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SUMMARY

This paper describes a new principle for the stator and rotor ground fault
protection of generators. While being based on previously known injection
methods, the derivation of the injection voltage and the manner in which
noise and signal currents in the ground path are discriminated are quite
novel,

In the case of the stator, the protection is achieved along 100% of the
winding, that is, from the terminals of the machine to the neutral. 1In the
case of the rotor, the principle has proved extremely insensitive to noise
and extraneous signals in the rotor circuit and is thus applicable where
the excitation is thyristor controlled.

INTRODUCTION
A simple voltage measurement across a resistor between the star-point of
the generator and ground effectively protects 95% of the stator windings

from the terminals. 1In order to protect the remaining 5% near the neutral,
it is necessary to offset the neutral in relation to ground by injecting a
voltage Ui'

The choice of the voltage Ui largely determines the principle to be adopted
and also the design of the protection hardware. Previously, two main
methods of displacing the neutral have been employed:

a. The frequency of Us is the system frequency (50 or 60 Hz). Because at
system frequency other signals are also present across the grounding
resistor Re’ a value of 15% of phase-to-neutral voltage Uph is chosen
for Ui to ensure sufficient signal-to-noise separation.

Advantage: Ui can be generated inexpensively from the a.c. system.

Disadvantage: The amplitude of Ui must be large and consequently the
injection transformer is heavy and expensive.
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b. The frequency of Ui differs from the system frequency. In order to
minimize the influence of the capacitance between the generator cir-
cuit and ground, a frequency of 1C to 20 Hz is chosen.

Advantage: The measurement is insensitive to spurious signals and
thus the amplitude of Ui need only be small (1 to 2%
Uph) L]

Disadvantage: A relatively expensive amplifier is required to gener-
ate Ui‘

The voltage Ui in the new scheme combines the advantages of both
methods a. and b. The frequency of Ui is the system frequency and
therefore the injection voltage is easily generated as in method a.,
but in spite of this, the amplitude is as low as that of method b.

This 1is achieved by switching the phase of the injection voltage
consistently through 180°. Because of this, the principle now to be
described is referred to as the phase switching principle and the unit
which generates the voltage Ui as the phase switching unit.

THE PHASE SWITCHING PRINCIPLE
Figure 1 shows the principle of operation. A network (protected unit) is

offset in relation to ground by the arrangement of the Timiting resistor Re
and the injection transformer. The voltage Ui is obtained from a 60 Hz
system frequency source. The injection transformer has two primary wind-
ings connected to the 60 Hz source via two triacs. An oscillator triggers
the triacs alternately at a rate ff = 15 Hz, such that the polarity of the
voltage U1 applied to the injection transformer is repeatedly reversed at
the same rate. The two phase positions of Ui are designated U].1 and UiZ in
Fig. 2. 1In the event of a defect in the insulation between the protected
unit and ground, Ui causes a current Ii (I11 and 112 in Fig. 2) to flow
through the limiting resistor Re across which there is then a corresponding
voltage drop. This voltage drop is coupled via an isolating transformer to
the input x of an analog multiplier. The voltage Ui itself is applied as
reference quantity to the input y of the multiplier. To prevent spurious
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signals which may be back-coupled through the injection transformer from
disturbing the measurement, the reference quantity can also be supplied by
a separate synchronous source.

The current measured through the resistor Re comprises a protection signal
11 and a spurious signal IS also at system frequency. The system frequency
and all harmonics are considered to be spurious as far as the measurement
principle is concerned. In relaticn to the protection signal, IS can have
any phase-angle and within certain limits any amplitude. The product at
the output of the multiplier is:
X " y-= Ui ’ (Ii + IS) = Ui : Ii + Ui : IS

The term Ui : IS integrated over a period of ff becomes zero, since its
sign changes with each phase reversal of Ui' An equivalent integration of
the term Ui : Ii on the other hand, is not equal to zero because the sign
of Ii changes in agreement with the change in sign of Ui' It is thus
possible when measuring the current through the resistor Re to distinguish

between the protection current Ii’ which can only flow as the result of a

ground fault, and any spurious currents IS which may be present. Inte-
gration is performed by a corresponding filter.

