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Abstract

This paper shows a comparison and a proposed improvement of three different
approaches based on the measurements of the third harmonic of voltage
which are aimed to obtain a 100% protection of the stator winding in the case
of ground faults in high resistance grounded synchronous generators. These
three different methods are based in voltage measurements at the neutral and
terminal connections, and also in the ratio of these measurements. From the
results obtained in a real synchronous generator there are advantages of the
scheme based on the ratio of the voltages measured at terminals and neutral,
in the case of using the voltage threshold strategy. However, by using the
proposed alarm-trip logic, remarkable improvements could be obtained in
the case of detecting high impedance ground faults. Finally, this work may
help to develop useful protective devices which detect ground faults at the
synchronous generator stator windings. Although a first fault normally does
not cause any problem, this have to be removed before the occurrence of
a second ground fault which could cause severe machine damages and the
consequent outage.
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Resumen

En éste articulo se presenta una comparacion y una propuesta de mejoramiento
de tres diferentes métodos de proteccion del 100% del estator en el caso
de fallas a tierra, aplicados a generadores sincronos aterrizados mediante
una alta resistencia. Los tres métodos estan basados en las mediciones de
tercer armonico de tension en el neutro, en los terminales de la maquina y
en la relacion de las dos medidas anteriores. De los resultados obtenidos en
generador sincrono real, se puede apreciar que el esquema basado en larelacion
de las tensiones de tercer armonico medido en los terminales y en el neutro es
la mejor alternativa, en el caso de utilizar la estrategia de umbrales de tension.
Sinembargo, mediante al utilizacion de una estrategia propuesta basada en
una légica para alarma y disparo, se pueden apreciar notables mejoras en la
capacidad de deteccion de fallas a tierra de alta impedancia. Finalmente, este
trabajo puede contribuir al desarrollo de elementos de proteccion ttiles para
detectar fallas a tierra en los devanados del estator de un generador sincrono.
Aunque una primera falla normalmente no causa ningun problema, ésta tiene
que ser atendida prontamente antes que una segunda falla pueda causar graves

dafios en la maquina y su consiguiente salida del servicio.

----- Palabras clave: Proteccion del 100% del estator ante falla a tierra,
generador sincrono, tercer armonico, falla fase tierra

Introduction

Ground faults at the synchronous machine stator
are common and these cause current flows through
the neutral conductor. The current magnitude
depends of the grounding type (high, medium and
low impedance). The high impedance method is
frequently used because in the case of faults the
current magnitude is relatively low [1, 2]. The
most commonly used protective scheme in the
case of high impedance grounding consists on an
overvoltage relay (59), used to protect the 90% or
95% of the stator winding. The 5% or 10% of the
remaining stator part is not protected in the case
of ground faults, because the voltage generated
in the faulted winding decreases as close is the
fault point from the neutral connection and it is
not enough to drive the protection (In fact, a fault
at the neutral node would produce voltage and
current of zero magnitude) [3].

A stator ground fault close to the neutral point is
not immediately catastrophic because: 1) it will
not drive high current due to the small magnitude
of'the short circuited voltage and 2) the grounding
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impedance restricts the fault current. However an
undetected stator ground fault near the neutral
could develop into a phase to phase fault or turn to
turn fault. Moreover, if a stator ground fault close
to the neutral point remains undetected, it bypass
the grounding resistor and the conventional
protection, and then a second ground fault
toward the terminal could lead to catastrophic
consequences. Therefore, 100% stator ground
fault is needed for large synchronous machines,
where the most commonly used methods consider
a subharmonic injection and the measurement of
the third harmonic [4, 5, 6].

This paper focuses on the application of the third
harmonic principle and is devoted to present a
comparative analysis and an improvement of
three different approaches. First, the basic aspects
of the analyzed methods are presented. Next, the
theoretical evaluation of the faulted and non-
faulted systems is given as a fundamental part of
the proposed improvements for the 100% stator
ground fault protection methods. Then, the main
results and a comparative analysis are presented,
and finally the main conclusions are presented.



Methodology

Method of third harmonic

This method uses a comparison of the third
order component of the voltage measured at the
synchronous generator terminal (V7)) or at the
neutral (V'n) connections. This harmonic magnitude
varies according to the load level, the measurement
point and the fault location along the winding.
Its normal values are between 1 and 6 % of the
nominal generator voltage, in the case of non
faulted windings [7]. Figure 1 shows the third
harmonic voltage distribution generated along the
stator windings during normal operating conditions,
considering variations in the machine load [4, 5].

