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Abstract - Circuit-breakers are essential for the safety and
reliability of electrical power systems by interrupting fault
currents under various conditions. Circuit-breakers must be
capable of breaking single-phase short-circuit currents
which can occur in two distinct scenarios. The first scenario
involves effectively earthed neutral systems, where single-
phase faults can generate high fault currents that the cir-
cuit-breaker must safely interrupt to prevent equipment
damage and ensure personnel safety. The second scenario
occurs in non-effectively earthed neutral systems, where
double earth faults can appear on two separate phases, with
one fault occurring on one side of the circuit-breaker and
the other on the opposite side. Such conditions pose signifi-
cant challenges for circuit-breaker design and operation,
requiring careful consideration of their dynamic response
and fault current interruption capacity. This paper presents
the expected behavior of the circuit breakers and the real-
life situations encountered during high-power testing of this
type of equipment. Real-life testing reveals critical insights
into performance limitations, transient phenomena, and
operational reliability, providing valuable information for
both equipment manufacturers and system designers. The
study highlights the importance of accurate modeling, thor-
ough testing, and adherence to standards to ensure that
circuit-breakers perform reliably under all anticipated fault
conditions. The most severe condition is identified as a dou-
ble earth fault occurring under phase opposition. Although
additional tests are planned to confirm this, preliminary
assessment suggests that under normal operating conditions
(0° < ¢ < 30°), the current at the final breaking pole should
not exceed the generator’s short-circuit current.

Cuvinte cheie: Intreruptoare, defect de punere la pamant, mare
putere, teste.
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. INTRODUCTION

The switchgear operates correctly when it eliminates
the short circuit in an optimal time without any conse-
quences that endanger the system, defined by the type and
class of the switchgear [1], [6]. The switching process is
characterized by a number of physical phenomena that are
determined by the type of switching device and its operat-
ing parameters. The switching characteristics of electrical
devices are defined by the following parameters:

- Breaking capacity - defined as the highest value of
the real or assumed current, measured as the effective val-
ue at the moment of contact separation, which can be in-
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terrupted by the switchgear without damage, with explicit
specification of the main parameters of the reference tran-
sient recovery voltage (characterized by the parameters of
the power line) [2], [3];

- Rated Peak Withstand Current - defined as the highest
value of current, measured as a peak value, that the
switchgear can break at a given voltage without damage;

- The operating frequency recovery voltage (RV), in the
event of a short circuit across the terminals, is the voltage
value that appears between the contacts after the arc is
extinguished [1], [7];

- Transient recovery voltage (TRV) consists of high
frequency voltage oscillations. In the case of high power
tests, in three-phase mode, the recovery voltage has the
value kU, /+/3 in the case of the first phase that interrupts
the current and I7,, /+/3 in the case of the other two phases
that interrupt the arc, where k is the factor of the first pole
and has the value 1.3 or 1.5, depending on how the neutral
of the network is earthed (by resistance or inductance) or
insulated. In the case of tests, the value of the recovery
voltage is allowed to drop to 95% of the specified value
during the test and must be maintained for a minimum of
300 ms in the case of circuit breakers. The transient re-
covery voltage wave has an aperiodic shape.

- The voltage applied to the circuit breaker terminals is
the rated voltage of the system. The average applied volt-
age for each phase must be at least equal to the rated volt-
age U, /+/3 and must not exceed this value by more than
10%. For single-phase testing of a three-pole circuit
breaker, the applied voltage shall be at least equal to the
value of the phase voltage multiplied by 1.3 or 1.5, and for
single-pole circuit breakers, the applied voltage shall be at
least equal to the rated value.

- The power factor of the test circuit is standardized for
circuit breakers cosg = 0.15 and can be determined from
the time constant of the circuit or from the aperiodic com-
ponent of the short-circuit current [6], [7].

Il. SINGLE AND DOUBLE EARTH FAULT TESTS

A. Use Cases

In the laboratory, the single earth fault case consists of a
single-phase test of one side pole of the circuit-breaker to
interrupt the short-circuit current at rated value lsc under
the action of voltage U, /3.

The double earth fault situation occurs when the neutral
of the system is isolated or not firmly earthed by the sim-
ultaneous earthing of two different phases, one upstream
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and one downstream of the circuit-breaker, in the case of
the earthing of two phases, one on the load side and one
on the supply side, considered as a double earth fault.

Depending on the type of connection of the neutral of
the system in which the circuit-breaker is used, its operat-
ing mechanism and the short-circuit test scheme (single-
phase or three-phase) in the T100s sequence of the circuit-
breaker, additional single-phase short-circuit tests must be
carried out on the terminals according to Table 1.