Stator or Rotor
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Fig. 1 - Principle of Operation Fig. 2 - Phase switching of

the injection voltage
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THE INJECTION SIGNAL
The injection signal is a 60 Hz voltage, which is switched periodically

through 180°. Figure 3 shows the voltage waveform chosen at the selected
switching rate ff of 60/4 = 15 Hz. One injection period AM is made up of a
positive cycle BC and a negative cycle GH. Measurement only takes place
between B and C and between G and H (time window). The quiescent periods
EF and LM are necessary to avoid any danger of the triacs conducting simul-
taneously.

The injection signal can be represented as the product of sinusoidal volt-
age Up (ABC...) ana a unit squarewave voltage Ue * (ABCDFGHKM). The unit
squarewave voltage determines the switching rate (15 Hz) and thus the
reversal of the polarity of the injection voltage.
Ui = Up : Ue

The measuring principle employed requires that the injection voltage Ui and
the spurious voltage U, be multiplied. The multiplier (see Fig. 1) is
followed by a low-pass filter so that an output is only to be expected when
the product Ui : US contains non-periodic terms. The full mathematical
expressions for Ui and US as well as the corresponding detailed calculation

is given in Appendix 1.

Appendix 2 shows graphically the multiplication of the injection signal by
a pure 60 Hz spurious signal, by a pure 180 Hz spurious signal and by a
ground fault protection signal. The actual measuring output after the
low-pass filter is also shown.
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METHODS OF SIGNAL INJECTION
Figs. 4 and 5 give two methods of introducing an off-set between the stator

circuit and ground. For the sake of simplicity, the following considera-
tion neglects the capacitance Ce between the generator and ground.

a. Impedance Injection

In the case of "impedance injection" (Fig. #4), the secondary of the
injection transformer is in series with the grounding resistor in the
neutral of the machine. This kind of injection can be termed constant
voltage injection. The current Ii is then directly proportional to
the fault resistance Rf. This arrangement has the disadvantage of
dynamically stressing point A in the event of a ground fault at the
terminals of the machine. The phase-to-neutral voltage {is then
suddenly applied to the series circuit Re’ Rﬁ and Xi’ where Re is the
grounding resistor and Ri + in is the impedance of the injection

transformer and its source.
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A further disadvantage of impedance injection is the requirement that
the source Q1 absorb the full 60 Hz ground fault current 160‘ With
this arrangement, the source must never be isolated, as otherwise the
total fault voltage would appear across the injection transformer.

b. Resistance Injection

The relationships are quite different 1in the case of "resistance
injection™ (Fig. 5). The burden of the injection transformer is a
relatively low resistance Rp, having a value chosen to be 10% of the
grounding resistance Re’

The introduction of the resistor Rp appreciably reduces the time
constant.tn of the ground path.

Because the injection transformer is now working into a Tow resis-
tance, the constant voltage injection has become a constant current
injection. The injection power must, of course, be much greater, but

since the source Q2 1is in effect the 60 Hz system, this presents no
problem.

A significant advantage of the resistance injection method is that the
protection can be connected across 10% of the grounding resistor Re
itself, which means that the protection does not interfere with the
primary system in any way and can never be the reason of an inter-
ruption of the ground path.

THE EQUIVALENT CIRCUIT
The purpose of the equivalent circuit is to determine the current through
the grounding resistor Re which is to be used for evaluation.

A11 the normal voltages in stator and rotor circuits can only give rise to
spurious currents in the ground path and for this reason they are not
represented in the equivalent circuit. An effort has been made to arrive
at an equivalent circuit which is valid for either stator or rotor ground
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fault protection by simply inserting either zero or infinity for certain
elements.

Fig. 6 shows an equivalent circuit which satisfies both requirements. A1l
the elements but two occur in each kind of protection. The two exceptions
are:

a. Ck the coupling capacitance is only part of the rotor ground fault
protection.

b. Rt + th is the series impedance of the distribution transformer in
cases where the grounding circuit comprises a transformer and
secondary-connected resistor and injection is on the secondary side
(Fig. 9).

|

C R X R
|L§ e t t Rp
18 R

Fig, 6

Complete Equivalent Circuit for Stator
or Rotor Ground Fault Protection *
I

Injection

The significance of the elements shown in Fig. 6:

-Ground capacitance Ce: This is the inherent capacitance of the stator
or rotor to ground and includes all items of plant metallically con-
nected to them.
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8.

~Grounding resistor Re: This serves to Timit the ground fault current.

-Fault resistance Rf: This ' is the unknown factor of the equivalent
circuit, because its value varies. Rf forms the abscissa of the
operating characteristics. (Fig. 11 - 14).

