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System Backup Protection 
Demetrios Tziouvaras, Quintin Verzosa, Jr., and Thomas E. Wiedman


Abstract—System backup protection is commonly applied to 
protect generators from supplying prolonged fault currents to 
external faults in the power system when protective equipment 
fails. It consists of time-delayed relaying to detect phase and 
ground faults external to the generator protection zone. This 
section of the tutorial covers the basic types of system backup 
protection that are widely used for synchronous generators and 
discusses the types of protective relays used, their purpose and 
setting considerations, as well as the consequences of not 
installing backup protection. 


I.  INTRODUCTION 
System backup protection for generators consists of time-


delayed protection for phase-to-ground and multiphase fault 
conditions. Backup generator protection schemes protect 
against failure of the system protection relaying and 
subsequent long clearing system faults. Relay settings for 
backup relaying must be sensitive enough to detect low fault 
current conditions. The settings must balance the opposing 
requirements for sensitivity to detect distant faults and the 
security to prevent unnecessary generator tripping. 


Fig. 1 shows the basic types of backup protection used on 
unit generator-transformer arrangements, and Fig. 2 shows the 
basic relay types for synchronous generators connected 
directly to the power system. Backup protection is generally 
divided into phase fault backup protection and ground fault 
backup protection. Phase fault protection is provided by a 
distance (21) relay or an overcurrent (51V) relay that is either 
controlled or restrained by voltage. Overcurrent relays (51G) 
provide ground fault protection. In addition, the negative-
sequence (46) relay, described in Chapter 3.4, provides 
protection for unbalanced phase and ground faults but not for 
balanced three-phase faults. 


 


Fig. 1. Application of System Backup Relays for a Unit Generator-
Transformer Arrangement 


 


Fig. 2. Application of System Backup Relays for a Generator Connected 
Directly to a Power System 


II.  PHASE FAULT PROTECTION 
Two types of relays are commonly used for system phase 


fault backup protection—distance type relays or voltage-
controlled (or voltage-restrained) overcurrent relays. System 
backup protection is time-delayed and coordinated with 
transmission line protection. The relay type selected for any 
application is usually a function of the type of relaying used 
on the lines that are connected to the generator (i.e., 
overcurrent protection for lines that are protected by 
overcurrent relays and distance protection for lines that are 
protected by phase distance relays). Overcurrent backup relays 
are difficult to coordinate with line distance relays because of 
the variability in trip time for overcurrent relays for different 
system conditions. 


As shown in Fig. 1 and Fig. 2, CTs (current transformers) 
for phase fault protection are normally connected to the 
neutral side of the generator to provide additional backup 
protection for the generator. 


The distance relay may be supervised by an instantaneous 
overcurrent relay to prevent false operation for a loss-of-
potential condition. The voltage-restrained overcurrent relay 
may be supervised by a voltage balance relay to prevent false 
tripping for loss of voltage. A voltage balance relay that 
compares the voltage output of two sets of VTs (voltage 
transformers) connected at the generator terminals provides 
the desired supervision. Digital relays may have a loss-of-
potential detection function that blocks distance element 
operation. See Chapter 3.7 for a detailed discussion of VT 
signal loss considerations. 


When the backup phase fault protection is connected to the 
CTs on the neutral terminals of the generator, it also provides 
backup protection for the zone between the generator and the 
synchronizing breaker before the generator is synchronized to 
the system. The generator fault currents can decay quickly 
during low-voltage conditions created by a close-in fault [1]. 
In these applications, the fault current decrement curve for the 
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generator/exciter should be reviewed carefully for time 
constants and currents. See Chapter 1 for more details. 
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A.  Overcurrent Phase Backup Protection 
The simplest type of overcurrent phase backup protection 


is the overcurrent relay. This relay must be set above load and 
have a long enough time delay to ride through generator 
swings and coordinate with other system backup protection. 
At the same time, it must be set low enough to trip for remote 
phase faults for various system conditions. The settings must 
be reviewed to ensure that the relay will not operate during 
system emergency conditions where generator terminal 
voltage is depressed and stator load currents may be higher 
than the normal generator rating. In most cases, reliable 
settings criteria cannot be met on a realistic system. A utility 
survey of generator backup protection practices found 
minimal applications of overcurrent backup protection [2]. 


The pickup setting of an overcurrent relay would normally 
be 1.5 to 2.0 times the maximum rated current for the 
generator to prevent false trips during some emergency 
overload conditions. Because the generator fault current 
decays to near-rated full load current as determined by 
synchronous reactance and the generator time constant, the 
relay setting will be too high to pick up for long duration 
faults. Only in a small number of applications will the system 
coordination requirements and the generator time constants 
allow a reliable setting for a simple overcurrent backup. For 
the previously cited reasons, the use of simple overcurrent 
generator backup protection is not recommended. 


Therefore, when phase overcurrent backup relays are 
applied, they are either voltage-controlled or voltage-
restrained. Voltage supervision allows both types of relays to 
remain in a picked-up state and time out as the current decays 
with time because of the current decrement characteristic of 
the generator. The voltage supervision prevents them from 
operating under emergency overload conditions. 


The voltage-controlled overcurrent relay consists of a 
sensitive low pickup time-overcurrent element that is 
supervised or torque-controlled by a voltage element. The 
voltage element is picked up and disables the overcurrent 
element from tripping during normal and emergency overload 
conditions. Under fault conditions where the voltage drops 
below a set level, the voltage element will drop out, permitting 
the overcurrent element to operate. 


The voltage-restrained overcurrent relay, on the other hand, 
consists of an overcurrent element whose pickup level varies 
as a function of the voltage applied to the relay. Fig. 3(a) 
shows a typical characteristic of a modern voltage-restrained 
overcurrent relay. During nonfaulted conditions, the generator 
terminal voltage is above the voltage setting, Vs1, and the 
current pickup setting is Is. When a close-in fault occurs, the 
voltage can drop below the voltage setting, Vs2, and the 
current pickup level is reduced by the factor k to kIs. For 
voltages between Vs1 and Vs2, the pickup level varies 
proportionately between Is and kIs. Fig. 3(b) shows a 
characteristic of an electromechanical voltage-restrained 
overcurrent relay. 


 


Fig. 3. Voltage-Restrained Overcurrent Relay Characteristic 


If set properly, the overcurrent pickup levels in both types 
of relays will be below the generator fault current level as 
determined by the synchronous reactance. 


The 51V voltage element setting should be calculated such 
that under extreme emergency conditions (with lowest 
expected system voltage), the 51V relay will not misoperate. 


The generator current for a three-phase fault is lowest for 
an unloaded generator with the regulator out of service. This 
is the worst case condition used for setting the minimum 
overcurrent element pickup for these two types of relays. For 
a voltage-controlled relay, the overcurrent element pickup 
setting should be 30 to 40 percent of full load current. Because 
the tripping times of the backup overcurrent relays are delayed 
about 0.5 second or more, the generator currents are 
calculated using the unsaturated synchronous reactance of the 
generator. With the regulator out of service and only minimal 
auxiliary load, a typical value for the voltage behind the 
synchronous reactance is approximately 1.2 pu. Given a 
typical synchronous impedance of 1.5 pu and a step-up 
transformer impedance of 0.1 pu, the maximum steady-state 
current will be 0.75 pu without field forcing. Field forcing is 
an exciter function that boosts field current beyond its normal 
output for a short period during fault conditions. 


These settings do not normally allow the backup relaying 
to protect for faults on the auxiliary bus because of the large 
impedance of the station service transformer. Some system 
faults result in voltage drops at the generator terminals but 
with fault current that is below 0.75 pu pickup level. A 
voltage-controlled overcurrent relay is preferred in this case 
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because the pickup level can usually be set lower than the 
voltage-restrained relay. 


Time-delay settings must be coordinated with transmission 
system primary and backup protection, including breaker 
failure time, to allow for selectivity. Coordination is usually 
calculated with zero voltage restraint. This is a conservative 
approach because, in reality, some voltage restraint is present 
and will improve the coordination. 


Some generator exciter systems use only the VT connected 
to the generator terminals as input to the field excitation. In 
this case, the generator fault current may decay rapidly when 
there is low voltage at the generator terminals because of a 
fault. Consequently, the overcurrent phase fault backup may 
not operate for system faults. Therefore, the performance of 
these relays should be checked with the fault current 
decrement curve for a particular generator and VT static 
connected excitation system. 


To provide complete multiphase backup system protection, 
three voltage-controlled or voltage-restrained time-overcurrent 
relays are used. In some smaller and medium size generator 
applications, a single overcurrent (51V) relay is used if a 
negative-sequence overcurrent (46) relay is included. The two 
relays together provide backup protection for all types of 
external multiphase faults. If the generator is connected 
through a delta-wye step-up transformer, as shown in Fig. 1, 
certain voltage-restrained relays require auxiliary transformers 
that shift the relay voltage phase angle to match the system 
voltages in order that system faults are detected correctly. See 
the following discussion that applies to distance phase backup 
protection. 


