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CFE Generator Protection Guidelines for
Setting 40 and 64G Elements Based on
Simulations and Field Experience

Mauricio Sosa-Aguiluz, Comision Federal de Electricidad
Armando Guzman and Jean Leon, Schweitzer Engineering Laboratories, Inc.

Abstract—This paper presents guidelines developed by
Comision Federal de Electricidad, the national utility of Mexico,
to improve and standardize generator protection through a
better understanding of generator protection performance
during normal operation and fault conditions. Based on the
results of simulations and field experiences, we propose setting
guidelines and improved protection schemes for loss-of-field (40)
and stator ground fault (64G) protection that take advantage of
the flexibility of multifunction generator protection relays.

I. INTRODUCTION

The first version of the Comisiéon Federal de Electricidad
(CFE) generator protection setting guide was released in 2011
and applied to generators and generator groups, including
main and auxiliary transformers [1]. The overall results of
applying the guide show that primary equipment damage has
been minimized. However, CFE found some challenges when
applying the guide because of the limitations of older
protective relays. This paper presents improvements to the
original setting guide based on the lessons learned when
applying the guide to multiple generator protection schemes.

CFE simulated loss-of-field conditions and stator ground
faults and validated these simulations using field events [2].
Based on the results of these simulations and field
experiences, we propose setting guidelines and improved
protection schemes for loss-of-field (40) and stator ground
fault (64G) protection that take advantage of the flexibility of
multifunction generator protection relays. The proposed
settings and schemes improve the performance of traditional
generator protection as follows:

e The operating characteristic of the Zone 2 mho loss-
of-field element is set according to the capability
curve of the generator to better detect undesired
generator operating conditions.

e The operating time of the Zone 2 mho loss-of-field
element decreases for low positive-sequence voltage
or high current level at the generator terminals.

e The 64G element includes logic to detect intermittent
faults, as well as logic to speed up the 64G when the
breaker between the generator and the step-up
transformer is open.

e Dedicated logic reduces the operating time of the 64G
element when the zero-sequence voltage magnitude is
greater than 0.07 per unit (pu) and the negative-
sequence voltage magnitude is less than 0.05 pu.

We share CFE experiences of applying the proposed
guidelines to an installed base of 175 generating units. The
paper also demonstrates how field event records provide
information to analyze and improve the performance of
generator protection.

II. CFE POWER PLANT INSTALLATIONS

CFE, the Mexican electrical utility, is in charge of the
generation, transmission, and distribution of electrical energy
to more than 37.8 million customers and a population of
118 million people. CFE covers all of the Mexican territory
and has a growth of one million customers every year, with
the mission of providing electricity for the progress of
Mexico. The utility was created in 1937 and has over
75,000 employees. CFE owns 868,000 kilometers of
transmission and distribution lines as well as 451 generating
units that are part of 131 power plants with several types of
energy sources (hydroelectric, oil, coal, dual, geothermal, gas,
diesel, wind, solar, and nuclear), for a total of 40,568.3 MW of
installed capacity. Fig. 1 shows the geographical locations of
some of these power plants. CFE also receives energy from
independent power producers (IPPs). IPP generation consists
of 453 generating units located in 28 power plants (mainly
plants with combined generation cycles and wind farms), for a
total installed capacity of 12,850 MW.
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Fig. 1. Types of power plants in Mexico, excluding nuclear generation.
CFE installations include  turbines, generators,
transformers, protective relays, excitation controls, and

auxiliary systems from different manufacturers with vintage



and modern technology. Because of the equipment diversity,
CFE needs to standardize its generator protection schemes.
Additionally, CFE has access to information about power
system disturbances, equipment faults, and other failure events
and uses this information to improve protective relaying
practices.

Since 2009, CFE protection engineers have been working
to standardize generator protection practices to increase the
life of their generators [1]. Up to now, the recommendations
of the guide have been implemented on 175 units, with
capacities that vary from 5 to 350 MW.

CFE owns several old machines that are protected with
electromechanical or analog electronic relays, and CFE
realized that protection personnel cannot implement several of
the requirements of the guide using this technology. On the
other hand, these requirements can be implemented using the
functionality and programmability available in
microprocessor-based relays.

A. Generator Connections to the Power System

1) Direct Connection to the Network

In this power plant layout, the generators are connected to
the distribution network directly without a power transformer.
The generators are connected to the load bus to feed auxiliary
services and local loads (see Fig. 2).
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Fig. 2. Direct generator connection to the distribution network.

2) Connection Through a Step-Up Transformer
This is the typical connection for most CFE installations,
where the generator is connected with a single step-up
transformer (see Fig. 3). There are very few exceptions where
two or more machines are connected to a single transformer or
where very small generators are connected to distribution
network or loads.
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Fig. 3. Typical connection of most CFE generators with a step-up
transformer.

B. Types of Generator Grounding

1) Ungrounded Neutral

An ungrounded generator does not have a connection
between its neutral and ground. However, it still has phase-to-
ground capacitance because of the generator winding,
transformer winding, bus, cable, and auxiliary transformer
capacitances. For this type of system, ground faults are limited
to very low current values that depend on the phase-to-ground
capacitance. Phase-to-ground faults cause full neutral voltage
displacement, and the voltage of the unfaulted phases rises to
phase-to-phase voltage levels. Ungrounded systems need to be
insulated for full phase-to-phase voltage levels. These
installations are not common in Mexico; therefore, they are
not covered by the CFE guide.