-Leakage resistance Ra: The leakage resistance of modern epoxy-resin
insulated windings is in the range of several megohms.

-Coupling capacitance Ck (only rotor ground fault protection): The
purpose of the condenser is to isolate the measuring circuit from the
DC of the exciter circuit. The selected value of Ck is 2 x 2 uF.

-Distribution or grounding transformer impedance Rt + th (only stator
ground fault protection): Where the grounding resistor is connected
to the secondary of a distribution transformer (Fig. 9), the series
impedance of the transformer must be added to Re'

'Ri + in is the scurce impedance of the injection transformer. Know-
ledge of the source impedance is not essential for understanding the
operation or the protection, and it has therefore been omitted from
the calculation of the operating characteristics. The error this
causes is quantified on page 16.

-Parallel resistor Rp: The parallel resistor prevents the primary
system from having any influence on the protection. If the injection
impedance is neglected, Rp is directly across the source and therefore
has no influence on the operating characteristics.

A simplified equivalent circuit can be used when determining the operating
characteristics of the protection, which omits all the items of the com-
plete circuit that have 1ittle influence on the operating characteristics
or are nct essential for understanding the protection.
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DESCRIPTION OF THE FROTECTION SCHEME
Figure 7 shows the block diagram of the protection and its connection to a

stator circuit. The generator is grounded via the grounding resistor Re
and the parallel resistor R_. A voltage transformer connected across the
grounding resistor Re enables the ground fault currents to be measured.

The supply unit which is connected to the 60 Hz system detects the zero
crossing of the system voltage and produces short impulses synchronized to
the system. The control unit converts these into two digital signals A and
B, which ultimately control the triacs such that the protection signal Ui
is applied to the injection transformer. To avoid equalizing currents, the
triacs are triggered at voltage maximum.

Measurement s only performed during the time a signal A or B is present
(time window BC and GH in Fig. 3). The time between a signal disappearing
and a triac becoming non-conducting takes no part in the measurement.

The primary circuit is a closed circuit for the 60 Hz ground fault currents
160‘ During the time between the signals A and B the currents do cause a
small voltage drop across the injection transformer which is limited by the
voltage dependent resistors (VDR).
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10.

The protection signal Ui jtself, taken for example from a second winding on
the injection transformer, could be used for the reference voltage Uy, but
to prevent 160 currents from influencing the measurement the reference
voltage Uy is obtained from a separate source. The signals A and B are
also used for this purpose so that the voltages Uy and Ui are absolutely
synchronous.

The product of the reference voltage Uy and the measured protection signal
UX is computed in the multiplier, operating according to the convolution
theorem. The output of the multiplier is then filtered before passing onto
the measuring triggers.

The inherent capacitance between the generator and ground Ce causes a
quiescent current detected as a steady-state signal at the output of the
filter. To compensate this effect of Ce’ the quiescent current is simu-
lated in amplitude and phase-angle by an R/C circuit and applied with the
opposite sign to the multiplier. In this way the quiescent current is
actually used to supervise the integrity of the ground circuit continuously

during the normal operation of the generator.

Compensation Indication

Generator T (i; -
Irigger’ﬁ**”] B
Measurement JOR+—— Trip
U .
Z Multi- . . m
_}%é *Tlplier Filter 0. Trigger
U
N
Triac Refer- |00 Hz
- l 60H énce
2C LIvprR Dy | T °7F7 L 15
a= . i
)¢ [ VDR SUpply 160 Hz
¢ E____Contr*ol Unit ;
[Triac IStop o |
A
_;*1 B Supply YV
: Alarm l 1L
| 60 H

Phase Switching
Supervision

Fig. 7 - Block Diagram of the Protection Scheme
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11.

Figure 8 shows the protection scheme connected for stator ground fault

protection with primary injection.

The grounding resistor Re can be con-

nected to the primary circuit or to the secondary of a distribution trans-

former.

transformer

fault protection.
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Fig. 8 - Stator Ground Fault
Protection, Primary Injection
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In Figure 9 the connection to the secondary of a distribution
Figure 10 shows the connection for rotor 'ground
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12.

OPERATING CHARACTERISTICS
The operating characteristics relate by definition the filtered output
voltage of the multiplier Ua to the fault resistance Rf. The output volt-

age Ua is the quantity measured to determine what is a ground fault and
what is not.