B.  Distance Phase Backup Protection 
The second type of backup phase protection is the distance 


relay. A utility survey of generator backup protection 
practices shows that the distance relay is by far the most 
common type of phase system backup protection [2]. 
Typically one or two zones of distance relaying with a mho 
characteristic is applied. If the generator is connected to the 
system using some means other than a delta-wye step-up 
transformer (e.g., direct connection or wye-wye transformer) 
where there is no phase shift, the standard CT and VT 
connections for a mho distance relay will provide accurate 
impedance measurements for system faults (neglecting 
infeed). 


If the generator is connected through a delta-wye step-up 
transformer, certain relays require auxiliary transformers that 
shift the relay voltage phase angle to match the system 
voltages in order that system faults are detected correctly, as 
shown in Fig. 1. The turns ratio of the auxiliary VT is chosen 
so that the line-to-line voltages on either side of the auxiliary 
VTs have a ratio of 1:1. Relays that measure impedance based 
on the compensator distance element principle and some 


models of digital distance relays that have a setting to provide 
the phase shift within the relay do not require an auxiliary VT. 


When the distance relay is connected as shown in Fig. 1 or 
Fig. 2, the relay not only provides backup protection for 
system faults but also provides some backup protection for 
phase faults in the generator and generator zone before and 
after the generator is synchronized to the system. In some 
cases, the distance relay is connected looking toward the 
system, receiving both current and voltage from CTs and VTs 
connected to the terminals of the generator. In addition to its 
normal system backup protection function, the offset mho 
characteristic is used to provide some backup phase fault 
protection in the generator and generator zone when the 
generator is connected to the system. However, this 
connection will not provide backup generator protection when 
the generator is disconnected from the system, because there 
will be no fault current through the CTs. 


The distance relay application requires a setting that detects 
a line fault in the event of protection equipment failure. The 
relay impedance reach and time delay must be coordinated 
with system primary and backup protection, including breaker 
failure time, to allow selectivity. In addition, the setting must 
remain conservatively above the machine rating to prevent 
inadvertent trips on generator swings and severe voltage 
disturbances. 


In many cases, a number of generators and lines are 
connected to the generating station, as shown in Fig. 4. The 
impedance relay for each generator requires sensitive settings 
to detect faults at the ends of long lines in the presence of 
other sources. Sensitive settings may cause the backup relays 
to unnecessarily trip a generator under some loading 
conditions or for minor, stable swings. With this type of 
system configuration, it is generally possible to set these 
backup relays to detect only close-in faults. Redundant line 
relaying and breaker failure relaying are necessary for line, 
bus, and transformer protection. 


These system configurations generally require settings 
criteria that include compromises in the desired protection to 
maintain generator security. See [3] and [4] for guidance in 
setting the backup (21) relays. 


Set the impedance relay to the smallest of the three 
following criteria: 


• 120 percent of longest line (with infeed). If the unit is 
connected to a breaker-and-a-half bus, this percent is 
calculated using the length of the adjacent line. 


• 50 to 66.7 percent of load impedance (200 to 
150 percent of the generator capability curve) at the 
machine-rated power factor. 


• 80 to 90 percent of load impedance (125 to 
111 percent of the generator capability curve) at the 
relay maximum torque angle (MTA). 
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Fig. 4. Complex System Configuration With Infeeds 


When equipped with modern excitation control and 
protection systems, generators can operate within short time 
capabilities to provide system var support during recoverable 
power swings. A setting value above 200 percent of the 
capability curve may be required. This may limit the reach 
even further or may require a much longer time delay. 


Because of recent blackouts caused by voltage collapse, the 
distance setting should be checked for proper operating 
margins when the generator is subjected to the lowest 
expected system voltage. The North American Electric 
Reliability Corporation (NERC) has established a system 
voltage level of 0.85 pu as the lowest voltage at which 
protection must operate properly. 
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These criteria normally require compromises in the desired 
protection to maintain generator security. It is recommended 
that these relay settings be evaluated between the generator 
protection and the system protection engineers to optimize 
coordination while still protecting the turbine generator. 
Stability studies may be needed to determine a secure set point 
and time delay to optimize protection and coordination. 


Digital multifunction generator protection relays make it 
possible to use two zones of distance protection. In this case, 
Zone 2 is set as previously described. When two zones are 
applied for phase fault backup protection, Zone 1 with time 
delay can be set to provide backup protection for faults in the 
local switchyard. The Zone 1 timer is set to the normal Zone 2 
time-delay criterion to coordinate with high-speed line 
protection plus the breaker failure time. The reach is typically 
set to see the generating station high-voltage bus (120 percent 
of the GSU [generator step-up] transformer impedance). This 
setting should be checked for coordination with the Zone 1 
element of the shortest line emanating from the bus. If the 
Zone 1 setting, based on 120 percent of the GSU transformer 
impedance, overreaches the shortest line Zone 1 reach, the 
system backup Zone 1 reach will need to be reduced to about 
80 percent of the shortest line Zone 1 setting (infeed 
neglected). 


Alternatively, Zone 1 is used to provide high-speed 
protection for phase faults in the generator isolated-phase bus. 
For this application, the Zone 1 element is set to 50 percent of 
the GSU transformer impedance with no intentional time 
delay. The Zone 1 element provides redundant high-speed 


phase fault protection for the generator terminal and the 
isolated-phase bus (which is otherwise protected only by the 
overall generator-transformer differential relay) while the 
Zone 2 element provides system backup protection for phase 
faults. Note that this high-speed element can operate on an 
out-of-step or severe power swing condition, which is un 
desirable, and in addition provide misleading target 
information. 


When performing calculations that involve impedances 
with different voltage bases, the impedances should first be 
converted or referred to a common voltage base, usually the 
generator voltage. Alternatively, calculation errors are more 
easily avoided by working in the per-unit system. The 
calculated per-unit reach can then be converted to secondary 
ohms to set the relay. 


Fig. 5 shows an application of a two-zone distance relay 
where Zone 1 is set to cover 120 percent of the GSU 
impedance and Zone 2 is limited by the GCC (generator 
capability curve) at 67 percent of the GCC at the rated power 
factor angle (RPFA). Here the Zone 2 reach will not provide 
adequate phase fault system backup protection as it would 
require an extremely large setting. The only way to ensure 
adequate protection to avoid sustained currents to the fault is 
to provide redundant transmission system protection and 
breaker failure protection. 
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Fig. 5. Distance Relay Setting Example Plotted on an R-X Diagram [4] 


Other beneficial features of modern digital protection that 
can help improve the security of the distance backup 
protection include power swing blocking, load encroachment, 
and shaped characteristics. The power swing blocking 
function is used to block selected zones and allow them to 
have a longer reach and still prevent inadvertent tripping 
during severe but recoverable power swings. The two other 
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features are used to restrict the distance relay resistive and 
reactive reaches independently. 


III.  BACKUP GROUND PROTECTION 
When a generator is connected in a unit generator-


transformer arrangement, it is generally desirable to connect 
an inverse or very inverse overcurrent ground relay (51TG1) 
and, optionally, a second overcurrent relay (51TG2) to a high-
accuracy current transformer in the GSU transformer high-
side neutral, as shown in Fig. 1. When the generator is 
connected directly to the system, a time-overcurrent ground 
(51G) backup relay is connected to a CT in the generator 
neutral, as shown in Fig. 2. 


Backup ground protection is set to pick up for ground 
faults at the end of all lines out of the station and is set to 
coordinate with the slowest ground fault protection on the 
system. For lines protected by overreaching ground distance 
relays, the backup relay time-coordinates with the ground 
distance timer plus the breaker failure relaying time delay. 
Any high-resistance ground fault outside the reach of the 
transmission line ground distance relays seen by the backup 
ground relays could cause undesirable tripping of multiple 
generator units. Even when ground distance relays are used, 
an inverse or very inverse time-overcurrent element for 
transmission line ground fault protection is recommended to 
cover high-resistance faults and also prevent possible 
miscoordination. 


Backup relays 51TG1 and 51G are generally connected to 
shutdown the generator. However, if the “unit separation 
tripping scheme” (see Chapter 5.1) is used, 51TG1 trips only 
the high-side generator breakers and 51TG2 is required to shut 
down the generator should the high-side breaker fail to open. 
51TG2 is set to coordinate with 51TG1. 


If a ground fault occurs between the GSU transformer 
high-voltage wye-connected winding and the high-side 
generator breaker, 51TG2 will operate but will be very slow 
and practically provide no protection if the fault is in the 
transformer. A restricted ground fault differential relay 
connected to the transformer neutral CT and the phase CTs 
covering the generator breaker is recommended to provide 
sensitive protection and high-speed tripping and shut down the 
generator. 


