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Ahmad Rizal SULTAN, Mohd Wazir bin MUSTAFA

Technology University of Malaysia, Faculty of Electrical Engineering

Ground Fault Protection Methods of a Generator Stator

Abstract. The type of generator grounding method and the system configuration determine the choice of ground fault protection. Ground fault
generator stator can cause serious damage to the generator. Therefore, the total area of the generator stator windings must be protected against
hazardous condition. Because the conventional methods are unable to separate ground faults close to the neutral point of view, there should be a
method to protect entire stator winding. The paper discusses ways to discern ground faults for the generator stator. Some suggestions are proposed

that can help in ensuring the generator stator ground fault more accurate.

Streszczenie. Stojan wirnika generatora powinien by¢ szczegdlnie chroniony przed zagrozeniami. Konwencjonalne metody nie sg w stanie oddzieli¢
bigd uziemienia w poblizu punktu neutralnego. W artykule opisano metody zabezpieczen stojana generatora przed bftedami uziemienia

(Zabezpieczenia stojana generatora przed biedami uziemienia)

Keywords: Generator Stator, Ground Fault Protection
Stowa kluczowe: stojan generator, uziemienie, zabezpieczenia

Introduction

Synchronous generators are essential part of the power
system. Disruption of the generator stator windings,
especially in operation, can stop the generator. The process
must be greatly detrimental to the generator companies, as
this could result to the termination of plant operations, which
means less revenue, as well as very high cost of repairing
the damaged generator. Due to the importance of the
generator stator winding, a protection system that protects
the stator from the ground fault (GF) is a necessity.

The general kinds of the generator fault are the GF [1].
For a single line to ground fault near the neutral, the
generated voltage available to drive current to the fault is
small. The result is a fault with a low current and also a low
neutral voltage displacement. At the most extreme, if the
GF happens at a neutral point of its own, where no fault
current or voltage displacement.

The importance of detecting GF close to the neutral
point of the generator is not dependent on the need to trip
because of the fault current magnitude, since it may be
negligible and will not, in general, cause immediate
damage. If a second ground fault occurs, severe damage
may be sustained by the machine because this may result
in a short-circuit current not limited by the grounding
impedance. This condition may be aggravated if the first GF
happens close to, or at the neutral terminal of the generator,
because all ground relays operating from the neutral point
voltage or current will become inoperative. Furthermore, if
the second GF occurs in the same winding, the generator
differential relay may also become inoperable since this
situation can be categorized as an internal winding fault [2].

This paper reviews the various methods used to discern
the GF on the generator stator. The most commonly used
protections to discern the occurrences of GF on the
generator are overcurrent, overvoltage and undervoltage
relay. However, due to the development of protection
systems, the protection scheme that utilizes disturbance in
the ground, especially for a generator today can be
categorized into four main sections, namely the
conventional method of stator GF protection, third harmonic
protection method, injection protection method and
numerical protection method.

Ground Fault Protection of a Generator Stator

An overcurrent / overvoltage generator GF protection
should be normally straight forward, safe and reliable.
However, it has two insufficiencies. First, it will not detect
ground faults close to the generator neutral, and second; it
is not self-monitoring. This depends on the open circuit
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where the platform relay, primary or secondary winding of a
current transformer or high resistance cannot be detected
before a fault occurs. While grounding faults occur in the
systems, every parallel generator has the same voltage,
and traditional stator winding grounding fault protections
with zero sequence voltage cannot detect which generator
was faulted [3, 4].

a. Conventional Method of Stator GF Protection

The overvoltage relay (59G) can detect faults
approximately 90 - 95% part of stator winding. These
protections are illustrated in Figure 1.

0% 50% 100%
N Fault Position T

Fig.1. Conventional Stator GF Protection [5]

There is a linear correlation between the voltage identify
by the 59G relay and the GF position in the stator winding.
For GFs close the neutral (N), the voltage will be detected
by the 59G relay. The maximal voltage happens in a GF at
the generator terminals (T), where maximum line-to-neutral
voltage happens across the neutral grounding transformer.
Commonly, the last 5-10% of the winding is not protected
by the 59G. GF at the bottom 10% of the stator winding of
the generator may not be sensed by the conventional
method of stator GF protection (overvoltage or overcurrent
relays).

b. Third Harmonic Protection Method

Generally, the output voltage of the generator is not a
pure sinusoidal, but distorted by harmonic components. The
whole harmonic components generated can be found in
triple harmonics as the third harmonic, 9th, 15th and so on.
The triple components can be found in all phases and have
a large and the same phase angle, which may cause the
common point during this phase triple components not to
add up to zero for each phase. Therefore, the components
appear as triple amount of zero sequences. The third
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harmonic voltage (THV) is commonly greater than most
others triples. Under normal conditions, the characteristics
of THV in the stator windings are shown in Figure 2.

