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E-coil control:
Resonance curve procedure — Location curve procedure

In "compensated networks" the current through the point
of failure is minimised with the help of an earth fault
compensation coil (e-coil). For this purpose, the e-coil is
already in operation in a healthy network, i.e. set without
an earth fault so that in the event of an earth fault, the
capacitive component of the current is compensated by
an inductive current through the fault location. The fol-
lowing figure, Figure 1, shows the network in the case of a
single-pole earth fault in Phase L1.
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Figure 1 Principle of earth fault location

Figure 2 Vector diagram of the currents

Lp E-coil (Petersen coil)

C,, G, G Conductor capacitances of phases L1 to L3

Z: Transmission impedance at the fault location

N Neutral point of the transformer

E1,E2,E3  Phase voltages

Uo Zero sequence voltage

Ic1, Iz capacitive currents in both healthy phases

Ip Inductive compensation current through the
e-coil across the fault location

Iw Active component

Ie Current across the fault location

The objective of the e-coil control is now to set the e-coil
in the healthy network operation to the desired value
already. Several methods are available for the control,
wherein the equivalent circuit for the resonance proce-
dure and the location curve procedure can be derived
without the use of symmetrical components.

Simplified equivalent circuit

The simplified equivalent circuit diagram should describe
the network in the range from the operating state
"healthy network" to the operating state "saturated earth
fault". First, for a simpler notation, the capacitances of
the network and the inductance of the e-coil are replaced
by their complex conductances (admittances). It is as-
sumed that the resistive or capacitive asymmetry in the
case of an saturated earth fault is present in only one
phase:
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Figure 3 Three-phase equivalent circuit

Gip Effective conductivity of the losses of the e-coil

Lp Inductance of the e-coil
Bip Susceptance of the e-coil
C Average earth capacitance of the three

phases C = (C1+C2+C3) / 3

B¢ Susceptance of C

AC Capacitive asymmetry

B¢ Susceptance of C

G Average conductivity-conductance of the
three phases G = (G1+G2+G3) / 3

AG  Ohmic asymmetry

1 .
Yip=Gp+——=6G,— B,
JoL,

Y,=(G+AG)+ jo(C+AC)
=(G+AG)+ j(B, +AB.)

Y,=G+ joC=G+ jB;

Y,=G+ joC=G+ jB,

For the neutral point N of the transformer, the following
nodal equations can be specified:

Te=lL+1,+1,
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If the currents from the following mash equations

Uo-Y .=l
(E,-Uo)-Y, =1,
(E,-Uo)Y,=1,
(E3 _L_Jo)'ig :la

are used in the nodal equation for I, this yields the fol-
lowing equation:

Uo-Y,,=(E,~Uo)Y, +(E, _Qo)iz +(E;—-Uo)Y,

It is assumed that a symmetrical three-phase network is
present, then the phase voltages E2 and E3 are construed
as the phase voltages E1 rotated by 120 degrees. This
rotation by 120 degrees can be described by the complex
operator a:

a=le "
The voltages E2 and E3 are thus:
2
Ez =a El
Es =aE1

Furthermore, the sum of the three voltages is zero:

0=E, +E, +E,=E, (1+a’ +a)

Since E1 corresponds to the phase voltage and is no equal
to 0, the following also applies:

O0=1+a’+a

If the voltages E2 and E3 are replaced in the above equa-
tion Uo * Y;p =... and the coefficients combined, we get
the following equation:

Uo-Y,p=—Uo-(Y, +Y,+Y,)+E,-(Y, +a%Y, +aY,)

or, after conversion, the voltage divider equation
Uo Y, +a’Y,+aY,
Ei Y +Y,+Y+Yp

If parts of the equation are again considered in their full
expression, the result is the following equations:

Y,=Y,+a’Y,+aY,
=(G+ joC)-(L+a +a)+AG + jwAC
=AG + jwAC

Yo=Y +Y,+Y,
=(3G +AG)+ jo-(3C +AC)

a-eberle

If these admittances (admittances) and Y, are again in-
serted into the voltage divider equation and the coeffi-
cients summarised, we obtain the following expression:

Uo_ AG + jwAC
Ei (36+4G+6G,)+ jo-(3C +AC)—‘L
w

P

The coefficient compared to the voltage divider equation
Uo Yu
El Yu+Yw+j'(Bc_BL)

gives:

Yu=AG + jwAC Asymmetry
Yy =3G+G, Active component of the
conductance
B, =@3C Capacitive conductance
1 .
B =— Inductive conductance
ol

Thus, the following simple equivalent circuit can be
drawn.
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Figure 4 Simple single-phase equivalent circuit diagram

This equivalent circuit describes the earth fault compen-
sation in both "healthy operation" and in the case of an
"earth fault". In a healthy network, the complex conduc-
tance of the asymmetry Vu is very small, i.e. the asymme-
try is considered to be a very high resistance impedance.
In the earth fault on the other hand, G is very large so
that oC can be ignored. This corresponds to a low-
resistance earth fault.