IV.  SYSTEM BACKUP WITH GENERATOR NEGATIVE-
SEQUENCE RELAYING 


The negative-sequence relay is covered in detail in 
Chapter 5.4. This section will emphasize the relay 
characteristics as they apply to system backup protection. The 
negative-sequence relay is set to protect the generator based 
on rated current capabilities from IEEE Standards C50.12 and 
C50.13. It is desirable to set the relay to protect for system 
series unbalance, which requires the use of a sensitive relay. A 
low setting allows the negative-sequence relay to protect the 
generator for open conductor conditions that may not be 
detected by any other relay protection. Most often, digital and 
some electronic negative-sequence relays are capable of the 


sensitive setting, while electromechanical relays do not 
provide this sensitivity. 


The most recent survey on backup protection showed 
minimal operations of the negative-sequence overcurrent 
relays for faults on the power system [2]. This validates the 
idea that setting the negative-sequence relays at the generator 
capability down to continuous ratings still leaves a large 
coordination margin between the tripping times of system 
fault protection and the generator negative-sequence 
protection. On the other hand, generator negative-sequence 
relays may not be good backups for system faults because of 
additional equipment damage caused by long tripping time 
before the fault is cleared and subsequent generator instability 
for the extended fault clearing times. As pointed out before, 
the negative-sequence relay does not protect for balanced 
three-phase faults. 


V.  TRIPPING MODE 


A.  Phase Faults 
The 21 and 51V phase relays provide generator backup 


protection for phase faults. These relays are connected to 
energize a hand-reset lockout relay that trips the main 
generator breaker(s), the generator field and/or exciter 
breakers, the low-side breakers on the UATs (unit auxiliary 
transformers), and the prime mover. These functions should 
not be used together; only one or the other is applicable to a 
particular system. Refer to Chapter 5.1 for more details about 
tripping modes. 


B.  Ground Faults 
The backup for the ground fault relay 51TG1 for unit 


generator-transformer arrangement in Fig. 1 and 51G for 
direct-connected generator arrangement in Fig. 2 provide 
backup protection on the transmission lines connected to the 
station bus. These relays will generally be connected to shut 
down the generator in the same manner as described for the 
phase relays 21 and 51V. 


In some cases, when the “unit separation scheme” is used, 
51TG1 is connected to trip the GSU transformer high-side 
breaker(s) only and will thus disconnect the generator to leave 
it isolated on its station service whenever a transmission line 
ground fault is not cleared by primary protection. If the high-
side generator breaker fails to open, 51TG2 will trip the 
lockout relay to shut down the generator. 


VI.  CONSEQUENCES OF NO SYSTEM BACKUP AND 
INCORRECT APPLICATION 


As stated at the beginning of this chapter, there are 
tradeoffs in the application of system backup protection. The 
most recent survey of the industry on this topic outlined both 
the risks in security and sensitivity. In this survey, a total of 
46 backup protection operations were reported by the 
respondents. Out of this total, there were 26 correct operations 
and 19 incorrect operations [2]. 


The backup ground protection had the fewest 
misoperations. The phase and negative-sequence operations 
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were nearly evenly split between correct and incorrect. Of 
these misoperations, nine were faulty or maladjusted relays, 
three were wiring errors, three were incorrect settings, three 
were open potential circuits, and one was personnel error. 
These misoperations emphasize the need for careful 
application and implementation of the backup protection. It 
also underlines the fact that these relay schemes are secure 
when applied and implemented correctly. 


The survey also outlined three events that occurred as a 
result of not having backup relays. Two resulted in a fire that 
burned up six cubicles as a result of a failed breaker. The third 
reported generator damage as a result of one hour of operation 
with one pole of the high-side breaker open. One other 
incident reported to the authors indicated that a lack of backup 
protection resulted in damage of two generator rotors. The 
rotor damage occurred because of a long time clearing ground 
fault, resulting from a 230 kV breaker failure operation and 
lack of negative-sequence electromechanical relay sensitivity. 


More recently, investigation of generator trips during the 
North American disturbance on August 14, 2003, indicated 
that 290 units, about 52,745 MW, tripped because of thirteen 
types of generator protection functions. The information is 
summarized in Table I [5]. 


TABLE I 
2003 BLACKOUT GENERATION PROTECTION TRIPS 


Function Type Number of Units 


21 8 


24 1 


27 35 


32 8 


40 13 


46 5 


50/27 7 


50 BF 1 


51V 20 


59 26 


78 7 


81 59 


87T 4 


Unknown 96 


TOTAL 290 


Unfortunately, information is not available that directly 
addresses which of those generator trips were appropriate for 
the bulk electric system conditions, and which were nuisance 
trips. However, some undesired generator trips by these 
protective functions did contribute to expanding the extent of 
the blackout. 


NERC is examining requirements for ensuring 
coordination of system backup protection with the 
transmission system and has created a technical reference 
document that explores generating plant protection schemes 
and their settings to provide guidance for coordination with 
transmission protection, control systems, and system 
conditions to minimize unnecessary trips of generation during 
system disturbances [5]. 


VII.  CONCLUSIONS 
The application of system backup protection at generating 


plants involves the careful consideration of tradeoffs between 
sensitivity and security. The risks in applying backup 
protection can be minimized by careful consideration of the 
points discussed in this chapter of the tutorial. These risks are 
far outweighed by the consequences of not having proper 
backup protection. 
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Generator Breaker Failure 
Christopher Ruckman and Brent Oxandale


Abstract—A breaker failure scheme needs to be initiated when 
the protective relay system operates to trip the generator circuit 
breaker but the breaker fails to operate. Because of the 
sensitivities required for generator protection, generator breaker 
failure backup by remote terminal relaying is not possible. Local 
breaker failure protection is required. Breaker failure protection 
for generator breakers is similar to that of other breakers on the 
transmission system, but some subtle differences are addressed in 
this section of the tutorial. 


I.  INTRODUCTION 
Breaker failure protection provides for the tripping of 


backup breakers if a fault or abnormal condition is detected by 
protective relays and the associated generator breaker does not 
open after trip initiation. Using Fig. 1 as an example, if a fault 
or abnormal condition in the Generator 1 protection zone is 
not cleared by Breaker 1 within a predetermined time, locally 
tripping Breaker 2, Breaker 3, and Breaker 4 is necessary to 
remove the fault or abnormal condition. 


Similar considerations must be given to multibreaker 
arrangements such as ring-bus or breaker-and-a-half 
configurations. Fig. 2 illustrates the operation of a local 
breaker failure scheme applied to a ring-bus station. 


A fault in the Generator 1 protection zone requires tripping 
of two breakers at Station A. If any breaker fails to clear the 
fault, breaker failure protection initiates the tripping of an 
additional local breaker and transfer trips a remote breaker. 


Fig. 3 depicts a basic breaker failure protection scheme 
flow chart. 


 


Fig. 1. Directly Connected Generator 


 


Fig. 2. Ring-Bus Connected Generator 


 


Fig. 3. Breaker Failure Protection Scheme Flow Chart 
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II.  GENERATOR BREAKER FAILURE LOGIC 
A functional diagram of a typical generator zone breaker 


failure scheme is shown in Fig. 4. Like all such schemes, 
when the protective relays detect an internal fault or an 
abnormal operating condition, they will attempt to trip the 
generator breaker and, at the same time, initiate the BF 
(breaker failure) timer. If the generator breaker does not clear 
the fault or abnormal condition in a specified time, the timer 
will trip the necessary breakers to remove the generator from 
the system. As shown in Fig. 4, the BF timer is initiated by the 
combination of a protective relay operation and either a 
current detector (CD) or a breaker closed (52a) status. 


The breaker closed (52a) status must be used because faults 
and abnormal operating conditions, such as stator or bus 
ground faults, overexcitation (V/Hz), excessive negative-
sequence current, excessive underfrequency, reverse power 
flow, etc., may produce insufficient current for CD operation. 
If each breaker pole operates independently, each breaker 
closed (52a) status from all three poles should be paralleled 
and connected into the logic circuit to provide single-pole 
breaker failure protection. 


 


Fig. 4. Functional Diagram of a Generator Breaker Failure Scheme 


Fig. 5 shows a variation of this scheme that is applicable to 
electromechanical current detectors in which the time-out of 
the BF timer enables the CD to determine if current continues 
to flow. With this scheme, the pickup time of the CD does not 
enter into the setting of the BF timer because the CD is not 
armed until the BF time has expired. 


 


Fig. 5. Functional Diagram of an Alternate Generator Breaker Failure 
Scheme 


While many methods can initiate the breaker failure 
scheme, it is generally desirable to separate the generator zone 
protection into groups and have each group operate a separate 
lockout or auxiliary relay that trips the generator and initiates 
the breaker failure scheme. With this philosophy, a single 
lockout or tripping relay failure will not eliminate all 
protection (See Chapter 5.1). Note that all protective relays in 
the generator zone should initiate the breaker failure scheme. 