Vit

0%

Neutral % fault position

100 %
Terminal
NoLoad

FullLoad
Vn

Fig.2. Third harmonic voltage at normal condition [6]

When the GF occurs close to neutral at the generator,
the THV at the terminal point will be equivalent to the total
third harmonic generator yield. While the voltage of
harmonics is in the neutral point, the sum reaches down to
zero. The model of THV during GF at a neutral point is
shown in Figure 3.

Vit

Full Load
No Load
0% % fault position 100 %
Neuntral Terminal

Fig .3. Third harmonic voltage during ground fault at neutral [6]

The opposite occurs when a GF develops in terminal
point on the generator. The THV in the terminals will drop to
zero, while the THV in neutral point increases to a total of

all the THV of the generator produced. These
characteristics are shown in Figure 4.
?'-'guti’in] % fault position Ti?][])]:’]'f’“]
Vi=0
No Load
Full Load

Vn
Fig. 4. Third harmonic voltage during ground fault at a terminal [6]

Based on the above characteristics, when a GF occurs
close to the terminal point, the THV at the neutral will
decrease, while the terminal will be enlarged. Similarly, the
opposite occurs when it crashes near the terminal point.

The following sections describe the five stators of GF
protection using the principle of THV method.

b.1 Third-Harmonic Neutral Undervoltage Relay [4]

This protection method is the combination of the
conventional (59G & 27TH) and third harmonic neutral
voltage (see Figure 5). The third harmonic was measured
across the generator neutral grounding resistor. The basic
concept of the scheme is that, when the generator stator
GF happens close to the generator neutral, the THV
reaches to zero. If the third harmonic generator is a
sufficiently neutral voltage as long as normal condition, to
avert false operation of the relay from energizing, then
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such generators are candidates for 100% schemes using
third-harmonic neutral detection.

The third harmonic undervoltage relay can detect an
absence of THV at the generator neutral resulting from a
GF close to the neutral. The 27TH and 59G relays must be
filtered to prevent fundamental or third harmonic voltages
respectively from affecting the operation. The 27TH relay
should, if not self-protected, include circuitry to protect its
coil from sustained overvoltage. This scheme offers the
advantage of not requiring any additional high-voltage
equipment, other than those needed for conventional
ground-fault detection schemes for single stator generators.

The scheme can also be used for cross-compound and
split-winding machines by adding a second VT and third
harmonic relay to monitor the voltage at the neutral of the
ungrounded stator winding. The scheme provides protection
when the main breaker is open, provided that the terminal
voltage is above the pickup of the supervisory relay 59.

Supervision is required during the start-up and
shutdown either by using a breaker contact or an
undervoltage relay so that the relay is disabled when the
generator is off-line. Some generators provide very low
levels of THV when the generators are lightly loaded. In
order to improve the security of this scheme, an under-
power relay (device 32) can be used to control the
undervoltage relay of third harmonic neutral. The
disadvantage with this scheme is the absence of 100%
coverage until a relay 59 picks up.

Al
i
AL
N

il

'I@xa wr T =+
“

LassaanSf
Sadasd

:I: ] Z\_I_ I-Z_;_
95% 100%
® © men

Fig. 5. Undervoltage relay scheme of third-harmonic neutral [7]

-

b.2 Voltage Relay of Third Harmonic at The Generator
Terminal [2]

This protection method is supplied by a wye-grounded
broken-delta transformer, which can be wye-wye for digital
relay. This scheme is shown in Figure 6. Upon the
occurrence of a generator neutral ground, the THV
available at the line generator terminals becomes elevated.
The accompanying overvoltage is used to operate a relay
used for this application and must be set so that it will be
unresponsive to the maximum THV appearing at this point
during normal system operation.