2) Solid Grounding

A solid connection to ground limits the voltage rise on the
unfaulted phases for phase-to-ground faults. The ground fault
current is limited only by the generator impedance. Because
generator zero-sequence impedance is normally low, high
ground fault currents are common. Additionally, even if
protective relays trip fast, fault currents are present for several
seconds, causing major machine damage. This connection is
usually limited to low-capacity generator applications and is
not covered by the CFE guide.

3) Low-Impedance Grounding

In this type of grounding, the generator neutral is
connected to ground through a resistor or reactor to limit the
generator ground fault contribution to values close to
150 percent of the generator nominal current. It is commonly
used in industrial systems where several generators are
connected to a common bus and loads without transformers,
providing ground source to the system (see Fig. 2). It is not
used in CFE power plants and is not covered by the CFE
guide.

4) High-Impedance Grounding

Fig. 4 depicts a generator neutral connected to ground
through a transformer (commonly a distribution transformer)
with a resistor connected to its secondary winding. The
grounding resistor can be an inexpensive low-voltage, low-
resistance resistor because its value reflects to the primary side
of the transformer multiplied by the square of the transformer
turn ratio. The resistor and transformer are chosen to limit
phase-to-ground fault currents to values between 2 and 15 A
to minimize generator damage. The ground fault current
magnitudes are similar or slightly greater than the magnitudes
of the generator winding phase-to-ground capacitance currents
to avoid overvoltages. This is the most common generator
grounding in CFE installations, and it is the only type of
grounding covered in the CFE guide.
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Fig. 4. High-impedance generator grounding.

III. LOSS OF EXCITATION

Originally, generator protection focused mainly on
protecting the armature winding of the machine without
paying much attention to loss-of-field effects on the machine
and on the power system. Crossman, Lindemuth, and Webb
pointed out the need to disconnect the machine for loss-of-
field conditions to avoid system disturbances and machine
damage [3]. In this section of the paper, we focus our
discussion on the protection of turbogenerators to avoid
generator damage due to partial or complete loss of field.

A. Generator Stress Caused by Loss of Excitation

Internal short circuits in a section of the field winding can
cause partial loss of field. An accidental trip of the field
breaker by the operator, open field windings, and short circuits
across the whole field winding (e.g., a slip-ring flashover) can
cause a total loss of field. When the machine is operating
beyond the reactive power capability limit in the leading
power factor region, the reluctance of the path through the
retaining ring decreases and the leakage flux flows
perpendicular to the laminations of the stator (see Fig. 5 and
Fig. 6), generating eddy currents that heat up the end core of
the stator [4] [5].
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Fig. 6. A 26.6 MVA, 13.8 kV, direct air-cooled turbogenerator end.

B. Characteristics of Loss-of-Field Elements

Crossman, Lindemuth, and Webb introduced loss-of-field
protection equipment based on a directional relay with
undervoltage relay supervision. The directional relay has
maximum operating torque when the phase current leads the
phase voltage by 90 degrees [3].

In 1949, as the interest in loss-of-field protection and
machine capacity grew, Mason presented a loss-of-excitation
relay with an offset mho characteristic on the impedance plane
[6].

Later, in 1954, Tremaine and Blackburn presented a loss-
of-field relay that included a directional element, an offset
mho element, and an undervoltage element [7]. It is interesting
to notice that the setting recommendations of this relay
indicate that the mho element should be set to approximate the
machine capability curve: “The impedance element is
normally set so as to approximate the machine capability
curve in the leading power factor zone” [7].

Because of security concerns during stable swings, an
additional mho element with its corresponding time delay was
added to both of the impedance-based methods previously
mentioned [8].

In 1966, Fischer and Zurowski introduced underexcitation
protection based on a characteristic defined in the admittance
plane to better accommodate the generator capability curve
[9].

Sandoval, Guzman, and Altuve proposed a characteristic
directly defined on the power plane to tailor the capability
curve and maximize generator protection [2].

In this paper, we provide setting recommendations for a
40 element with a characteristic defined on the impedance
plane due to its popularity and ability to accommodate the
stator end-core heating limit (SECHL) of the capability curve.
Microprocessor-based relays include this characteristic and
have the flexibility to set it according to the machine
capability curve.



Of the vintage impedance-based elements, the element
proposed by Tremaine and Blackburn is the one that can be set
closer to the generator SECHL. Fig.7 shows the
characteristics of this element and its traditionally
recommended settings [10]. The system impedance Xgys
includes the step-up transformer impedance plus the system
equivalent impedance. Zone 1 includes a negative offset equal
to half the nonsaturated transient direct-axis synchronous
reactance X . Zone 2 includes a positive offset equal to Xy,

and has a diameter equal to X + 1.1 « X4, where X4 is the
direct-axis synchronous reactance.
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Fig. 7. Two-zone loss-of-field protection using positive- and negative-offset
mho elements supervised by a directional element.