Special consideration is necessary when lockout relays are 
not used in the protective scheme to initiate breaker failure. 
The protective relay outputs should be sealed in to ensure that 
breaker failure logic is maintained after the initial fault 
condition subsides. Fig. 5 includes seal-in logic and a control 
timer that provide a means to ensure that BF tripping can 
occur for momentary breaker failure initiate (BFI) signals. For 
this scheme, the BFI signal is sealed in until the control timer, 
which is always set longer than the BF timer, times out. This 
scheme also limits the time window for producing a BF output 
to a short period following a BFI signal. 


Another factor to consider is the operating procedure when 
a machine is shut down for maintenance. When a ring-bus, 
breaker-and-a-half, or double-breaker double-bus arrangement 
is used on the high side of the generator step-up transformer, 
some utilities isolate the unit generator via a disconnect switch 
and close the high-voltage breakers to close the ring or tie the 
two buses together. Under these conditions, isolating the 
lockout and trip relay contacts prevents unnecessary breaker 
failure backup operation during generator relay testing. Test 
switches are sometimes used for this function. When 
communication is used to activate breaker failure protection in 
place of hard-wired output contacts, isolating or disabling the 
signal is necessary to prevent inadvertent breaker tripping and 
breaker failure initiation during relay testing and 
communications channel maintenance. Note that if the 
generator is connected to the system through two circuit 
breakers, each breaker must be equipped with an independent 
breaker failure scheme, and both schemes should be isolated 
to prevent unnecessary tripping during testing. 


In the example illustrated in Fig. 5, the 52a breaker failure 
tripping path is ANDed with the generator lockout relay 
status. Because this scheme effectively eliminates the 
generator breaker 52a status from the breaker failure logic 
before the generator lockout relay trips, it is only applicable 
when all generator breaker trips actuate the generator lockout 
relay. The ANDing of the 52A with the 86G is also used for 
dual-breaker applications where the BFI signal may also be 
generated by line or bus relays on the adjacent zone. Thus, the 
less reliable 52a sensing of breaker opening is restricted to 
generator trips only. 
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Fig. 6. Breaker Failure Timing Chart 


III.  BREAKER FAILURE TIMING 
One of the most important criteria for determining breaker 


failure timing is the critical clearing time to maintain system 
stability, while not allowing a generator or group of generators 
to go out-of-step from the rest of the system. Breaker failure 
protection should be fast enough to maintain system stability 
but not so fast as to compromise tripping security. This is 
particularly important on bulk transmission lines where 
stability is critical. In general, the more severe the fault, the 
faster the fault must be removed from the system to maintain 
stability. For example, a bolted three-phase fault on the high-
voltage bus of a substation adjacent to the generating facility 
will have a lower critical fault clearing time than a phase-to-
phase or phase-to-ground fault. See Chapter 1 and Chapter 3.6 
for more discussion on generator stability. 


Fig. 6 shows a timing chart for a typical breaker failure 
scheme. The shaded margin time provides security and should 
accommodate the following: 


• Excessive breaker interrupting time 
• Time overtravel (electromechanical relays only) 
• CT (current transformer) and VT (voltage transformer) 


errors 
• Safety factor 


Of course, this chapter focuses on designing a breaker fail-
ure protection system for the generator breaker. The critical 
clearing time for the generator with which the breaker is 
associated is not important because the generator is coming 
offline anyway. But in a multiple-unit power station, the 
critical clearing time for the adjacent generators is important 
in determining the time setting. 


IV.  FAULT DETECTORS 
Fault detectors are nondirectional overcurrent devices (or 


elements in a multifunction relay) with instantaneous pickup 
and dropout time characteristics. Fault detectors that have a 
high dropout-to-pickup ratio and whose dropout time is 
minimally affected by CT saturation and dc offset in the 
secondary circuit are recommended. Because generators may 
be served from two breakers, it is important that the CT ratios, 
excitation characteristics, and fault detector settings be 
adequate for the maximum fault currents through each 


breaker. Both CTs should have the same ratings and adequate 
capacity to handle the circuit burden. 


V.  CT LOCATION 
Careful consideration should be made when selecting the 


location of the CTs used as an input to the current detectors in 
a generator breaker failure scheme. The selected CTs should 
always measure the current flowing directly into the generator 
breaker and thus be located locally to the breaker. Generator 
neutral-side CTs are never appropriate for generator breaker 
failure because the generator will continue to supply current to 
an in-zone fault until the stored energy in the field 
dissipates—even after the generator breaker successfully 
opens. This will result in an unnecessary backup trip. 


VI.  OPEN GENERATOR BREAKER FLASHOVER PROTECTION 
Another form of breaker failure that may occur and damage 


the generator is an open breaker flashover (i.e., an internal or 
external flashover across the contacts of one or more breaker 
poles to energize the generator). This type of breaker failure 
protection is described in detail in Chapter 4.1 and is briefly 
summarized in this section because breaker flashover is a form 
of generator breaker failure. Breaker flashover is most likely 
to occur just prior to synchronizing or just after the generator 
is removed from service, when the voltage across the 
generator breaker contacts approaches twice its nominal value 
as the generator slips in frequency with respect to the system. 
Although circuit breakers are rated to withstand this voltage, 
the probability of a flashover occurring during this period is 
increased. Rarely are such flashovers simultaneous three-
phase occurrences; thus, most protection schemes are designed 
to detect the flashover of one or two breaker poles. 


If one or two poles of a breaker flash over, the resulting 
current unbalance will generally cause the generator negative-
sequence relay or possibly ground overcurrent backup relays 
to operate. This initiates tripping of the flashed-over breaker. 
Because the flashed-over breaker is already open, the 
generator cannot be isolated by tripping the breaker. In this 
case, breaker failure relaying is initiated. As shown in Fig. 4, 
breaker failure relaying is initiated if the CDs are set with 
appropriate sensitivity. 
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Modifying the breaker failure scheme, as shown in Fig. 7, 
decreases breaker flashover detection time. For high-side 
generator breakers, an instantaneous overcurrent relay (50G) 
is connected to the neutral of the generator step-up 
transformer. The relay output is supervised by the generator 
breaker open (52b) status and provides an additional start to 
the breaker failure scheme. When the generator breaker is 
open and one or two poles of the breaker flash over, the 
resulting transformer neutral current is detected by the 
50G relay without the delay that would be associated with 
negative-sequence or neutral backup relays. Again, CDs 
associated with the generator breaker failure should be set 
with sufficient sensitivity to detect this flashover condition. 


 


Fig. 7. Modified Breaker Failure Logic 


For low-side generator breakers, instantaneous generator 
neutral overcurrent or neutral overvoltage elements are 
necessary to detect breaker flashover. Again, the relay output 
is supervised by the generator breaker open (52b) status and 
provides an additional start to the breaker failure scheme. 


Generator breaker flashover may also be detected by 
breaker pole disagreement relaying. This relay monitors the 
three-phase currents flowing through the breaker and senses 
whether any phase is below a certain threshold level 
(indicating an open breaker pole) at the same time that any 
other phase is above a substantially higher threshold 
(indicating a closed or flashed-over pole). For breaker-and-a-
half or ring-bus applications, the zero-sequence voltage (3V0) 
across the breaker supervises the relay tripping to prevent 
false operation due to current unbalances caused by 
dissimilarities in phase bus impedances. 


VII.  CONCLUSION 
This tutorial chapter summarizes breaker failure protection 


practices that are detailed in [1] and [2] with more explanation 
of basic concepts. Breaker failure schemes are generally 
connected to energize a lockout relay that trips the necessary 
backup breakers, initiates the transfer tripping of necessary 
remote breakers, and isolates the generator. 


For additional information related to breaker failure 
protection, please refer to [3] and [4]. 
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Overexcitation and Overvoltage Protection 
Randy Hamilton and Michael Thompson 


Abstract—IEEE standards state that generators shall operate 
successfully at rated kVA for frequency and voltage levels within 
specific limits. Deviations in frequency and voltages outside these 
limits can cause thermal and dielectric distress, which can cause 
damage within seconds. Monitoring and protection schemes need 
to be provided for overexcitation and overvoltage deviations. 


I.  INTRODUCTION 
Overexcitation of a generator or any transformers 


connected to the generator terminals will typically occur 
whenever the ratio of the voltage to frequency (V/Hz) applied 
to the terminals of the equipment exceeds design limits. IEEE 
standards have established the following limits [1] [2] [3]: 


• Generators, 1.05 pu at the output terminals (generator 
base) 


• Transformers, 1.05 pu at the output terminals (on the 
transformer secondary base) at rated load (power 
factor of 80 percent or higher and frequency at least 
95 percent of rated value) or 1.1 pu at no load (at the 
high-voltage terminals) 


These limits apply unless equipment manufacturers state 
otherwise. When these V/Hz ratios are exceeded, saturation of 
the magnetic core of the generator or connected transformers 
can occur, and stray flux will be induced into nonlaminated 
components. These components are not designed to carry flux, 
and damage can occur within seconds. It is general practice to 
provide V/Hz relaying to protect generators and transformers 
from these excessive magnetic flux density levels. This 
protection is typically independent of V/Hz control in the 
excitation system. 