An advantage in this scheme is that it will also detect GF
in the bus or in the delta winding when the generator de-
connector is open. However, it also has shortcomings due
to the need for a three-phase VT on the machine terminals.

b.3 Third Harmonic Voltage Comparator Relay

This method distinguishes the third harmonic in the
terminal and a neutral at the generator. This scheme,
shown in Figure 7, utilizes the fact that the third harmonic
residual voltage in terminals of a machine increase, while
the THV at the neutral decreases, for a fault nearby the
neutral. The comparison of the third harmonic residual
voltage to the neutral third harmonic content may be nearly
constant under all load conditions in many un-faulted
machines.
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shutdown

a0

Fig. 6. Third harmonic voltage Relay at a generator terminal [2]

Small changes in this ratio may require the reduced
sensitivity parameters. The coincidence between the
functions of the equipment 59GN and 59D may exist. The
settings for both relay should be determined during field
testing in conjunction with commissioning. The third
harmonic differentials relay 59D detects GFs close to the
neutral as well as at the terminal. Relay 59GN, which is
used to measure the fundamental frequency neutral
voltage, can detect a fault in the upper section of the
winding as well as overlapping much of the winding covered
by 59D. The (comparator) relay sensitivity is least for a fault
in the middle of the windings. At some point in the winding,
the difference between the neutral and terminal THVs is
equal to the relay setting. Double GFs tend to reduce the
sensitivity for the differential relay, and multi-winding
machines to offer application difficulties that require careful
consideration.

i

[
1

Fig. 7. Third harmonic ratio comparator [2]

+E

Complete
shutdown

b.4 Adaptive third harmonic level detector

The two voltages are applied to derive the third
harmonic source voltage at the generator by using the
vector combination of the signals (see Figure 8). The THV
in the neutral and that of the residual voltage in terminal are
continuously compared with the derived source voltage to
detect a grounding the first 15% of the windings close to the
neutral. The detection scheme then indicates a fault in its
zone of coverage if the THV at the neutral is less than 15%
of the source voltage and if one-third of the residual third
harmonic at the terminals exceed 85%. Ideally, in
comparison, the two are equivalent, but in practice, it has
been verified that the two are indeed different in a number
of ways according to the MW and MVAR typical generator
installations.

This approach, in effect, utilizes adaptive undervoltage
and overvoltage level detectors, where the setting level
adapts to the level available relaying a signal, i.e., the
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magnitude of source voltage. It is imperative that the
detectors will be blocked when the third harmonic source
voltage is less than some minimum values, below which the
voltage signals are considered unreliable for relaying. A
level of 0.75% of nominal phase to neutral voltage on the
generator is considered safe.

Camplata
L Shuasown
I HARMOHIC FILTERS

& LEVEL DETECTORS

Fig.8. Adaptive third harmonic level detector [2]

b.5 A Recent Third Harmonic Protection Method

In the protection method, the scheme of THV phasor at
the terminals or in the generator neutral are periodically
evaluated and stored. Every currently estimated third
harmonic magnitude is identified with the saved magnitude
before the time of approximately one second. If the
difference between magnitudes being compared is greater
than the fixed, the verge magnitude as the trigger signal is
produced. To date, the application of an existent algorithm
using the microcontroller in the system, and preparatory
tests using synthesized by voltage signals of GF have been
confirmed effective.

Other new methods of fault protection in assuming the
differential phase angle of delta THV [8] does not contribute
to the THV neutral of the generator, and the generator GF
of a stator is equivalent to the terminal, and can be used to
discern the GF of the stator of generators.

¢. Sub-harmonic Injection Protection Method

The sub-harmonic injection scheme has two main
methods, 12.5 Hz and 20 Hz. The signal source of 12.5 Hz
is in series with neutral grounding resistance, and the 20 Hz
signal source is parallel with the neutral grounding
resistance [8]. While a GF happens, the current increases
due to the less resistant faulty path, and thus will be
detected. The main advantage of the sub-harmonic 64-
100% relays is that, they are quite sensible, regardless of
the machine reactive loading.

The scheme of sub-harmonic injection is another main
method for unit-connected generator using third-harmonic.
The following will explain the principle of stator GF
protection by using subharmonic injection method.

c.1 Neutral or Residual Sub-harmonic Voltage Injection
(comparator injection and measurement voltages)

This scheme, using a voltage injection at the neutral or
residually in the broken-delta VT secondary, can detect GFs
anywhere in the part of stator winding, including the neutral
point. Full GF protection is available, even when the
generator is starting up and during turning gear if the
injected voltage source does not originate from the
generator. Certain schemes inject a coded signal into a
sub-harmonic frequency that can be synchronized to the
frequency of a system. When compared with other injection
schemes, this coding improves the security within the relay
system without sacrificing dependability. For proper relay
performance, the scheme is dependent on a reliable sub-
harmonic source.
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The use of sub-harmonic frequencies may offer
improved sensitivities in relation to the higher-level
impedance path of the generator capacitances at these
frequencies. Such frequencies are not normally present at
the generator’s neutral. This comes with a disadvantage of
the economic penalty associated with providing and
maintaining a reliable sub-harmonic source and injection
equipment.