C. Setting Recommendations of Original CFE Guide

The original CFE guide provided the following setting
recommendations based on the capability curve shown in
Fig. 8:

e Use a mho element characteristic with two offset mho
elements, Zone 1 and Zone 2.
o Set the Zone 1 negative offset equal to X/2.

e Set the Zone 1 diameter equal to Xq.

o Set the Zone 1 delay equal to 0.75 seconds.

e Set the Zone 2 positive offset according to (1).

e Set the Zone 2 diameter according to (2).

e Set the Zone 2 delay equal to 5 seconds.

e Set the Zone 2 delay equal to 2 seconds when the
positive-sequence voltage is less than 0.9 pu.

e Set the Zone 2 delay equal to 2 seconds when any
phase current is greater than 1.1 pu.
e Set the directional element angle according to (3).

K(QZ - Ql)

Offset = 1
Y +Q2° -Q1+Q2 @
K[(Q2-Q1)* +P2? |
Diameter = (2)
Q1(Q1 «Q2-P2? —Q22)
_ atan| L
Angle = atan( 2 j 3)

Notice that the recommendation to set the diameter and
offset of Zone 1 is similar to the settings proposed in [8] but
with the diameter set to Xy instead of 1 pu. Appendix A
describes the derivations of (1) and (2) and defines K. Fig. 8
shows how to obtain the values of P2, Q1, and Q2 used in (1),
(2), and (3) from the capability curve. P2 is in megawatts
(MW), and Ql and Q2 are in megavolt-ampere reactive
(MVAR).
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Fig. 8. P and Q reference points to calculate Zone 2 and directional element
settings based on the capability curve with maximum power output.

Notice that the offset of Zone 2 is independent of Xys.
Therefore, it is not affected by changes in the network
topology.



D. Field Experience

CFE experienced two undesired generator trips during
routine black start and minimum excitation limiter (MEL)
tests. The generator trip during the black start test was caused
by human error, and the misoperation of the 40 element during
the MEL test was caused by lack of margin between the MEL
and Zone 2 characteristics.

1) Generator Trip During Black Start Testing

One of the generators of the Mérida II power plant tripped
during black start testing as a result of power oscillations
while the operator was increasing power output with the
automatic voltage regulator (AVR) inadvertently operating in
manual control. Fig. 9 shows the basic automatic and manual
excitation controls of the excitation system of the generator
that was involved in the black start procedure. Appendix B
includes data about the generator, excitation system, and
power system and the settings of the 40 element.
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Fig. 9. Basic components of the static AVR control.

When the AVR is operating in manual control, the
excitation voltage remains constant if the operator does not
change its field current. Under these conditions, the excitation
voltage magnitude corresponds to the voltage magnitude at the
time when the machine was synchronized to the power
system. This voltage magnitude limits the maximum power
output of the machine. If the power output increases without
increasing the field current, the machine will reach its steady-
state stability limit (SSSL) and will start oscillating. When the
AVR is in manual control, the MEL activation cannot prevent

dangerous volt-ampere reactive (VAR) flow into the machine.
The 40 element can detect this undesired operating condition
and trip the generator.

Fig. 10 shows the current and voltage oscillations of the
machine when the SSSL was exceeded while the operator was
increasing the machine power output with the AVR
inadvertently operating in manual control. The power
oscillations continue until Zone 2 of the 40 element operates
and the generator and field breakers open, avoiding machine
damage.

Fig. 10. Current and voltage oscillations and operation of the 40 element to
avoid generator damage.

Fig. 11 and Fig. 12 depict the system oscillation trajectories
on the power and impedance planes, respectively, as well as
the MEL characteristic and the characteristics of Zone 1 and
Zone 2 of the 40 element. Fig. 12 shows how the operating
point enters these characteristics and remains there until the
Zone 2 time expires and the generator breaker trips. The
characteristic of Zone 2 was set according to (1), (2), and (3).
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Fig. 11. Power oscillations and operating point entering the MEL operating
region on the power plane.
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Fig. 12. Power oscillations and operating point entering the Zone 1 and
Zone 2 operating regions on the impedance plane.

2) Generator Trip During MEL Testing

CFE routinely performs AVR tests at different power
loading levels of its generators to verify that all AVR
functionality is working correctly. According to CFE
maintenance practices, AVRs should be tested at least every
two years. These tests include the verification of the MEL at
different loading levels. To perform the MEL test, the power
plant operator lowers the terminal voltage by varying the AVR
voltage reference for the generator to absorb reactive power
until the MEL operates.

CFE tested the AVR of one of the generators at the
Me¢érida II power plant. Appendix C shows data about the
generator, excitation system, power system, and relay settings.

Tests were performed at 50 and 90 percent loading. While
performing the 90 percent loading test (which corresponds to
75 MW), the unit was disconnected from the power system
because of the operation of Zone 2 of the 40 element. The
settings of this element corresponded to the original CFE
setting guide [1].

Fig. 13 shows the MEL assertion for a voltage equal to
0.95 pu of the 13.8 kV nominal voltage of the machine.
Fig. 14 shows the trip of the generator due to the 40 element
operation.

Fig. 13.  MEL operation while testing the generator at 90 percent loading.

Fig. 14. Operation of Zone 2 of the 40 element, causing an undesired trip.



Fig. 15 and Fig. 16 show the operating point for the event
on the power and impedance planes, respectively. The blue
dots correspond to the initial assertion of the MEL, and the red
dots correspond to the trip event.