Note that overexcitation protection on a generator or its 
connected transformers is different from field overexcitation 
protection. Field overexcitation protection, which usually 
coordinates the overexcitation limiter (OEL) of a synchronous 
machine, protects the field winding from thermal overload due 
to field overcurrent. 


Excessive overvoltage of a generator will occur when the 
level of electric field stress exceeds the insulation capability 


of the generator stator winding, connected transformers, 
bushings, and surge arrestors. The V/Hz protection cannot be 
relied upon to detect all overvoltage conditions. If the 
overvoltage is the result of a proportional increase in 
frequency, the V/Hz relaying will miss the event because the 
V/Hz ratio remains constant. It is general practice to provide 
overvoltage relaying to alarm, or in some cases, trip the 
generators from these high electric stress levels. 


II.  OVEREXCITATION FUNDAMENTALS 
A magnetic field is essential to convert mechanical power 


to electrical power in a generator. It couples windings together 
to step-up or step-down voltages. The core of a generator 
stator or transformer is designed to provide the magnetic flux 
at a certain limit. The output voltage is proportional to the rate 
of change of the flux. 


Assuming the flux is in the form of: 
 max(t) sin(2 ft )ϕ φ π θ= +  (1) 


the induced voltage is: 


 max
dv(t) N 2 fN cos(2 ft )
dt


2V cos(2 ft )


φ π ϕ π


π θ


θ= = +


= +
 (2) 


and the core flux requirement is: 


 max
2V


2 fN
φ


π
=  (3) 


The maximum flux in the core is proportional to voltage, 
inversely proportional to frequency, and can be calculated 
based on V/Hz. 


Relaying for overexcitation, or V/Hz (per-unit voltage 
divided by per-unit frequency), protects generators and 
transformers from excessive magnetic flux density levels. 
High flux density levels result from various operating 
conditions. At these high levels, the magnetic iron paths 
designed to carry the normal flux saturate, and flux begins to 
flow in leakage paths not designed to carry it. 
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Fig. 1 is an axial cross-section of a turbine generator, 
showing the main and leakage magnetic fields. Leakage 
magnetic fields are most damaging at the ends of the core of 
the generator where the fringing magnetic field can induce 
high eddy currents in the solid core assembly components and 
the end-of-core laminations [4] [5]. This results in higher 
losses and heating in those components. A typical 
construction for the end of a generator stator core is shown in 
Fig. 2. 


 


Fig. 1. Axial Cross-Section of Turbine Generator Showing Magnetic Field 
Paths 


 


Fig. 2. Typical End Construction of Generator Stator Core 


In addition to higher temperatures, eddy currents also cause 
interlaminar voltages that could further degrade the insulation. 
At extremely high levels of overexcitation, these induced 
voltages can be coupled to the stator laminations because of 
the manner in which the stator cores are designed, assembled, 
and clamped together. This severe over fluxing can 
breakdown interlaminar insulation, followed by rapid 
localized core melting and failure. Fig. 3 shows these current 
paths. If the thin insulation of the laminations is broken down 
by high temperatures or voltages, severe iron damage results. 
These high temperatures and voltages can result in damage 
within seconds. After this damage occurs, the core is useless. 
Even normal core magnetic flux density levels will only 
increase the amount of burning and melting. Equipment 
downtime will be significant. Damage is more severe than 
most winding failures, and the repair may require removal of 
the entire winding and restacking a portion of the core. 


 


Fig. 3. Leakage Fluxes and Currents at the End of the Core 


Damage due to excessive V/Hz operation most frequently 
occurs when the unit is offline, prior to synchronization. The 
potential for overexcitation of the generator increases 
dramatically if operators manually prepare the unit for 
synchronization, particularly if overexcitation alarm or inhibit 
circuits are inadequate or voltage transformer (VT) circuits are 
improperly made up. For example, a large nuclear generator 
failed when an improperly racked-in VT caused the voltage 
signal to be far less than the actual machine voltage. This 
signal was read by the operator manually applying field 
excitation. The core failed in less than one minute. This 
situation could also have occurred with an automatic scheme 
if proper safeguards were not designed into the protective 
system or if these measures failed. 


It is also possible for a unit to experience excessive V/Hz 
operation while synchronized to the grid. A common belief is 
that the interconnected power systems in North America are 
infinite-bus systems and that it is virtually impossible to 
significantly raise unit voltages above rated operating voltage. 
This is not true for all units; improper full-boost operation by 
a faulty voltage regulator has been known to significantly 
raise local system voltages. Several scenarios may develop 
that can cause an overexcitation condition when the unit is 
connected to the system [6] [7]: 


• Loss of nearby generation can affect grid voltage and 
var flow, causing a disturbance that shows itself as a 
voltage drop. In an attempt to maintain system 
voltage, the remaining generator excitation systems 
may attempt to boost terminal voltage to the set point 
limits of the excitation control while the tripped 
generation is reconnected. If failure of excitation 
control occurs during this interval, an overexcitation 
event takes place. 


• A generator may be operating at rated levels to supply 
a high level of vars to the system. Unit voltage may 
still remain near rated grid levels because of 
interconnections. A sudden loss of load or 
interconnections can cause unit voltage to rise 
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suddenly. An overexcitation event will occur if the 
generator excitation control does not respond properly. 


• Large capacitive load can activate the leading var limit 
function in most automatic regulators. When this 
function is activated, an automatic regulator will 
increase field current, and the generator voltage is 
increased. When a generator is isolated on a capacitive 
load, increasing the generator voltage increases var 
output of the capacitive load. This action may result in 
an uncontrolled rise to maximum excitation output and 
overexcitation of the generator and its connected 
transformers. 


• Self-excitation can occur in generators due to the 
opening of a remote system breaker when the unit is 
connected to the system via long transmission lines. If 
the charging admittance at the generator terminals is 
greater than the quadrature-axis admittance 1/Xq, the 
positive feedback nature of the voltage regulator 
control action can cause a rapid voltage rise. Self-
excitation is normally associated with hydroelectric 
generators, because the unit may experience overspeed 
of 200 percent during load rejections [8]. 


III.  OPERATING LIMITS ON EQUIPMENT 
Equipment limitations are an important consideration in 


setting the V/Hz protection for a generating unit. IEEE 
standards have guidelines on limits for excessive V/Hz and 
overvoltage of generators and associated unit transformers, 
including generator step-up (GSU) and unit auxiliary trans-
formers (UATs) [9] [10]. These are summarized in Section I.   


When setting overvoltage protection, certain standards 
govern minimum requirements. Cylindrical-rotor turbine 
generators must be capable of operation up to 105 percent of 
rated voltage. Similar variations in voltage are also set for 
hydroelectric generators [3]. Power transformers are only 
required to operate up to 110 percent of rated voltage at rated 
frequency depending on loading levels [2]. The V/Hz 
capability is measured at the transformer output. For a GSU 
transformer, the measurement point is at the high-voltage 
terminals. 


Equipment damage due to excessive V/Hz is primarily 
caused by component overheating, which is dependent on the 
duration of the event. From the relationships between leakage 
fields and heating, curves can illustrate the limits on the 
magnitude and duration of V/Hz events. Manufacturers will 
generally provide curves for their equipment showing the 
limits of permissible operation in terms of percent of normal 
V/Hz versus time. However, manufacturers have difficulty 
precisely defining damage curves for heating in components 
that are not normally exposed to excessive stray flux except 
during an overexcitation event. Therefore, they may instead 
provide a recommended protection curve. Fig. 4 and Fig. 5 
show typical curves for a generator and a power transformer. 
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Fig. 4. Typical Limiting Curve for V/Hz Operation for a Generator [11] 
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Fig. 5. Typical Limiting Curve for V/Hz Operation for a Power Transformer 
[10] 


In setting the V/Hz protection for a generating unit, it is 
important that the permissible operating curves for generators 
and transformers be put on a common voltage base. This is 
necessary because, in some cases, the voltage rating of a GSU 
transformer’s low-voltage winding is slightly less than the 
generator’s. The resulting turns ratio partially compensates for 
the voltage drop in the leakage impedance due to load current. 
The voltage base normally used is the generator terminal 
voltage, because the VTs typically used for the relay voltage 
signal are connected to the unit between the generator and 
UAT and GSU transformers. Note that unless otherwise 
specified, the curve applies for time intervals of less than 
10 minutes [1]. 