_ _ Noload
Full load

>
Terminal (100%)

Stator Winding

Neutral (0%)

Figure 1 Magnitude of the third harmonic at the
stator winding considering non fault situations

Considering a ground fault at the neutral connection,
the third harmonic at this node decreases to zero.
However, the value of the third harmonic at
terminal is different from zero as it is shown in
figure 2. Finally and considering a ground fault at
the generator terminals, the effect is the opposite
of the previously described. The magnitude of the
third harmonic voltage at the neutral connection
becomes maximum while in terminals it decreases
to zero, as it is presented in figure 3 [4, 8].

Considering the third harmonic magnitude
variations between neutral and terminal nodes
of the synchronous generator, three types of 100
% stator protection schemes are proposed: the
first one is considering the undervoltage of the
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third harmonic; the second is considering the
overvoltage of the third harmonic; and the third
scheme is based on the comparison of the two
previous schemes [9, 10, 11].

_ _— Noload
Full load

Stator Winding > '
Terminal (100%)

| 4
Neutral (0%)

Figure 2 Magnitude of the third harmonic at the
stator winding considering a ground fault in the neutral

_ _ Noload
Full load

, Stator Winding

Neutral (0%) Terminal (100%)

Figure 3 Magnitude of the third harmonic at the
stator winding considering a ground fault in terminals

Undervoltage of the third harmonic
component (Scheme 1)

This scheme is based on the measurement of
the third harmonic component of voltage at the
neutral connection of the synchronous generator,
as presented in figure 4. In this method, the third
harmonic voltage is measured at the neutral. There
is a 150 Hz relay tuned to detect third harmonic
voltage and a standard 50Hz relay tuned to the
fundamental frequency.

Overvoltage of the third harmonic
component (Scheme 2)

This scheme is based on the measurement of
the third harmonic of voltage at the terminal
connection of the generator, see figure 5.
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The two previous schemes normally use a relay
27H able to determine frequencies from 150 to 180
Hz. This relay detects variations at the magnitude
of the third harmonic causing alarm or trip.
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Figure 4 Protective scheme used to detect under
voltage of the third harmonic
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Figure 5 Protective scheme using over voltage of
the third harmonic

Ratio of the third harmonic components
(Scheme 3)

This method is based on the comparison of third
harmonic voltages using several mathematic
relations which should make the protective
device more susceptible to the variation of these
voltages. In this paper, three different relations as
the presented from (1) to (3) are analyzed.

"
AV = “ 3" (1)
3n
AV = —|V3”
NARA @
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AV =In ‘V3t| (3)

‘3n

In the above equations, V, corresponds to the
third harmonic voltage at the generator neutral
and V, is the third harmonic voltage at the
generator terminals. In figure 6 the ratio scheme
is presented [7, 11, 12].

........................................

i 1. Standard 50 Hz overvoltage relay

i 2. 150 Hz digital comparing relay

Circuit
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Figure 6 Protective scheme of third harmonic
voltage using the ratio method

Theoretical evaluation of the non-faulted
and faulted models

The three previously described protective
schemes are here analyzed according to two
models, previously developed to represent the
stator winding equivalent circuit [7]. The first
model is the equivalent scheme of the system
under normal condition operation while the
second one is equivalent to the system working
under fault conditions.

Theoretical analysis for the non fault
model

The equivalent circuit developed for non fault
conditions is presented in figure 7. As is mentioned
before, the third harmonic voltage appears as
zero-sequence quantities. Then the third harmonic



voltage produced by the synchronous generator is
distributed between the terminal and the neutral
shunt impedances governing the zero-sequence.
In figure 8 it is possible to see this zero-sequence
circuit obtained from figure 7, where Rn is the
grounding resistor, Cg is the phase capacitance
to ground of the generator stator winding, Cp
is the total external phase capacitance of the
system as seen from the generator, and £, is the
generated third harmonic voltage. Finally, figure
9 is obtained as a simplification of figure 8.

N
;Cg -~ ;Cg ~ TCp
= @ = =
;Cg = ;Cg —~ ==Cp
w= | L L]
9T
T T

Figure 7 Equivalent synchronous generator model
considering non fault conditions

Following, from figure 9 and using the proposed
equations presented in (4) and (5) it is possible to
obtain the impedances at the terminal and neutral
nodes, respectively.

i

"1/ (Ce+20p) )

_3Rn(1-3nfRnCgi)
" (Bn fRn Cg +1)?

)

Where i indicates the imaginary operator and f'is
the power frequency.
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Figure 9 Simplified zero-sequence circuit

Solving circuit proposed in figure 9, equations
(6) and (7) are then obtained for the voltage at the
neutral and terminals, respectively.