80 I
MEL
——— —Zone 1
60 T~ — Zone 2 1
—— Capability Curve

;‘Z ‘\\
s

y‘/
o

MVAR
o

/

————

0 20 40 60 80 100
MW

Fig. 15. The operating point enters the operating region of Zone 2, causing
an undesired generator trip (as illustrated on the power plane).
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Fig. 16. The operating point enters the operating region of Zone 2, causing
an undesired generator trip (as illustrated on the impedance plane).

Notice that the representation of the relay characteristics on
the power plane according to (4) uses the magnitude of the
positive-sequence operating voltage [V1| and not the nominal
voltage magnitude. In (4), Z1 is the positive-sequence
impedance of the characteristic in primary ohms, V1 is in
primary volts, and the complex power S is expressed in
megavolt amperes. Because of the reduced voltage, the pre-
existing margin between the MEL and the Zone 2 element
characteristics disappears, causing the incursion of the
operating point into the Zone 2 characteristic.
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E. New Setting Recommendation

Typically, CFE sets the MEL characteristic between 90 and
95 percent of the machine reactive capability in the
underexcited region. In order to increase the margin between
the MEL and Zone 2 characteristics in these typical
applications, CFE increased the Q1, P2, and Q2 values by
110 percent and recalculated the settings using (1), (2), and
(3). With this additional margin, the generator rides through
the MEL tests without 40 element misoperation, as Fig. 17
and Fig. 18 illustrate. When the MEL characteristic is set to
80 percent or less of the machine reactive capability, CFE uses
the original values of QI, P2, and Q2 to calculate the Zone 2
settings of the 40 element.
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Fig. 17. The operating point enters the MEL operating region but does not
enter the Zone 2 operating region, avoiding an undesired generator trip (as
illustrated on the power plane).
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Fig. 18. The operating point enters the MEL operating region but does not
enter the Zone 2 operating region, avoiding an undesired generator trip (as
illustrated on the impedance plane).

IV. STATOR GROUND FAULT PROTECTION

Stator ground fault protection depends on the type of
generator grounding. As Section II describes, most CFE
machines use high-impedance grounding; hence, the CFE
guide focuses on the protection of generators with this type of
grounding. In these applications, there are four major methods
for stator ground fault protection: neutral fundamental
frequency overvoltage, neutral third-harmonic undervoltage,
third-harmonic differential, and current injection. In this
paper, we focus on CFE proposed improvements for neutral
fundamental frequency overvoltage element settings (64G).

A. Generator Stress Caused by Stator Ground Faults

The goal of high-impedance grounding is to minimize core
and winding damage to the generator by limiting ground fault
currents to values below its thermal and mechanical limits.
These values are typically between 2 and 15 primary amperes.
Because the fault current is limited to very low values, it was
common practice in the past to use neutral fundamental
frequency overvoltage relays to alert operators about the
occurrence of a stator ground fault so they could shut down
the machine manually. This practice is not recommended
today, and most utilities choose to trip because of the
increased risk of the occurrence of a second ground fault. The
second ground fault causes very high currents and major
generator damage. The probability of a second ground fault
increases after the first one because the voltage on the healthy
phases increases to values close to phase-to-phase nominal
voltages. In addition, the arc restrike of intermittent faults
produces high overvoltages in the healthy phases that stress
the winding insulation [11].

Generators are designed to withstand overvoltage
conditions during phase-to-ground faults. However, any weak
insulation condition that does not evolve to a ground fault at
normal operating voltage may cause a fault when subject to
this additional stress. These weak insulation conditions can be
caused by contamination by lubrication oil, humidity, dust,
and other contaminants as well as insulation degradation in
older machines that are at the end of their service life.

A current differential element will detect a second ground
fault on a different phase because of the high phase-to-phase
fault current. A second fault on the same phase at a different
winding location will also cause high current because the first
ground bypasses the high-impedance grounding resistor.
However, this fault will not be detected by the phase
differential element because fault current will flow only
between the first and second grounds and not through the
protection current transformers (CTs). For these faults, the
stator ground fault protection will determine the fault
detection time.

In addition, transient overvoltages may increase beyond
phase-to-phase nominal voltage values during arcing or
intermittent fault conditions and may contribute to insulation
stress and failure. Faster trip times always reduce generator
damage and the risk of a second fault. The long delays
required for 64G coordination for out-of-zone faults lead to
increased equipment damage and a higher probability of a
second fault. Furthermore, the fault current keeps flowing for
some time after the relay trips until the magnetic energy stored
in the generator completely decays. For generators with
brushless excitation systems, this energy remains for several
seconds. For generators with modern solid-state control
systems, the terminal voltage and stored energy decay much
faster.

Fig. 19 and Fig. 20 show the significant damage caused to
a generator by a phase-to-ground fault that evolved to a phase-
to-phase fault. This fault occurred before applying the
protection schemes proposed in the CFE guide.

Fig. 19. Generator damage after phase-to-ground and phase-to-phase faults
at different winding locations. CFE engineers in charge of fault diagnosis
concluded that the fault started as a phase-to-ground fault (because of the
failure pattern on the winding) and evolved to a phase-to-phase fault.



Fig. 20. Another view of the generator damage after phase-to-ground and
phase-to-phase faults at different winding locations.