Equipment damage for excessive voltage alone is primarily 
caused by the breakdown of insulation due to dielectric stress. 
Overvoltage without overexcitation (V/Hz) can occur when a 
generator experiences overspeed due to load rejection, severe 
sudden fault, etc. An overexcitation does not occur in these 
cases because voltage and frequency increase in the same 
proportion; therefore, the V/Hz ratio remains constant. 
Manufacturers will generally provide voltage/time 
relationships for their equipment showing the limits of 
permissible operation. Because heat accumulation due to core 
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overexcitation reduces the dielectric strength of the stator 
winding insulation, the overvoltage accompanied by 
overexcitation has a compounding damaging effect to the 
winding insulation compared to the overvoltage condition 
alone. 
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In setting the overvoltage relaying for a generating unit, it 
is important that the permissible operating limits for 
generators and transformers be put on a common voltage base 
for the same reasons described for V/Hz relaying. 


Protection Zone 


IV.  PROTECTION SCHEMES AND CHARACTERISTICS 
For V/Hz relaying, two general relay characteristics are 


used, definite-time and inverse-time. Fig. 6 and Fig. 7 show 
the basic relay characteristic and zone of protection for each 
type of relay. For newer microprocessor-based, inverse-time 
relays, two styles of inverse-time curve settings are available. 
One relay style allows the user to select specific points on the 
desired V/Hz-time curve for the user’s particular application. 
The other relay style provides sets of V/Hz-time curves from 
which the user selects a specific curve, providing a best fit for 
this application. 


Note that the V/Hz curves provided by manufacturers are 
often based on actual core limits. When such curves are 
applied at the equipment terminals, they represent a no-load 
condition. The application of such curves under load may be 
optimistic. When using V/Hz curves, the applicable conditions 
for the curve must be known [12]. 


There are three common protection schemes currently 
employed for V/Hz relaying in the industry. These schemes 
are single-level, definite-time; dual-level, definite-time; and 
inverse-time. One major disadvantage of employing a 
protection scheme that only utilizes definite-time relays is the 
tradeoff between equipment protection and operating 
flexibility. Fig. 8 shows a possible protection scheme using 
two V/Hz relays in a dual-level, definite-time scheme. Notice 
the unprotected areas where equipment limits could be 
exceeded and the areas where the relay characteristics restrict 
operation below equipment limits. 


 
Fig. 6. Typical Definite-Time Relay Characteristic 


Time


Protection Zone 


 


Fig. 7. Typical Inverse-Time Relay Characteristic 


 


Fig. 8. Typical Relay Characteristic for a Dual-Level, Definite-Time V/Hz 
Protection 
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For this reason, inverse-time relays provide the optimal 
protection and operational flexibility because they coordinate 
better with the operational limits of the equipment. Fig. 9 
shows a typical scheme using both inverse-time and definite-
time relays. In the example shown in Fig. 9, the manufacturer 
recommended protection requires a definite-time element set 
to trip in 2 seconds above 118 percent V/Hz. The two-second 
delay allows time for the voltage regulator to correct an 
extreme overexcitation condition and still protect the unit 
from damage. The inverse-time element must be set to trip in 
45 seconds or less, or to coordinate with the transformer over-
excitation curve after placing it on the generator base, which-
ever is more restrictive. Pickup of the inverse-time element 
should be coordinated with the V/Hz limiter on the excitation 
control system. Because continuous operation above 
105 percent is not allowed, an alarm element set to pick up at 
105 percent with a short delay is also recommended [13]. 


 


Fig. 9 Optimal Protection and Operational Flexibility is Provided by Using 
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VII.  TRIPPING PHILOSOPHY 
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. 
Both In erse- and Definite-Time Elements 


For overvoltage relaying, the p  
the maximum normal operating voltage, and the relay may 
have an inverse- or definite-time characteristic to give the 
regulator a chance to respond to transient conditions before 
tripping occurs. Additionally, an instantaneous element may 
be applied for very high overvoltages. 


It is important that the overvolta
quency response, as frequency excursions can take place 


during the overvoltage event. This is of particular concern 
with hydroelectric installations that may have limits on the 
rate of gate closure imposed by hydraulic pressure in the 
penstocks. In such cases, these units may experience speed 
increases in the region of 150 percent during a full load 
rejection before governor action can reduce the speed. 


V.  C CTION OF V/HZ AND O VOL A E R Y  
Many V/Hz relays are single-phase devices. Problems aris
the voltage signal for the relays is taken from a single 


generator VT. A blown fuse or an incomplete circuit 
connection when racking the VTs back into place can result in 
no voltage being sensed by the V/Hz relay and, therefore, no 
protection. For complete and redundant protection, VTs on 
different phases should be used for the multiple alarm and 


relay functions. Some of the newer digital relays have 
alarming capabilities when potential to one or two inputs is 
lost. For overvoltage relaying, the same issues as V/Hz 
relaying apply. 


VOLTAGE REGULATOR 
 digital excitation systems not 


rrent for a synchronous machine but also include many 
supplementary controls, such as over- and underexcitation 
limiters, V/Hz and terminal voltage limiters, and often embed 
various other protection elements. It is common and 
recommended practice to have a separate relay at the 
generator terminal as a backup when the AVR (automatic 
voltage regulator) is in manual mode or not functional. 


It is desirable to have V/Hz and overvoltage pro
ordinate with the limiters in the digital excitation system. 


The limiters keep the generator outputs within the specified 
design capability. The setting of the V/Hz protection is set 
slightly above the excitation system V/Hz limit with a time 
delay to give the excitation system time to automatically 
adjust the excitation level to fix the core overexcitation 
problem. The overvoltage protection should be set similarly to 
coordinate with the terminal voltage limiter in the excitation 
system. 


ive V/Hz operation will result in eq
d should be treated as a severe electrical problem. As 


recommended in the IEEE C37.102, IEEE Guide for AC 
Generator Protection, the field and main unit breakers should 
be opened if the unit is synchronized [14]. For units without 
load rejection capability (unable to quickly ramp down in 
power and stabilize at a no-load point), the turbine should also 
be tripped. Prior to synchronization, alarm and inhibit circuits 
should be provided to prevent an operator from overexciting 
the generator. 


For machin
ld breaker only and not trip the turbine. As the problem is 


with the excitation system, it may be quickly remedied and the 
unit placed online without going through the full startup 
process. This is particularly advantageous on steam units with 
long startup times. 


Two tripping sch
 field breaker on a V/Hz relay operation and sequentially 


tripping the turbine and then the generator. Some believe that 
an excessive V/Hz event is only possible with the unit offline 
and that their protection logic has the V/Hz relay opening only 
the field breaker for any operating condition. If an event 
occurs while the unit is synchronized to the grid, the field 
breaker will open, and the unit must depend on other 
protective devices to trip. 


Sequential tripping of th
quential tripping implies a scheme whereby the prime 


mover (usually a turbine) is tripped by a device responding to 
some disturbance. The generator and field breakers are then 
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VIII.  CONCLUSION 
V/Hz an plied to generating 
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Current Unbalance (Negative-Sequence) Protection 
Kevin Stephan and Murty V. V. S. Yalla 


Abstract—A number of system conditions can cause 
unbalanced three-phase currents in a generator. These system 
conditions produce negative-sequence components of current 
that induce a double-frequency current in the surface of the 
rotor. Rotor currents that exceed the generator negative-
sequence capability can cause high and dangerous temperatures 
in a very short time. Common practice provides protection for 
the generator for external unbalanced conditions that might 
damage the machine. This protection consists of a time-
overcurrent relay that is responsive to negative-sequence 
current. Negative-sequence time-overcurrent relays are available 
with characteristics that match the negative-sequence current 
capabilities of the generator. 


I.  INTRODUCTION 
Negative-sequence relaying protects generators from 


excessive heating in the rotor resulting from unbalanced stator 
currents. From symmetrical component representation of 
unbalanced system conditions, currents in the generator stator 
can be broken down into positive-, negative-, and zero-
sequence components. By definition, the magnetic field 
component created by the negative-sequence current 
component rotates in the opposite direction of the power 
system and rotor. Thus, the negative-sequence component of 
the unbalanced currents induces a double-frequency surface 
current in the rotor that flows through the retaining rings, slot 
wedges, and to a smaller degree in the field winding. Rotor 
currents that exceed the negative-sequence capability of the 
generator can cause dangerously high temperatures in a very 
short time. 


There are a number of sources of unbalanced three-phase 
currents to a generator. The most common causes are system 
asymmetries (single-phase step-up transformers with different 
impedances or untransposed transmission lines), unbalanced 
loads, unbalanced system faults, and open circuits. The 
highest source of negative-sequence current is the generator 
phase-to-phase fault. Note that on generators with step-up 
transformers with delta-wye connections, a system phase-to-
ground fault on the wye side of the step-up transformer is seen 
by the generator as a phase-to-phase fault. The generator 
phase-to-ground fault does not create as much negative-
sequence current for the same conditions as the phase-to-
phase fault. The open conductor condition produces low levels 
of negative-sequence current relative to the levels produced by 
phase-to-phase or phase-to-ground faults [1]. If undetected, 
the open conductor condition poses a serious threat to the 
generator since the negative-sequence current will produce 
excessive rotor heating, even at low levels of load current. 