From the point of view of the application, the best performance is obtained
when the operating characteristic is steepest between 1000 and 20,000 ohms,
i.e., the highest rate of change dUa to de. The reason for this is that
the practical pick-up settings of the relay lie within this range. Below
1000 ohms fault resistance, the heat developed at the fault location is so
great that the resistance Rf quickly reduces to zero.

This applies above all to stator ground fault protection where fault volt-
ages are much higher. At the other end of the scale, fault resistances
above 20,000 ohms are not of practical interest.

The three quantities, capacitance to ground Ce’ the value of the grounding
resistor Re and the coupling capacitance Ck are important paraneters when
determining the operating characteristics. In the following, Ce’ Re and Ck
are referred to as the main parameters. The values of other items of plant
such as grounding or injection transformer impedance can be considered as
secondary parameters. Only the main parameters are used to determine the
operating characteristics.

Apart from giving a picture of the operation of the protection, the oper-
ating characteristics also make visible the values and proportions of the
main parameters which permit correct measurement.

Computer simulation was used to record the operating characteristics. The
program redefined the injection network for each of thirty points per
curve, i.e., the injection signal was applied to the input of the injection
network, the current through the grounding resistor calculated, the mul-
tiplication with the reference signal performed and the integration in 240
steps during an injection period (66.6 ms) carried cut. The values of Ua
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13.

are for reference and not absolute. The reference value Ub is different
for each curve and is equal to Ua’ which is valid for Rf = 100 ohms.

The families of curves of Figures 11 and 12 have been drawn for stator
ground fault protection, but similar curves can be drawn for rotor ground
fault protection. Figure 11 is for Re = 1000 ohms and Fig. 12 for Re =
4000 ohms. In both cases, Ce is a parameter varying between 0.5 and 10 uF
and because for stator ground fault protection, the connection is direct,
Ck is infinity.

The curves of Fig. 11 up to and including about 2 uF are of practical use,
Particularly, the 0.5 yF curve has an excellent shape in the significant
range between 1,000 and 20,000 ohms. The curves above about 3.5 ufF are
unfavorable, because dUa: de becomes negative at the larger Rf values.
The relationship between Ua and Rf virtually ceases when Ce = 10 yF. The
reason for the deterioration of the curves with increasing Ce lies in the
fact of higher Rf values, Ii is more and more dependent on Ce and less on
R.. The practical range for generator system capacitance to ground is 0.3

e
to 0.7 4F/phase.

18 4F
1Y P //"/ x
B - 5£;;;EE§§;;;;;; |
O\:ﬁ‘” =
s+ =
:‘3"3:3«— R
S+ E
2k 3
5
s \
gl
43+ \ 3
NS :
21 Co=10uF .. 054F \\\\\‘*-~\‘ﬁ~h_______aﬂ#
5+
3+ Rg=10C0 ohms L3 pF
xsi
18 -
s+ Cy= oo 1 4F
s ' } + bttt T /5
3 2 3 4 5 87 843ica 2 3 4 3 87 8010088 2 3 4 557891‘”%/;
Rt {ohms)

Fig. 11 - Relay output voltage as a function of
fault resistance (Re = 1000 ohms)
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Figure 12 shows the detrimental influence on the characteristics of an
increase in the value of the grounding resistor Re‘ The increase in the
value of Re from 1,000 ohms in Fig. 11 to 4,000 ohms in Fig. 12 has shifted
the family of curves upwards and they become already unfavorable above a
value of Ce = 1 uF. The practical range of Re is from 800-2000 ohms.

478 -
—— %-
R
= sl
3 a1
..
5
8% 4
i
st
ot
s+ 18 F
18-
=t
2+ C,=10uF ... 05 uF
<L
:‘“ R, = 4000 ohms
I
st Ck == 2.5
!F * + $ + + + + + +—+ ,f
j 2 3 § 3 8 7831 2 3 4 3 87 898 2 3 4 3 87 8010008
R¢ (ohms)

Fig. 12 - Relay output voltage as a function of
fault resistance (Ry = 4000 ohms)

INFLUENCE OF A GROUNDING TRANSFORMER
In case where a grouncing transformer connected to the generator neutral is

used (Fig. 9), the impedance of this transformer Rt + th is electrically
in series with the grounding resistor Re and thus forms part of the ground
fault current circuit. This is represented in the equivalent circuit of
Figure 6.

In order to judge the influence of Zt = Rt + th on the measurement, it is
first necessary to calculate the value of Rt + th referred to the genera-

tor voltage.
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Typical example:
-Generator 27 kV.