3nfRn(Cg +2Cp)E,

= 6
J1+[67f R (Cg +Cp)) ©
v, =
£y l18 e e f R0 G+ )P B pn(Co v 2l (7
1+[6n £ Rn (Ce + )] ?

Theoretical analysis of the faulted model

The equivalent circuit developed to consider
under faulted conditions is presented in figure 10.
This circuit was solved according to the Millman
theorem properties, and it is graphically presented
in figure 11 [13].

From figure 11, ¥, and V, are the equivalent
voltages as seen from the left and the right sides
of E3n at the faulted winding. Similarly, the
admittances Y, and Y, have the same meaning.
Additionally, E, corresponds to kE, and E,
is associated to (I-k)E, where both are the
third harmonic voltages produced by the stator
winding between the generator neutral and
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the ground-fault location %, and between the
generator terminal and the ground fault location
k, respectively. k is given as a per unit value of the
stator length and it is measured from the neutral
to the ground fault location. Cg is the phase
capacitance of the generator stator winding to
ground; Cp is the total external phase capacitance
of the system as seen from the generator.
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Figure 10 Equivalent synchronous generator model
considering fault conditions

+ I i
E3n
v D

Figure 11 Simplified circuit using Millman theorem

Finally, Cn corresponds to Cg, while Ct is
equivalent to (7-k)Cg. Both are the phase
capacitances to ground of the generator stator
winding between the ground-fault location
k and the generator neutral, and between the
generator terminal and the ground-fault location
k, respectively. Rn is the ground resistor.
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As described before, equations from (8) to (11)
are obtained by applying the Millman theorem to
the system presented in figure 10.

2nfE,(Cg+2Cp)i
2n flCg @+ k)+2 Cp]i+Rl
n

N

®)

E:Rl+2nf[cg(2+k)+2cp]i 9)
n

2 fE[(1-k)Cg+2Cpl1-k)i

2nf[cg(1—k)+cp]i+Ri (10)

J

v, =

= 1
Y,=—+2nf [Cg(-k)+Cpli (1)
Rf
The flowing current (/) is then obtained as it is
presented in (12).

_(LY)(V, =V, ~kE,)
Y,+7,

1

(12)

Figure 12 shows an equivalent circuit obtained
from figure 11, where Va is the equivalent voltage
obtained at the right side of the source £ .

Voltage Va is obtained as it is presented in (13).

1
Va:V2+I(?] (13)

2

From the proposed equivalent, voltages at
the neutral (Vr) and terminal (V7)) under fault
conditions are obtained as it is presented in (14)
and (15).

1

1
Vn_m—(7)1 (14)

Vt=Va-(1-k)E, (15)



:

Figure 12 Equivalent circuit used to find Vtand Vn

Alarm-trip logic proposed for the 100%
ground fault protection

The detectable values of the fault resistance,
in the case of all of the proposed 100% ground
fault protection alternatives which use the third
harmonic method, were obtained by considering
the criteria presented in this section. This
corresponds to a proposed improvement of the
classical voltage threshold alternatives.

In the case of all of the schemes proposed for
the 100% ground protection, the ranges were
no alarm or trip signal should be presented are
obtained. All of the possible variations of the
third harmonic voltage due to changes on the
connected load and errors in the meters are
considered for this analysis.

The logic used to determine the presence of trip
or alarm for both, under and overvoltage of the
third harmonic component (schemes 1 and 2,
respectively), is presented in figure 13, and it
is based on the comparison of the values of the
third harmonic of the voltage measured (denoted
with the additional subindex m) and those normal
values as the present in figure 14.

The behavior of the third harmonic voltage is
described by curves as shown in figure 14 [7,
10]. These variations are particular for each one
of the generator machines and are due small
imperfections in the winding distribution during
the fabrication process, which cause small voltage
unbalances [9].

Finally, the alarm-trip logic used in the case of
scheme 3 is based on the definition of the maximum
non trip voltages at the neutral and the terminals
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defined by the schemes 1 and 2, and by using one
of the equations presented form (1) to (3).

v

Determination of the generador
active power (P)

!

Estimation of the normal third harmonic voltage
at the neutral and terminal connections (V3¢ and
V3n) considering the active power (P)

!