II.  NEGATIVE-SEQUENCE GENERATOR DAMAGE 
For balanced system conditions with only positive-


sequence current flowing, an air-gap flux rotates in the same 
direction and in synchronism with the field winding on the 
rotor. During unbalanced conditions, negative-sequence 
current is produced. The negative-sequence current 
component produces flux that rotates in the opposite direction 
from the rotor. The flux produced by this current as seen by 
the rotor has a frequency of twice the synchronous speed as a 
result of the reverse rotation combined with the positive 
rotation of the rotor. 


The skin effect of twice the frequency of the rotor current 
forces the current into the surface elements of the rotor. 


Fig. 1 outlines the general form of a cylindrical rotor. The 
coils are fastened to the rotor body by metal wedges that are 
forced into grooves in the rotor teeth. The ends of the coils are 
supported against centrifugal force by steel retaining rings that 
are shrink-fitted around the rotor body. Skin effect causes the 
double-frequency currents to concentrate at the surface of the 
pole faces, teeth, and rotor body for a cylindrical-rotor 
machine. The rotor wedges and the metallic strips below the 
wedges located near the surface of the rotor conduct the high-
frequency current. This current flows along the surface to the 
retaining rings. The current then flows across the metal-to-
metal contact of the retaining rings to the rotor forging and 
wedges. Because of the skin effect, only a very small portion 
of this high-frequency current flows into the field windings. 


 


Fig. 1. Currents in the Rotor Surface 


For a salient-pole machine, the double-frequency currents 
are also concentrated at the surface of the pole faces and teeth. 
Much of the current appears in the pole face amortisseur 
windings. 
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In cylindrical rotors, negative-sequence heating beyond 
rotor limits results in two failure modes. First, the wedges are 
overheated to the point where they anneal enough to rupture. 
Second, the heating can cause the retaining rings to expand 
and float free of the rotor body, which results in arcing at the 
shrink-fit joints. In smaller machines, the failure of the shrink-
fit joints occurs first and, in larger machines, the rupture of the 
wedges after they have been annealed from overheating 
occurs first. Both failure modes will result in significant 
equipment downtime for repairs to the rotor body. 
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III.  NEGATIVE-SEQUENCE GENERATOR HEATING 
Negative-sequence heating in synchronous generators is a 


well-defined process that produces specific limits for 
unbalanced operation. Except for a small heat loss in the 
stator, the losses due to the negative-sequence current appear 
in the machine rotor. The energy input to the rotor and the 
rotor temperature rise over an interval of time and are closely 
proportional to , where I2 is the negative-sequence current 
from the stator and t is the interval of time in seconds. 


The following rating method was developed based on 
limiting the temperature to the rotor components below the 
damage level. This limit is based on the following equation 
for a given generator: 


K =  2
2I t


K = constant depending on generator design and size 
t = time in seconds 
I2 = rms value of negative-sequence current in pu 


The limiting K value is determined by placing temperature 
sensors on the rotor along the negative-sequence current path 
while negative-sequence current is supplied to the stator. This 
monitoring determines the limiting negative-sequence currents 
that the rotor can withstand. The K value is provided by the 
generator manufacturer for each specific unit in accordance 
with machine design standards such as IEEE Standard C50.13 
for cylindrical-rotor machines and IEEE Standard C50.12 for 
salient-pole machines [2] [3]. 


IV.  GENERATOR NEGATIVE-SEQUENCE CAPABILITY 
The continuous unbalance current capability of a generator, 


as defined in [2] and [3], requires that a generator shall be 
capable of withstanding, without injury, the effects of a 
continuous phase current unbalance corresponding to a 
negative-sequence current I2 of the following values (see 
Table I), providing that the rated kVA is not exceeded and the 
maximum current does not exceed 105 percent of rated 
current in any phase. 


These values also express the negative phase-sequence 
current capability at reduced generator kVA capabilities as a 
percentage of the stator current corresponding to the reduced 
capability. 


TABLE I 
CONTINUOUS UNBALANCE CURRENT CAPABILITY 


Generator Type 
Permissible I2 
Stator Rating 


Percent 


Salient Pole 
 With Connected Amortisseur Windings 
 With Nonconnected Amortisseur Winding 


 
10 
5 


Cylindrical Rotor 
 Indirectly Cooled 
 Directly Cooled 
  To 350 MVA 
  351–1250 MVA 
  1251–1600 MVA 


 
10 
 
8 


8 – [(MVA-350)/300] 
5 


The short-time (unbalanced fault) negative-sequence 
capability of a generator is also defined in [2] and [3] and 
shown in Table II. Short-time values apply for 120 seconds or 
less. Beyond 120 seconds, the continuous capability should be 
used. 


TABLE II 
SHORT-TIME UNBALANCE CURRENT CAPABILITY 


Generator Type 
K 


Permissible  (I2 in pu) 2
2I t


Salient-Pole Generator 40 


Synchronous Condenser 30 


Cylindrical-Rotor Generator 
 Indirectly Cooled 
 Directly Cooled 
  0–800 MVA 
  801–1600 MVA  


 
30 


 
10 


See Fig. 2 


The short-time values in Table II and Fig. 2 also express 
the negative-sequence current capability at reduced generator 
kVA capabilities using per-unit stator current corresponding 
to the reduced capability. 


[ ]= − −2
2I t 10 (0.00625)(MVA 800)


=2
2I t 10


2 2It
 C


ap
ab


ilit
y


 


Fig. 2. Short-Time Unbalance Current Capability of Generators for a Direct-
Cooled Cylindrical Rotor 
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The values expressed in Table I and Table II apply to 
generators manufactured in the year 2005 and later. Values for 
generators built prior to 2005 should be obtained by 
consulting the manufacturer or referring to older standard 
values in effect at the time the generator was manufactured. 
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V.  NEGATIVE-SEQUENCE RELAY CHARACTERISTICS 
With the unbalance current capabilities of the generator 


defined by the negative-sequence current as measured at the 
stator, a negative-sequence time-overcurrent relay can be used 
to protect the generator. These relays consist of a negative-
sequence segregating network supplied by the phase and/or 
residual components that drives a time-overcurrent relay 
function. The time-overcurrent characteristics are designed to 
match as closely as possible the generator  characteristics. 
Fig. 3 shows a typical negative-sequence relay application. 


 


Fig. 3. Typical Negative-Sequence Time-Overcurrent Relay Application 


Two types of relays are widely used: an electromechanical 
relay that uses a typical inverse-time characteristic and a static 
or digital relay that uses a characteristic that matches the  
capability curve of the generator. 


2
2I t


Fig. 4 and Fig. 5 show the 
typical characteristics of these relays [4]. Digital relays often 
do not include a maximum timing limit of 990 seconds as 
shown in Fig. 5. 


Sensitivity is the main difference between these two types 
of relays. The electromechanical relay can be set to pick up at 
around 0.6 to 0.7 pu of full load current. The static or digital 
relay has a pickup range of 0.03 to 0.2. As an example, for an 
800 MVA directly cooled generator with a K factor of 10, the 
generator could handle 0.6 pu negative-sequence current for 
approximately 28 seconds. Protection for negative-sequence 
currents below 0.6 pu would not be detected with an 
electromechanical relay. Given the low values of negative 
sequence for open-circuit unbalances as well as low-value, 
long-clearing faults, the static or digital relay is much better 
for providing coverage down to the continuous negative-
sequence capability of the generator. 


Since the operator can in many cases reduce negative-
sequence current caused by unbalanced conditions (such as by 
reducing generator load), it is advantageous to provide indica-
tion when the continuous negative-sequence capability of the 
machine is exceeded. Some relays have alarm units (I2 pickup 
range 0.03–0.2), and digital relays provide an I2 meter to 
indicate the negative-sequence current level. 


2
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Fig. 4. Typical Time-Overcurrent Curves for an Electromechanical 
Negative-Sequence Relay 
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Fig. 5. Characteristics of a Static or Digital Negative-Sequence Time-
Overcurrent Relay 


Protection against negative-sequence harmonics from such 
sources as the saturation of a unit step-up transformer (from 
geomagnetic currents) or nonlinear system loads is not 
provided by standard negative-sequence relaying [5] [6]. 