If we start with the equation with a constant network
status

5

B Yu
. Yu+Yw+j-(B.-B,)

the setting of the e-coil and thus of the susceptance B,
changes, then the voltage dividing ratio is changed based
on the phase voltage E1. If the value of the zero sequence
voltage applied to the coil position is plotted, the result is
the "resonance curve".

lu
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Figure 5 Resonance curve with linear Uo

The zero sequence voltage is greatest when the suscep-
tances cancel the denominator. In this case, the system is
tuned. In other cases, either a capacitive or inductive
component is added, so that the zero sequence voltage
becomes smaller.

In practice, the zero sequence voltage Uo is usually plot-
ted logarithmically to detect even small values of Uo and
its changes.
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Figure 6 Resonance curve with logarithmic Uo

The inductance of the e-coil is usually specified only indi-
rectly, namely in [A]. In practice, the inductance is not
interesting, but what compensation current in the case of
a saturated earth fault is made available through the e-
coil. For this reason, the display of e-coil position is cali-
brated in [A].

The actual current flowing through the e-coil in the event
of an earth fault depends on the fault resistance and in
case of a high-resistance earth fault is substantially
smaller.

Another representation of the resonance curve is ob-
tained when the residual voltage Uo is plotted on a linear
scale according to the value and angle. In this case we
obtain the location curve of Uo. The angle of Uo refers to

a-eberle

the phase voltage E1, which corresponds to the single-phase
voltage, in which the asymmetry is assumed.
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Figure 7 Location curve of the zero sequence voltage Uo

In the location curve representation the coil position itself
is not directly visible. The coil position is only available as
a parameter for individual points. In the above represen-
tation, the associated spool position has been added at
some points.

The resonance curve or location curve can be clearly de-
scribed, among other things, by the following parameters:

Ures Maximum zero sequence voltage Uo
at the resonance point

Ires Coil setting at which the maximum resonance
Ures of the zero sequence voltage Uo occurs.
d Damping of the resonant circuit

The attenuation of an oscillating circuit is defined by the
following equation:

El
g @ _lres| [Iw
R ‘El |Ires|

Iw

The value of the loss or the expected active current in the
event of a saturated earth fault can be determined di-
rectly from the resonance curve. This requires that each
spool position Id is searched for wherein the ratio of the
value of the zero sequence voltage is due to

Uo 1

_—=— the value.
Ures /2
Justification:
In general, for Uo:
Uo=E1 Yu B Yu 1
Yu+Y,, + jAB  Yu+Yw 1+ji
Yu +Yw
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With ideal tuning AB = 0, so that for Ures at the resonance
point, the following equation applies:

Yu
Yu+Yw
Used in the above equation this gives:
Uo 1 1
— — B
Yu +Yw

Ures=E1

Ures_\/leﬂ-

It follows from this that at this point the value of the fault
tuning of the susceptances AB is equal to the value of the
active component (Yw+Yu) is. At the point considered is
Yu << Yw, so Yu can be ignored. If the conductance is
calculated from the currents with the help of the phase
voltage E1 flows, this gives

Al=E1-AB=I1d —Ires and
lw=E1-Yw=d lres
Otherwise Al / Iw = 1.

After division of the equations and multiplying by d on
both sides, this gives:

AB
Yw
The damping thus describes whether the response curve
is flat or steep and on the other hand gives the minimum
current through the point of failure in the case of a satu-
rated earth fault. A flat response curve therefore indi-
cates a large attenuation and a large active current
through the point of failure. Conversely, a steep response

curve indicates a small attenuation and a small active
current through the point of failure.

Al Id—1lres
Ires Ires

d

In the location curve representation, the associated cur-
rent values can found at an angle of +45°. On these
points, the value of Uo is only 1/\/2 related to Ures.

The following figures show the same network with a
stronger damping and the same resonance point (Ures,
Ires) as before:
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Figure 8 Resonance curve with Iw =25 A
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It can be seen that the resonance curve is substantially
flatter. The damping d = 25 A is directly readable at a zero
sequence voltage of 4%.
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Figure 9 Location curve of Uo with Iw =25 A

In the location curve representation it can be seen that
the change in angle between the individual coil positions
is substantially less.

Pros and Cons:

The realization of the measurement of the value of a
voltage, as used in the resonance curve procedure, is
relatively non-critical and can be performed up to the
range of a few mV with sufficient accuracy. Since the
control of the earth fault compensation performs a tuning
at 50 Hz, for the measurement of Uo a 50 Hz filter is con-
nect upstream.

In the determination of the location curve, a much higher
cost in the measurement is necessary because, in addi-
tion, the angle of Uo can also be determined for very
small voltages. This requirement is especially true for
points that are not in the vicinity of the resonance point.
Additionally a misalignment of the upstream 50 Hz filter
has a much greater effect.

Author: Gernot Druml

The series will be continued.
We will gladly supply missing Info Letters at any time!
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