The major advantage of neutral injection schemes is
that they provide 100 GF protections independent of the
95% GF protection schemes [2].

c.2 Neutral sub-harmonic voltage injection (measurement of
voltage and current)

This scheme is shown in Figure 9. This scheme uses
the sub-harmonic current injection at the generator neutral
that can detect the GF's entire generator stator winding,
including the delta windings in a generator step-up
transformer (GSU). Full GF protection can be provided
without the field being energized, such as during the initial
start-up of the generator and turning gear with the
independent sub-harmonic voltage supply. Certain schemes
inject a coded signal into a sub-harmonic frequency that
can be synchronized to the frequency on the system such
as for a 50 Hz system used a 12.5 Hz. This coding
improves the security within the relay system without
sacrificing dependability.

The scheme uses voltage and current measurements as
the secondary circuit of grounding transformer of the
generator. The voltage and current measurements are
derived from the injected signal as they are placed across
the generator grounding transformer secondary. In this
manner, the reflected impedance of delta winding of the
GSU and the generator are measured. If a GF is not
present anywhere in the generator zone, the impedance
measured is the natural capacitive coupling to be ground of
the entire generator zone. If a GF develops, the impedance
becomes less than natural capacitive coupling values, and
alarm and/or trip set points will be applied.

I
Natural Capacitance
r L A Lo
T A N1 T
LYY
/ LYY Y )
‘: - :
- L]
1 & :
+ !
Coupling Voltage Relay
Filter Injector Maasurements
- 596G

Fig.9. Subharmonic Voltage Injection Scheme [5]

The major advantage of neutral sub-harmonic injection
schemes is that they provide 100 % GF protection even
when the generator is not in service and during start-up
prior to application within the field [2].

c.3 A Recent Compensated Injection Scheme

In the protection scheme, an additional reactor that
connects the compound with the resistance load in the
distribution of transformers secondary side is applied to
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compensate the leakage capacitance from the stator
windings of the generator to be grounded. The injection
signal frequency is tuned to adapt to the variation of the
capacitance caused by temperature varying, insulation
aging, etc. Thus, the influence of the capacitance is cleared
and high-impedance of GF protection for the entire
generator stator winding is taken directly as adjustment
measurement the grounding fault resistance and
comparison of the session threshold [7].

d. Numerical Protection Method
d.1 Using wavelet transforms.

The THV at a generator neutral and terminals will vary
simultaneously when a ground fault occurring in the
generator stator, even if it is grounded with a high
resistance. Therefore, the signals which be measured by
the protective device contain significant transient
components. They have much more fault information than
the steady component. As wavelets are well suited for the
analysis of the non-stationary signals, one will have the
ability to extract important information from the noised
signals. This information can be used to discern the GF [9].

The scheme (Figure 10) considers the overall produced
voltage in the machine, and the use of Wavelet Multi
Resolution Analysis (MRA). MRA is an ideal method to the
analysis of the transients of the power system [10] and the
protection of generators [11]. THV terminal and neutral
signals are analyzed using of Wavelet MRA to discern GFs.
In this scheme, maximum polarities coefficients are
compared to other discrimination grounds transient faults. In
this method, the maximum coefficient decreases for the
increase in fault impedance. The scheme offers inherent
discrimination of sudden load imbalance [12].

OUOT—
TonT—

Step wp Transforner
Uit A é—LéL Potential
Tramsforraer | Transformer
...........................................
............... = P =]
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Fig.10. Wavelet basedﬁulti Resolution Analysis [12]

Problem of Stator Ground Fault Protection

The most important thing to consider in the use of
various stator GF protections is the type of the stator
winding of generators, which has an expressive effect upon
the efficiency of the GF protection and units of supply, thus
should be considered in evaluating the performance of the
protection system and analysis for optimization [13]. The
generator active load affects the extent of the supply
voltage protection element, and is satisfied with the THV
[14].

Conclusion
Implementation of GF protection, especially for the
100% coverage scheme, depends on the generator's
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neutral, based on the type of stator winding and generator
connection. To get the best performance, the characteristics
of stator GF protection must be evaluated with pre-fault
conditions, fault conditions and various load condition.
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