Additional protection may be required to provide protection 
for negative-sequence harmonics because of the frequency 
dependence of negative-sequence relays. 
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VI.  NEGATIVE-SEQUENCE PROTECTIVE SCHEMES 
Dedicated negative-sequence relays are usually provided 


for generator protection. In general, backup relaying for 
negative-sequence is not provided. Some limited protection is 
provided by the phase-to-phase and phase-to-ground 
protection for fault conditions. For open conductor or 
impedance unbalance protection, the negative-sequence relay 
is usually the only protection. The magnitude of negative-
sequence currents created by open conductor conditions and 
low-magnitude faults combined with the generator continuous 
negative-sequence ratings prevent other fault relays from 
providing full negative-sequence protection. 


For electromechanical relays, the minimum negative-
sequence current pickup can only be set around 60 percent of 
rated current. This provides only limited protection for series 
unbalance conditions such as an open phase when the 
electromechanical relay is used. 


Static or digital relays have the capability of being set to 
protect generators with K values of 10 or less. An alarm 
setting associated with these relays provides detection for 
negative-sequence current down to 3 percent of machine 
rating. With this type of relay, the trip pickup can be set at the 
continuous negative-sequence capability of the generator 
operating at full output and provide full unbalance protection. 


VII.  TRIPPING MODE 
The negative-sequence relay is often connected to trip just 


the main generator breaker(s) if the machine auxiliaries allow 
such operation. This mode allows rapid reconnection to the 
power system if the cause of excessive negative-sequence can 
be removed quickly. If the unit auxiliaries do not allow


continued operation when separated from the power system, 
the negative-sequence relay should also trip the machine 
prime mover and the field breaker and should transfer the 
auxiliaries to a reserve or standby source. 


VIII.  CONCLUSIONS 
Dedicated protection needs to be applied to generators to 


protect against destructive heating from negative-sequence 
unbalance currents. Electromechanical negative-sequence 
relaying will provide only limited protection. These relays 
lack the sensitivity to detect damaging negative-sequence 
currents resulting from open circuit unbalances as well as low-
level faults. To provide full protection down to the continuous 
rating of the generator, static or digital negative-sequence 
relays must be used. 


IX.  REFERENCES 
[1] D. J. Graham, P. G. Brown, and R. L. Winchester, “Generator 


Protection With a New Static Negative Sequence Relay,” IEEE 
Transactions on Power Apparatus and Systems, vol. 94, issue 4, 
pp. 1208-1213, Jul. 1975. 


[2] IEEE Standard for Salient-Pole 50 Hz and 60 Hz Synchronous 
Generators and Generator/Motors for Hydraulic Turbine Applications 
Rated 5 MVA and Above, IEEE Standard C50.12-2005. 


[3] IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous 
Generators Rotor 10 MVA and Above, IEEE Standard C50.13-2005. 


[4] IEEE Guide for AC Generator Protection, IEEE Standard C37.102-
2006. 


[5] W. B. Gish, W. E. Feero, and G. D. Rockefeller, “Rotor Heating Effects 
From Geomagnetic Induced Currents,” IEEE Transactions on Power 
Delivery, vol. 9, issue 2, pp. 712–719, Apr. 1994. 


[6] B. Bozoki, “Protective Relaying Implication of Geomagnetic 
Disturbances,” Canadian Electrical Association, Power System Planning 
& Operations, May 1991. 





		I.   Introduction

		II.   Negative-Sequence Generator Damage

		III.   Negative-Sequence Generator Heating

		IV.   Generator Negative-Sequence Capability

		V.   Negative-Sequence Relay Characteristics

		VI.   Negative-Sequence Protective Schemes

		VII.   Tripping Mode

		VIII.   Conclusions

		IX.   References



		Button1: 

		Button2: 








1 


  
TUTORIAL ON THE PROTECTION OF SYNCHRONOUS GENERATORS CHAPTER 3, SECTION 5 
SPECIAL PUBLICATION OF THE IEEE PSRC 


Loss of Prime Mover (Antimotoring) Protection 
Dale Finney and Gerald Johnson


Abstract—Motoring is an example of abnormal operation that 
can quickly damage a machine. As a consequence, IEEE guides 
recommend quick detection of this condition to isolate the 
generator from the system. 


I.  MOTORING 
Motoring occurs when the energy supply to the prime 


mover is cut off while the generator is still online. When this 
occurs, the machine will behave as a synchronous motor, 
drawing enough power from the system to overcome the 
losses of the generator and prime mover. The chief concern 
associated with motoring is the potential for damage to the 
prime mover. 


The type and severity of damage vary with machine type. 
In steam turbines, a loss of steam flow disrupts normal heat 
transfer, resulting in increased thermal stress in various parts 
of the turbine. Gas turbines may suffer gear damage when 
driven from the generator end. In hydroelectric turbines, blade 
cavitation on low water flow can occur during a motoring 
event. Motoring of a reciprocating engine could result in an 
explosion of unburned fuel [1]. 


II.  DETECTION METHODS 
Various methods are used to detect a loss of prime mover, 


depending again on the machine type. For instance, a steam 
turbine may employ a temperature sensor in the exhaust hood 
to detect temperature buildup resulting from a loss of steam 
flow. Measurement of pressure differential across the high-
pressure turbine element also indicates motoring [1]. 
However, the most generally applied method is electrical 
measurement of real power flow into the machine terminals. 
The element responsible for this measurement is the reverse-
power relay (IEEE Device Number 32). 


III.  APPLICATION CONSIDERATIONS 


A.  Pickup Setting 
Depending on the machine, the motoring losses of a turbine 


generator can be very low when expressed as a percentage of 
the machine rating. This can require a very sensitive reverse-
power measurement. Table I lists typical values for various 
machine types. The generator manufacturer data sheet and 
relay manufacturer guidelines should be used to derive the 
pickup setting. 


TABLE I 
MOTORING POWER 


Machine Type Motoring Power 
(Percentage of Rating) 


Combustion Gas Turbine < 50% 


Diesel < 25% 


Steam 0.5–3% 


Hydroelectric 0.2–2% 


A reverse-power element cannot detect a motoring event 
under some operating conditions. For instance, if the 
excitation system maintains a significant reactive power 
output during a loss of prime mover, the ratio between real 
and reactive power can be low. Some reverse-power relays 
may not accurately measure very low power levels at low 
power factors. If the reactive power cannot be reduced during 
such an event, use an alternate detection method as discussed 
in Section II. 


B.  Time Delay 
The reverse-power element is always applied with a time 


delay. A machine can operate in a motoring condition for a 
maximum permissible time. This value should be obtained 
from the generator data sheets or by consulting with the 
generator manufacturer. The element’s time delay must be set 
lower than this value. However, a transient reverse-power 
condition can occur during a stable power swing or poor 
synchronization. The time delay must be set long enough to 
prevent operation for these events. Given the extremely 
sensitive setting required for a steam turbine, a delay of 30 
seconds is typical. Other prime movers such as reciprocating 
engines, which have a higher motoring power setting and a 
risk of fire or explosion if allowed to motor too long, may use 
a lower time delay. On such applications the reverse power 
relay may have a typical pickup setting of 10% with a time 
delay of 6 to 10 seconds. 


C.  Intentional Motoring 
Motoring of certain machines is permitted during normal 


operation. These situations include some gas turbines started 
as synchronous motors connected to load-commutated inverter 
(LCI) starters and in pumped storage applications where the 
machine is alternately operated as a generator or motor. When 
operated as synchronous condensers, hydroelectric units will 
motor. Reverse-power element application must be inhibited 
during intentional motoring operation. This is accomplished 
by dynamically blocking the element or by disabling the 
element through a settings group change. 
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D.  Tripping Mode 
The reverse-power relay generally initiates a simultaneous 


trip. This entails disconnecting the generator from the power 
system, shutting down the excitation, initiating an auxiliary 
bus transfer, and shutting down the prime mover. 


E.  Sequential Tripping 
If a machine is disconnected from the system while under 


load, the mismatch between electrical and mechanical power 
will result in a speed increase. The severity of the overspeed is 
a function of loading and machine type. Some machines, such 
as steam turbines, are particularly sensitive to an overspeed 
event. For these machines, disconnection from the system is 
delayed to include a period of deliberate motoring to ensure 
that overspeed cannot occur. This method is known as 
sequential tripping. A reverse-power element indicates that the 
machine is motoring. Fig. 1 shows an example of sequential 
tripping logic. In this example, 32-1 is the reverse-power 
element for motoring detection, and 32-2 is the element for 
sequential tripping. Typical time settings for steam units are 
30 seconds for 32-1 and 3 seconds for 32-2. 
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Fig. 1. Sequential Tripping Logic Example [1] 


For increased security against possible overspeed, steam 
turbine manufacturers recommend that the sequential tripping 
circuit have a mechanical confirmation of steam flow cutoff in 
series with the reverse-power relay. Typically, this mechanical 
confirmation uses either steam valve closed-position switches 
or the contact from a differential pressure switch connected 
across the high-pressure turbine [2]. 


F.  Application of Settings 
The pickup criteria are the same as those given in 


Section III, Subsection A. 
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