Measurement of the third harmonic voltage at the
neutral and terminal connections (V3t,, andV3n,,)

Comparison
V3t, > 1,1 V3t or V3t,<0,9 V3t
3n,,>1,1V3n or V3n, <0,9V3

not

Figure 13 Alarm-trip logic used for the undervoltage
(scheme 1) or overvoltage (scheme 2) of the third
harmonic component

W
(=)

Third harmonic voltage as a percentage
of the non-loaded generator value.

v

(=}

AN

0 >
2 0.5 0.75 1
0 0.25 pul(MW)

Generator output active power in per unit of the nominal

Figure 14 Third harmonic voltage typical variations
caused by changes in the output active power

Results
This section is aimed to present the tests of
the different alternatives of the 100% stator
winding protective methods. The proposed
protection is designed to cover the first 10% of
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the stator windings, estimated from the neutral
to terminals.

Test system

To obtain the proposed comparison, a real
generator machine is used in tests and these
parameters are the presented in table 1. In
addition and considering the influence of the
load, the third harmonic voltages at the machine
used in tests experience changes from the 1% to
the 6% of the machine nominal voltage.

Table 1 Typical values for a unit-connected generator

Generator
tor Value

characteristics
Rated power 150 [MVA]
Rated frequency 50 [Hz]
Nominal  voltage

21[kV]
)
Ground capacitance 0.385 [WF]

of the stator winding

Grounding  resistor
R)

Bus  capacitance

1212[Q], rated 10 [A], 2133 [kV]

0.1 [uF/phase]

(per phase)

Surge capacitor

between  step-up

transformer  and

circuit breakers 0.25 [uFiphase]
capacitance  (per

phase)

Step-up transformer

capacitance  (per 0.2 [uF/phase]

phase)

Validation of the proposed third
harmonic generator models

The synchronous generator models proposed
in figures 7 and 10 for steady state and fault
conditions respectively were simulated using
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Matlab-Simulink®. The results help to validate
the system behavior by a comparison of the
values obtained for the third harmonic voltage
measured at the ground connection (Vn) and
these measured at the machine terminals (V7) with
those obtained by using equations (6), (7), (14)
and (15) considering the real machine parameters
given by table 1. Errors in the estimation are
lower than 3% were obtained.

Fault resistance estimation using the
voltage thresholds

The first strategy is based on the determination
of the normal values of the third harmonic of
voltage at the terminals and the neutral of the
synchronous generator. Considering that the
third harmonic voltages are strongly related to
the generator load as it is graphically presented
in figure 14, it is important to determine how this
dependence affects the detectable values of the
fault resistance in all of the analyzed protection
schemes.

In the proposed test system, the normal operating
ranges were determined for both the third
harmonic of voltage at the neutral (/'n) and at the
terminals (V7), by varying the load from zero to
the nominal value. The normal operating intervals
for the third harmonic voltage measured at the
neutral is [39.1 — 234.5 volts], while in the case
of the terminal voltage is [31.2 - 186.6 volts].

Using the classical thresholds strategy to
determine the maximum fault resistance to be
detected in the case of the undervoltage scheme,
different fault situations were analyzed using
the circuit presented in figure 10. In all of the
situations, the voltage at the neutral (Vn) was
measured and these values which are lower than
minimum voltage normal operating conditions
correspond to faults which could be detected in
the case of scheme 1. A similar strategy is used to
determine those faults that could be detected using
the overvoltage scheme, but considering values
of terminal voltage (Vf) which are higher than
the maximum voltage during normal operating
conditions. In the case of the ratio scheme, the



values of the third harmonic measured during
faults are compared with those obtained in the
case of non fault situations, and as a consequence
the dependence on the load is greatly reduced
considering the division of the voltages at the
neutral and the terminals as proposed from
equation (1) to (3).

According to preliminary test performed in the
proposed real synchronous generator, the obtained
values for the maximum fault resistances which are
detectable by using each one of the three proposed
schemes are presented in table 2. According to
this table, the undervoltage of the third harmonic
(scheme 1) is capable to detect fault resistances
lower than 135 €, causing the inoperability of this
alternative to detect medium and high resistant
faults. In the case of the overvoltage of the third
harmonic (scheme 2), there is not possible to
detect any ground fault because the overlapping
of the normal operation range values of the third
harmonic and those values measured in case of
faults. Finally, the alternative which uses the ratio
of the third harmonic components (scheme 3) as it
is presented from equation (1) to (3), due its high
sensibility to the voltage variations could detect
high resistance faults.