B. Neutral Overvoltage Element

Fig. 21 shows a high-impedance grounded generator with
its step-up transformer and voltage transformer (VT) circuit.
The figure also shows the connection of the overvoltage
element (64G) in the secondary of a distribution transformer.
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Fig. 21. High-impedance grounded generator with its step-up transformer,

VT circuit, and phase-to-ground capacitance.

In this installation, the fault current is limited to very low
values and the voltage that appears on the generator neutral is
proportional to the percentage of winding between the neutral
and the fault location. The neutral voltage is close to the
nominal phase-to-ground value for faults close to the terminals
and close to zero for faults close to the neutral.

A sensitive overvoltage relay (64G) connected across the
secondary of the grounding transformer can detect the neutral
overvoltage conditions and trip for phase-to-ground faults.

With the typical setting (0.05 pu), the 64G element covers
90 to 95 percent of the generator winding. Other methods that
provide additional coverage of stator winding neutral include
neutral  third-harmonic ~ undervoltage,  third-harmonic
differential, and current injection. These methods are not
covered in this paper.

Generators produce different harmonics during normal
operation, including a considerable amount of zero-sequence
type harmonic voltages like third and multiples of third
harmonic. These triplen-harmonic voltages will appear across
the overvoltage element. This element filters harmonics and
responds only to fundamental quantities to obtain maximum
sensitivity.

Typical neutral overvoltage elements have a delay for
coordination with VT fuses to prevent generator tripping for
ground faults on VTs or VT secondary circuits. This
coordination requirement may lead to long tripping delays
(1to 2 seconds). Furthermore, coordination is not possible
when secondary VT circuit faults cause very low currents
[12].

Additionally, the neutral overvoltage element needs to be
coordinated with ground fault relays beyond the high-voltage
side of the step-up transformer. Even if the step-up
transformer has a delta-wye connection, the capacitive
coupling between the primary and secondary windings causes
some zero-sequence voltage to appear at the generator
terminals and neutral. This voltage is usually low because the
grounding resistor impedance is much less than the impedance
of the transformer interwinding capacitance. Usually this low
voltage does not exceed the pickup value of the overvoltage
element. Because transformer interwinding capacitance is
seldom available for the protection engineer, delay is used to
ensure coordination margin without knowledge of the exact
neutral voltage value for external network faults.

C. Setting Recommendations and Improvements

CFE generators experienced several phase-to-ground faults
that caused significant machine damage because it took a long
time for the traditional protection schemes to detect these
faults; some of these faults were intermittent.

We were able to analyze some of the fault event records
and learn more about intermittent faults. We developed
detailed models that were validated using field events. Our
simulation results showed that we can improve generator
protection performance by taking advantage of the flexibility
of modern microprocessor-based relays.

CFE uses a neutral overvoltage element connected to the
secondary of the grounding transformer to detect ground
faults. Its pickup is set to 5 percent of nominal phase-to-
neutral voltage with a typical delay of 0.5 seconds to
coordinate with adjacent protection devices, such as VT fuses
and external network relays, for out-of-zone faults.

CFE complements the described overvoltage element with
three additional schemes (outlined in the following
subsections) to improve the protection of the generator.



1) Trip Acceleration for Intermittent Faults

In high-impedance grounded networks, arcing faults with
low current levels are common. The arc can be totally
extinguished and reignite a few cycles later. Under these
conditions, the neutral overvoltage element can pick up and
drop out several times but never satisfy the required time to
operate. The overvoltage element sends a trip command only
when the fault becomes more prevalent or evolves to a phase-
to-phase fault.

Fig. 22 shows an intermittent fault in one of the generators
at the Nachi Cocom power plant during the machine startup
process. The machine was unloaded at the time of the fault,
and the breaker between the generator and the step-up
transformer was open. The overvoltage element asserted for
less than 100 milliseconds; the neutral voltage increased up to
3 kV and dropped to zero three times, showing arc extinction
and restrike.
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Fig. 22. Intermittent phase-to-ground fault at Nachi Cocom power plant.

The CFE guide proposes the logic depicted in Fig. 23 for
faster detection of intermittent faults. If the overvoltage
element deasserts, the logic opens a 5-second window that
allows activating the trip command should a second assertion
of this element occur with a duration longer than 3 cycles.

0 0
64G 3 cyc
2 cyc AND 1) AND 2) L TRIP
5s
” 0
Fig. 23. Logic to accelerate detection of intermittent ground faults

The logic also accelerates the trip command for high-
impedance arcing faults, where the neutral voltage magnitude
is close to the element pickup value and the random nature of
the arc causes the element to pick up and drop out.

Fig. 24 shows the generator neutral voltage and the 64G
element operation for a stator ground fault. The magnitude of
the neutral voltage changes between 100 and 750 V. The 64G
element that is set to 462 V picked up for fewer than
5 consecutive cycles and was not able to detect the fault until
it evolved to a lower resistance fault.
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Fig. 24. The 64G element picks up and drops out for a high-resistance fault,
and it is not able to promptly detect the fault.

It is recognized that the described logic may cause loss of
coordination with VT fuses for VT or VT secondary circuit
intermittent faults. Given that these VT faults are very
infrequent, CFE decided to apply the logic to minimize the
damage to its generators by stator ground faults.