-Grounding transformer P, = 100...250 kVA; U = 27/J—§: 0.4 KV; U, =

t K
0.12 p.u.
Assumed Rt = Xt
2
Ro=x = U Y= 0.12(27/ V32 146 onme (250 KVA)
tot ko —0.75
. :

The typical value of Rt (Xt) is therefore about 10 to 30% of the grounding
resistor Re’ which for example, is assumed to be 1,000 ohms.

The influence on the measurement of different values of Zt is shown graph-
ically in Figure 13, with the parameters Ce = 0.5 uF and Re = 1,000 ohms.
As was to be expected, the characteristic has been shifted upwards as Z
increases.

t

1”‘\
o R
=
o ST without grounding transformers Ry = X, = 0
= s
e X = 5C0 ohms {extremely highl R, = O ohms
T Xy = Oohms, R, = 500 ohms (extremely high)
s g -
2+ X, = R, = 500 ohms {extremely hign)
5 i
B+
54
8+
5—»—
e
24
3+ C,=04 uF
s+ =
2T Rg = 1000 chms
s et et

H 2 3 4 5 B 780108 2 3 4 3 87 33188 2 3 4 35 87 891258
Ry {ohms)

Fig. 13 - Influence of the grounding transformer
‘ impedance on the Ua/Rf characteristic
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INFLUENCE OF THE SOURCE IMPEDANCE (

The source impedance 21 = Ri + in is defined as the impedance of the

injection transformer and the €0 Hz source.

Since the injection is terminated by a low resistance (Rp is only 10% of
Re)’ the change of the injection current with respect to the extreme values
of Rf is only slight. It follows that the change in the voltage across R _,
which drives the injection current, is also small. It can be concluded
therefore, that the influence of the source impedance Zi nust be less than
that of the grounding transformer. Figure 14 confirms this point. The
curves are only moderately flattened even when the source impedance is very
high (R, = X, = 10%8).
resistance Rf varies from zero to infinity remains sufficient for measure-

The change in the injection current as the fault

ment up to high source impedances, which can be seen from the steepness of
the curves, but the absolute value of the injection current decreases
approximately linearly as Zi increases. Therefore, in spite of the fact
that the curves appear to be usable, the protection carnot operate at this

level simply because the current is tco small to be measured.

B, + iX; = O + jOohms
25 + | 25 chms

5C0 + | 500 ohms
1000 + | 1000 ohms

Jre.

s e
o1

5 4

at €, =05 uF

15+ e
“T R, = 1000 ohms T
5t — A S ; P S : ———
1 2 3 4 3 3789138 2 3 4 3 8733198 2 3 4 3 8 7 88§10
Rj {ohms)

Fig. 14 - Influence of the source impedance
on the Uy/Rf characteristic
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CONCLUSIONS

The correlation principle is well-known by which a signal is filtered from
a number of others through multiplication by another signal of the same
form. The present work concerns the application of this principle to the
ground fault protection of the stator and rotor circuits of a generator.
The choice of an injection signal at system frequency has the following
advantages:

-The generation of the injection signal is economical, because the
energy is taken from the system itself.

~-Because it is taken from the system, the power of the injection signal
can be some hundred watts and the impedance into which injection is
made can be very low. Since the injection circuit is more resistive,
it is Tess sensitive to equalizing phenomena.

-The measurement according to the correlation principle is less com-
plicated also because the reference signal is simple to generate as
well. The high precision of the measurement enables fault resistance
up to 25 - 30 kohms to be detected during operation of the generator.

-The measuring principle suffers neither from the disadvantages of the
third harmonic detecting devices (sufficient third harmonic must be
present), nor from the disadvantages of the d.c. measurement (d.c.
connection between the protected unit and the protection equipment).
Also compared with the method involving the injection of a signal at a
frequency between 10 and 20 Hz, the phase switching principle has the
advantage that a high injection power can be achieved without the
complication of an amplifier.