Table 2 Maximum fault resistance values detectable
by the analyzed protective methods using the voltage
thresholds (Undervoltage, overvoltage and ratio of the
third harmonic of voltage)

Maximum detectable fault resistance values

Scheme 3
Scheme 1 Scheme 2
(1) (2) (3)
Any ground
135Q fault is 25kQ 21kQ 14kQ
detected

Fault resistance estimation using the alarm-
trip logic
As proposed improvement of the protection

method, the alarm-trip logic previously explained
is considered to determine the maximum values
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of fault resistance which could be detected in the
case of ground faults. These values are estimated
by assuming a generator operational situation
given by an equivalent load which causes the
percentage of the third harmonic from 1 to 6%
on the nominal voltage, as it is presented on
horizontal axis of figure 15.

3900

3800

oW W
DS
S S S
S S 3

'/ —=—Scheme 1

1.5 2 2.5 3 35 4 4.5 5 5.5 6

Maximum detectable fault
resistance values [Ohms]

|4

4

n

H—0 O—0

Maximum detectable fault
resistance values [Ohms]

[0—Scheme 2—+—Scheme 3 (1)—*—Scheme 3 (2)—5—Scheme 3 (3)]
T T T T T T T T

1 1.5 2 2.5 3 35 4 4.5 5 55 6
Third harmonic percent of the nominal voltage

Figure 15 Maximum fault resistance values
detectable by the protective methods using the alarm-
trip logic (Undervoltage, overvoltage and ratio of the
third harmonic of voltage)

For each load condition, a tolerance value of 5%
is applied to determine if the generator would be
or not under fault condition. These results are
presented in the case of the three 100% protection
schemes and using measurements of the third
harmonic of voltage from the test system.

In the case of the scheme 3 (ratio of the third
harmonic), the relation presented in equations (1),
(2) and (3) were tested, as it is present in figure
15 as scheme 3(1), scheme 3(2) and Scheme 3(3),
respectively.

Finally, the different schemes were tested in the
case of nine values of third harmonic voltage
(nine different load conditions) to cover all
variation range. The obtained results shows
small variations in the maximum fault resistance
detected, showing the reduced dependence of the
proposed protection strategy and the synchronous
generator load condition.
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Analysis

Considering the first protection strategy which
uses the voltage thresholds (Table 2), all of the
variations in the magnitude of the third harmonic
voltages caused by load changes from zero to
nominal load, the maximum fault resistance
detected using the Scheme 1 (undervoltage)
is nearly 135 Q. Considering the Scheme 2
(overvoltage) it is not possible to use this method
to detect faults for any load condition, while
using the Scheme 3 (comparison) the maximum
fault resistance detected is 25 kQ.

As a proposed improvement using the alarm-trip
logic presented, it is notice how the capability to
detect high impedance faults using the analyzed
methods is increased (Figure 15). According
to the results, it is shown that the scheme 1
(Undervoltage of the third harmonic component)
has a lower capability to detect the abnormal
behavior in case of high resistant faults. Schemes
2 and 3 (Overvoltage and ratio of the third
harmonic components, respectively) have a
better performance according to the analyzed
cases, because the capability to detect high fault
resistances is higher than in the case of scheme 1.
This characteristic is desirable because it is useful
to detect possible problems in the insulation level
of the synchronous generator.

Finally, the alarm-trip logic proposed helps to
deal with the variation in the magnitude of the
third harmonic of voltage caused by load changes
as it is presented in figures 2, 3 and 14. This seems
to be an adequate and straightforward strategy
to overcome the main disadvantage of the three
methods for protecting 100% stator winding in
presence of ground faults, which is related to the
variation of the third harmonic voltages.

Conclusions

All of the alternatives of the third harmonic of
voltage previously analyzed and tested show an
interesting way to develop a 100% protective
scheme for the synchronous generator stator
winding in the case of ground faults.
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In such cases where the curve which relates the
normal value of the third harmonic voltages and
the generator load is not available, the voltage
threshold based strategy helps to implement
a very constrained application using the
undervoltage scheme. The use of the overvoltage
strategy in not useful due the restrictions
associated to the overlapping of several values of
the third harmonic voltages in normal operating
conditions with such values in case of stator
ground faults. Finally, the use of the ratio scheme
shows an interesting behavior making possible
the detection of high impedance faults.

The use of the proposed alarm-trip logic is an
interesting alternative which helps to improve
the protection performance, making possible
the detection of high impedance faults in all
of the three third harmonic based schemes.
However, the ratio based scheme helps to obtain
the best performance in high impedance fault
determination.

Despite to the previously explained, the under
voltage scheme is the cheapest alternative to the
100% protection of the synchronous generator,
due the reduced requirements in associated
equipment as potential transformers and complex
relays.

Finally, the analyzed strategies were adjusted for
protecting the last 10% of the stator winding in
the case of ground faults. Such devices have to
be installed together to the classical ground fault
protection for covering all of the stator winding.
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