2) Trip Acceleration Based on Sequence Voltage
Magnitudes

The event report in Fig. 25 shows a ground fault at the
generator bus in one CFE power plant and shows that the
zero-sequence voltage magnitude is greater than the negative-
sequence voltage magnitude for this fault location. The zero-
sequence voltage magnitude is also greater than the negative-
sequence voltage for ground faults at any point inside the
generator protection zone. Appendix D explains the reason for
this voltage magnitude difference in high-impedance grounded
generators with delta-wye step-up transformers and why this
conclusion can be generalized for any internal fault.
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Fig. 25. The magnitude of the zero-sequence voltage is greater than the

negative-sequence voltage magnitude for a ground fault at the generator bus.



On the other hand, for faults on the high side of the step-up
transformer, the negative-sequence voltage magnitude is
greater than the zero-sequence voltage magnitude. The event
report in Fig. 26 shows an example of the faulted phase
voltage and the zero- and negative-sequence voltage
magnitudes for this type of fault. Appendix D explains the
reason for this voltage magnitude difference and also explains
why this conclusion can be generalized for any external fault.

20 ; i ;
‘ A-Phase Voltage ‘

O IARAAAAEAMARAARAAAR M)
AR R A
-y —

kV
| —

NN

0 I
0 005 01 015 02 025 03 035 04 045 05
Seconds

Fig. 26. The magnitude of the negative-sequence voltage is greater than the
magnitude of the zero-sequence voltage for a ground fault on the high side of
the step-up transformer.

The CFE guide proposes logic that uses the negative- and
zero-sequence voltage magnitudes to differentiate between
faults inside the generator protection zone and faults outside
of this zone (see Fig.27). This logic provides accelerated
tripping for ground faults inside the generator protection zone
when the zero-sequence voltage is greater than 0.07 pu and the
negative-sequence voltage is less than 0.05 pu. The logic
includes a delay that needs to be coordinated only with the VT
fuses.

The logic in Fig. 27 is only suitable for applications where
the VTs have a grounded wye-grounded wye connection,
which is a common CFE practice.

V2<0 056>4G Delay

< 0.05 pu

V0> 007 bu AND 1 TRIP
60 LOP— 0

Fig. 27. Logic using negative- and zero-sequence voltage magnitudes to
accelerate the trip command for ground faults inside the generator protection
zone.

3) Trip Acceleration While the Breaker Is Open

The CFE guide proposes additional trip acceleration logic
for ground faults when the generator breaker is open, taking
advantage of the fact that there is no need for time
coordination for external faults. This logic uses the generator
breaker status information to enable faster tripping of the
overvoltage element. Fig. 28 shows the logic that generates a
trip command 3 cycles after the operation of the ground
overvoltage element while the breaker is open. It is recognized
that this logic does not coordinate with VT fuses or VT
secondary circuit faults. However, CFE decided to use it
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because there is no effect on the network. For this application,
double contact logic [S2A AND (NOT 52B)] and undercurrent
element supervision are recommended to confirm that the
breaker is open.

64G AND 1 0
Breaker Open 0

Fig. 28. Logic using generator breaker status information to accelerate the
trip command for stator ground faults while the generator breaker is open.

—TRIP

The event report in Fig. 29 shows the successful operation
of the described logic during machine start up and open
breaker. The fault clears when the voltage exceeds the pickup
value of 400 V for longer than 3 cycles. Fig. 30 depicts the
cable failure that generated this report. The cable repair was
simple because of its limited damage.
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Fig. 29. Cable fault during machine startup.

Fig. 30. Fast tripping for a cable failure at the generator bus limited its
damage; the cable repair cost was minimal.

V. CONCLUSION

Field event reports and programmable logic capability
available in microprocessor-based relays aid in analyzing
existing faults and improving generator protection.

The operation of the loss-of-field (40) element requires
coordination with the MEL characteristic. When determining
the settings of the 40 element characteristic to coordinate with
the MEL characteristic, consider the reduced voltage operating
condition that is present during MEL testing to avoid
undesired operations of this element.

Fast detection of ground faults reduces the risk of having
multiple winding faults and minimizes generator and



equipment damage. This paper proposes the following logic to
reduce the operating time of the 64G element:

e Detection of intermittent faults upon deassertion and
reassertion of the neutral overvoltage element.

e Detection of a zero-sequence voltage magnitude
greater than 0.07 pu and a negative-sequence voltage
magnitude of less than 0.05 pu at the generator
terminals.

o Fast assertion of the trip command while the generator
breaker is open upon assertion of the neutral
overvoltage element.

VI. APPENDIX A: LOSS-OF-FIELD ELEMENT SETTINGS

The loss-of-field (40) element settings that define the
Zone 2 characteristic are offset, diameter, and angle. We
determine the offset and diameter settings based on the
SECHL and use circle equations to approximate this limit.

Fig. 31 shows the SECHL of the capability curve and two
points: (P1,Q1) and (P2,Q2). With these points, we determine
the circle equation to approximate the SECHL.
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[ — O —>
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(P2,Q2)

(P1,Q1) ¢

Fig. 31. Approximation of the SECHL circle.

The SECHL curve shown in Fig. 31 can be approximated
with the circle equation (5).

S(B):R-eiﬁﬂ'Cfor%nSBS—y (5)

where:
R is the radius of the circle.
C defines the location of the center of the circle.
—y defines the circle upper limit.