Brown Boveri has developed a new relay type GIX 104 which uses the phase

switching principle described in this paper. Figure 15 shows this new
relay.
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19.
Appendix 1

The Injection Signal Us:

Ul:Up.Ue
Ug =1 (0...1/2), = O (w/2...7m), ==1 (w...3n/2), = 0 (3n/2...27)

cos 4x (f...% of system frequency = 15 Hz)

e
]

The Fourier analysis of Ue is:

2n . m/2 . f37r/2
an = 1 j' Ue(x).cos nxdx = 1 (._ Sin nx 4 -Sin nx
T 0 i n o n i
an = _1 ( sin n' - sin nO - sin ngl + sin nm
m™m 2 2
o _ n/2 3n/2
bn = L { etx)-sin mrox - L (eosmx cos nx )
m T n lo n T
bn = l-~-(~—cos n-E + cos nO + cos ngﬂ - COS nﬁ)
m 2 2

A1l even an and bn terms equal zero, so that:

<
]
ERNN

sin x | sin 3x, ,,.) =2 .3 Sin DX yhere n is odd
1 3 T n

H

=2 (cos X , cos 3>x+ )
n

2 .7 £98 IX yhere n is odd
1 3 7

n
Ue = Ugg + Ugp

The amplitudes of the voltages Up and Ueg and also the voltage Ug are
assumed to be unity. The term of the n-th order of Uj is:

2 COS nx sin nx
U5 = Up = Up = Ly = +

in p e ¥ COS A4X .o ( 5 " )
The measuring principle employed requires that the voltage Uy and

the spuriocus voltage Us be multiplied:
Ug = cos (y + b) y = wg .t (b is a constant)

wg 1s the angular velocity of the spurious voltage.

The multiplier is followed by a low-pass filter so that an output

is only to be expected when the product Uj + Ug contains non-periodic
terms. It is therefore necessary to examine for which values of Vs
i.e. for which frequencies of the spurious voltage Ug, this might be
the case.
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Appendix 1 (Cont'd)

The product Ui * Usg is given by:

U - Ug = 7T-%cos 4x . (cos nx + sin nx) . cos (y + D)
-2 (A + B) (n is odd)
n
A=Z%(cos (4x -nx -y ~b) +cos (X - nx +7y + b)
+ cos (nx + 4x =y - b) + cos (nx + 4x +y + b))
B=i(sin (4x + nx + y +b) + sin (4x + nx -y - b)

+ sin (nx - 4x +y + b)  + sin (nx - 4x -y - b}

It is only possible for the expression Uj, Us to contain non-
periodic termis, if v assumes values which make one or more
terms in A and B independent of frequency. This applies when:

y = + 4x + nx or
y = - 4x + nx or
Yy = - nxX + 4x or
y = - nx - 4% {n is odd)
With x = 15.27m. t, corresponding to the fundamental of the in-

jection signal of 15 Hz, the following values of fg are obtained:

15 Hz, 45 Hz, 75 Hz, 105 Hz, 135 Hz, etc.
This series may also be written:

£y = n.60 + 15 Hz n=0,1, 2, 3...

At these frequencies, an error of measurement is theoretically
possible, since a positive result would be obtained from the
multiplication of certain spurious voltages Ug not originating
from the injection signal. Of practical importance for the
measurement is the fact that a 60 Hz harmonic is not among them.
The spurious signals of consequence to be expected in the ground
paths of stator and rotor circuits, however, will be harmonics

of the system frequency and therefore the above expression for

s does prove the suitability of the proposed injection principle
for the application.




amplitude of Y and X = 1

21.

Appendix 2

MULTIPLICATION Uy - Uy

1& /\ /\ /\— /\ h /\ /\ h /\ /\ Injection signal
VRV RV RV Y 9
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e
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I

‘A ﬁAA A A AAA A,A A;A A‘A — Relay filter input

AL I A i

Ux2

LA A A L/
;§y N V k/ ;\/C\ Vﬂ\% AV/A yf\fA Sk/l{ Vp\y « Ground fault signal
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Appendix 3

LIST OF SYMBOLS
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cos Fourier coefficient

zero component Fourier coefficient

sin Fourier coefficient

capacity to ground

coupling capacitance

system frequency (60 Hz)

injection frequency (15 Hz)

spurious frequency

general injection current

spurious current

60 Hz ground fault current {considered spurious current)
grounding resistor

fault resistance

resistance of the injection transformer
parallel resistor

resistance of the grounding transformer
Laplace operator

time constant of the ground path

voltage measured at the output of the filter
reference voltage for the operating characteristics
standard squarewave voltage

injection voltage

n-th component of the voltage U_i

standard voltage

generator phase-to-neutral voltage

spurious voltage

voltage at the x(y) input of the multiplier
angular velocity of the system voltage
angular velocity of the spurious voltage
series reactance of the injection transformer
series reactance of the grounding transformer
&t in general

impedance of the injection transformer
impedance of the grounding transformer
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