its location.  This information must be incorporated into the 
transient stability model in order to correctly model the characteristics and 
operation of the out-of-step relay.           
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