We obtain (6) and (7) from Fig.31 and solve these
equations to obtain R using (8).

R? =(C-Q2)’ +P2? (6)
C=R+QIl @)

2 2
R P2 H(QI-Q2) ©

2(Q2-Q1)
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With the radius, we calculate the offset value according to

©9).

Offset = —— ()]
2*R+0Ql
The K factor in (9) scales the offset value to secondary
ohms according to (10).

K = kV? Current Transformer Ratio

(10)

Voltage Transformer Ratio

where:
kV is the machine terminal voltage.
With the offset value, we calculate the diameter value

according to (11).

Diameter = Offset —é (11)

VII. APPENDIX B: POWER SYSTEM AND GENERATOR DATA
(BLACK START TEST)

Table I through Table VIII show the power system and
generator data for the equipment involved in the black start
test.

TABLE I
POWER SYSTEM EQUIVALENT DATA

Parameter Data

Positive-sequence

- . 0.3086 +j3.95052 Q at 115 kV
equivalent impedance

Equivalent source (phase voltage) 115kV
TABLE II
GENERATOR DATA
Parameter Data
Rated voltage (kV) 13.8
Rated MVA 41.825
Rated active power (turbine) (MW) 30
Power factor (PF) 0.8
Poles 2
Xd (pu) 1.8
Xq (pu) 1.734
Xd' (pu) 0.241
Xq' (pu) 0.543
Xd" (pu) 0.172
Tdo' (s) 5.9
Tdo" (s) 0.033
Tqo" (s) 0.076
Total inertia constant (H) 2.5kW-s/kVA




STEP-UP TRANSFORMER DATA

TABLE III

Parameter Data
Rated MVA 24/32/40
Rated voltage (kV) 13.8/115

Impedance (%)

7.09/10.8/13.45% at 24/32/40 MVA
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VIII. APPENDIX C: POWER SYSTEM AND GENERATOR DATA
(MEL TEST)

Table IX through Table XVI show the power system and
generator data for equipment involved in the MEL test.

TABLE IX
POWER SYSTEM EQUIVALENT DATA

Parameter

Data

Connection Ydil
Positive-sequence .
TABLE IV equivalent impedance 0.3086 +j3.95052 Q at 115 kV
GOVERNOR DATA
Equivalent source (phase voltage) 115kV
Parameter Data
S TABLE X
Droop 5% GENERATOR DATA
TABLE V Parameter Data
FIELD CIRCUIT AND EXCITATION SYSTEM
Rated voltage (kV) 13.8
Parameter Data
Rated MVA 93.333
Nominal field voltage 201 Vdc , )
Rated active power (turbine) (MW) 84
Nominal field current 501 Adc
Power factor (PF) 0.9
Field resistance 0.36 Q
Poles 2
Field discharge resistance Varistor type discharge capacity of Xd (pu) 1316
90,000 J
Control systems RAV 1101 1P 220K/400 Xq (pu) 121
Xd' (pu) 0.162
TABLE VI P
INSTRUMENT TRANSFORMER RATIOS Xq' (pu) 0.243
Parameter Ratio Xd" (pu) 0.130
CTR 2000/5 Tdo' (s) 6.68
VTR 13800/110 Tdo" (s) 0.026
TABLE VII Tq0" (5) 0.06
40 ELEMENT ZONE 1 SETTINGS Total inertia constant (H) 2.96 kW-s/kVA
Parameter Setting TABLE X1
Offset (secondary €2) ~1.75 STEP-UP TRANSFORMER DATA
Diameter (secondary Q) 26.13 Parameter Data
Delay (s) 0.75 Rated MVA 86/107.5
Rated voltage (kV) 13.8/115
TABLE VIII
40 ELEMENT ZONE 2 SETTINGS Impedance (%) 6.63/8.46% at 86/107.5 MVA
Parameter Original Revised Connection Dyll
Offset (secondary Q) 35 237 TABLE XII
Diameter (secondary Q) 31.74 30.61 GOVERNOR DATA
Delay (s) 5 5 Parameter Data
Angle (degrees) —-18.1 19.7 Droop 3%




TABLE XIII
FIELD CIRCUIT AND EXCITATION SYSTEM DATA
Parameter Data
Nominal field voltage 275 Vdc
Nominal field current 965 Adc
Field resistance 0.226 Q

Varistor type discharge capacity of

Field discharge resistance 450,000 1

Control systems RAV 1111 2P 550K/360

TABLE XIV
INSTRUMENT TRANSFORMER RATIOS
Parameter Ratio
CTR 6000/5
VTR 14400/120
TABLE XV
40 ELEMENT ZONE 1 SETTINGS
Parameter Setting
Offset (secondary Q) -1.65
Diameter (secondary Q) 26.85
Delay (s) 0.75
TABLE XVI
40 ELEMENT ZONE 2 SETTINGS
Parameter Original Revised
Offset (secondary Q) 7.13 6.51
Diameter (secondary ) 46.4 43.13
Delay (s) 5 5
Angle (degrees) 12.15 15.95

IX. APPENDIX D: GROUND FAULTS INSIDE AND OUTSIDE THE
GENERATOR PROTECTION ZONE

A. Internal Faults

The sequence diagram for a ground fault inside the
generator protection zone (see Fig. 32) helps to explain why
VO will be always greater than V2 for internal faults. The
positive-, negative-, and zero-sequence networks are in series
for phase-to-ground faults, and the total sequence currents are
equal (I1 =12 =10).

The grounding resistor in high-impedance grounded
systems introduces a high impedance in the zero-sequence
network. Its value equals three times the neutral resistance
seen at the high-voltage side of the neutral grounding
transformer (RO = 3Rn). This value limits the ground fault
current to a value similar to the generator winding capacitive
current to ground. There are also generator winding
capacitances in the positive- and negative-sequence networks,
but their impedance values are much greater than the
corresponding generator winding impedances. Therefore,
these capacitances are not included in the analysis because
their effect is negligible.
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Fig. 32. Sequence diagram for internal phase-to-ground faults.

Because RO is much greater than the generator impedances
Zgl and Zg2, the voltage drop VO at the zero-sequence
network is always much greater than the voltage drop V2 at
the negative-sequence network for ground faults.

We will use a Nachi Cocom generator unit for our numeric
example. Table XVII through Table XX show the generator
data, step-up transformer data, grounding transformer data,

and instrument transformer ratios that we used in this
example.
TABLE XVII
GENERATOR DATA
Parameter Data
Rated voltage (kV) 13.8
Rated MVA 47
Xd (pu) 1.8
Xq (pu) 1.734
Xd' (pu) 0.241
Xd" (pu) 0.172
TABLE XVIII
STEP-UP TRANSFORMER DATA
Parameter Data
Rated MVA 40
Rated voltage (kV) 13.2/110
Impedance (%) 12
Interwinding capacitance (pF) 19320




TABLE XIX
GROUNDING TRANSFORMER DATA
Parameter Data
Rated voltage (V) 12000/240
Grounding resistance (€2) 0.6
TABLE XX
INSTRUMENT TRANSFORMER RATIOS
Parameter Ratio
CTR 3000/5
VTR 14400/120

For simplicity, we assume for this example that there is no
power system contribution. The X4 of the Nachi Cocom
generator (used in this example for the positive- and negative-
sequence networks) is 1.8 pu or 7.29 ohms, while RO = 3Rn
equals 4,500 ohms. This value is designed to be equal to the
generator winding capacitive reactance to ground.

For a ground fault at the generator terminals:

[0=12=25A
V2=1g27g2=25729=18V
V0=1g0Z0=2.53,181=7,967 V

(12)

where:

Z0 is the equivalent impedance of the parallel circuit of
RO + Zg0 with Xc.

For faults inside the generator winding, VO/V2 is equal to
Z0/Zg2. If there is system contribution to the fault, V2 at the
generator terminals will be even lower because Ig2 will be
smaller than Ig0.

B. External Faults

For external faults on the high-voltage side of the step-up
transformer, the positive- and negative-sequence voltage
magnitudes are much greater that the zero-sequence voltage
magnitude.

The sequence diagram in Fig. 33 corresponds to a phase-to-
ground fault on the high-side bus of the step-up transformer.
The positive- and negative-sequence networks include the
step-up transformer impedance between the generator and the
fault location. In the zero-sequence network, the step-up
transformer is normally shown as an open circuit because of
its delta-grounded wye connection. However, the transformer
interwinding capacitance allows some zero-sequence current
to flow through the transformer.

At the fault location, I1 = 12 = 10. However, the zero-
sequence current contribution Ig0 of the generator is limited
by the transformer interwinding capacitance, which has very
high impedance compared with the generator grounding
impedance (Z0 is RO + Zg0 in parallel with Xc). Ig0 will be
very low, and the voltage divider between Xcw and Z0 will
cause V0 at generator terminal to be very low for any external
fault, with most of the voltage drop at Xcw. On the other
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hand, Ig2 is limited only by generator and transformer
impedances Zg2 plus Zt2, and it will always be greater than
Ig0 for external faults. V2 at the generator terminals is the
voltage drop caused by Ig2 at Zg2, and it is always greater

than V0.
Ig1 " T
[zg1] { zt1 HL—{ Zs1
o VA V)
{zg2] [zt2 ] {zs2}
V2
190 Xew 10 ?
Zg0 —o—| O Zs0
Eﬂ Xe A1~ vo Zt0 Vho

Z0 = (RO + Zg0)//Xc
VO =VhO « Z0/(Z0 — jXcw)
Xew >> Z0 and Ig2 >> Ig0

V2 >>V0

Fig. 33. Sequence network for a phase-to-ground fault on the high-side bus
of the step-up transformer.

We calculate Ig0 and Ig2 contributions to develop a
numeric example and estimate VO and V2 at the generator
terminals. For simplicity, we will assume that there is no
contribution from the power system for a fault at the
transformer high-voltage-side terminals. We will use X as

generator impedance.
1
Zt0+Zg2 + Zt2 + Zgl + Zt1
Vh0 =10+7t0 = 0.1484 pu =9.86 kV
Cw =19,390 PF
Xew =136,802 Q at 60 Hz
_Vho
70— jXew
V0=1I1g0+Z0=0.003374 pu=27.5V
Ig2=12=0.5408 pu
V2=1Ig2+7g2=0.28 pu=2.21 kV

[0=12=11=

=0.5408 pu

(13)

Ig0 =0.000002020 pu

An example considering system contribution will lead to
similar conclusions.
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