The purpose of these tests is:

- to verify that the circuit-breaker is able to interrupt the
fault current on a single pole with the parameters set;
- to verify that the opening action of the operating mechanism

common to all poles is not affected by the high forces generated
by the single-phase short-circuit current at that pole [4], [5].

TABLE I.
TEST PARAMETERS

Single-pole or three-pole circuit breaker with common mechanism for
operating the poles

Grounded neutral network Resonant neutral grounding or
Kpp=1.00r 1.3 isolated neutral network
Kp=15

Single earth fault test Double earth fault test

The T100 test The T100 test is
is single-phase three-phase

Further tests are Further tests are performed:

No further performed: | TJO;BLYJ lsc
testing I = lsc nom - N
U =i,/3

B. The Test Sequence

The test sequence consists of a single opening operation.
The test should be carried out on the outer pole, which re-
sults in maximum stress on the actuating mechanism. The
arcing time for this sequence must not be shorter than the
value given by the relation: t; = £; ;50 + 0.7 T/2, where
ta 1002 IS

- The minimum arcing time for the breaking pole af-
ter three opening operations in sequence T100s (if T100s
is carried out in three-phase scheme);

- Minimum arcing time after a T100s sequence (if
T100s is carried out in single-phase schemes);

- T - duration of the current.

Single earth fault tests shall be carried out on one of
the side poles where the operating mechanism is subject-
ed to maximum stress, and double earth fault tests may be
carried out on either pole.

In the case of two tests in a single-phase scheme on a
three-pole circuit-breaker with a common operating
mechanism, they must be carried out on two different
poles in order to avoid stressing a single pole.

C. The Test Voltage

The test voltage must be equal to the rated voltage of the cir-

cuit-breaker for the double earth fault test and U7, /+/3for the
single earth fault test. The following TRV values shall be used:

a) for single earth fault:
e 2-parameter TRV:

Uy = LA (KV); tyqp =

VE

uf.‘l'
= (s

I3

); 1)
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e  4-parameter TRV:

V2 , _ ey
uyp = LA (WV); by = (us)i (2)
Ly
Upep = LA uygp (KV) f2gp = 3ty (ps): (3)
b) for double earth fault:
. 2-parameter TRV:
= W
Uegp = LAULVZ (V) by = (ns): (4)
Lz
e 4-parameter TRV:
Uy = LAUVZ (V)i by = (s)i (5)
Ly
ur.s_rl = .J-"l'uj.sp ':H’T]: t:sr.l = atlsp ':“5]' (6)

D. The Test Current (ls)

The test current (Isc) for the single-phase double earth
fault test according to IEC 62271-100 is 87% of the rated
short-circuit breaking capacity at the terminals. The DC
component of the interrupted current must not exceed
20% of the AC component [7], [8].

The test current for the single earth fault test is equal to
the rated breaking capacity of the circuit-breaker.

I11. SINGLE AND DOUBLE EARTH FAULTS IN POWER
PLANTS

In power plant substations where the connection be-
tween the generator and the associated step-up transformer
is made via generator busbars (IPB), three-phase faults
occur very rarely. The most probable faults are single-
phase phase-to-earth faults and phase opposition. Single
earthing faults in a system with a firmly earthed neutral
sometimes result in a secondary fault on another phase due
to the high transient voltages that occur with this type of fault.

A generator together with its step-up transformer forms
such a system: the neutral of the generator is normally
earthed by a high ohmic resistor or preferably by a Pe-
tersen coil, or generally by a high impedance (including
an insulated neutral), and the low voltage (LV) part of the
step-up transformer is normally connected in delta [5], [11].

Fig. 1. Synchronous generator - circuit breaker - step-up transformer -
high voltage circuit, double earthing on phases B and C.

W, W,, W

E" \T

Fig. 2. Two systems connected by a circuit-breaker, double earth fault
on phases B and C, current on the last pole interrupting the current.
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If both faults are located on the same side of the circuit-
breaker, we have a classic double earth fault with respect
to the circuit-breaker. Fault currents, the current flowing
through the circuit-breaker and the transient recovery
voltage are defined in technical standards.

However, the load on the circuit-breaker is different if
the earth faults are located on different parts of the circuit-
breaker. Assuming that the pole of the circuit-breaker on
the valid phase breaks last, it must interrupt a fault current
under the influence of a transient recovery voltage com-
posed of the voltage on the generator side plus the voltage
on the transformer side.

Theoretically, we have two three-phase voltage sources
(synchronous generator and high-voltage system) with
their own impedances connected to one phase and through
the earth fault to the other two (the streamlined diagram is
shown in Fig.1).

Current Through The Last Interrupting Pole

The analysed situation is shown in Fig. 2. It should be
noted that when poles A and B or A and C are closed, the
currents flowing through these poles are different, so that
interruption of phases B and C does not automatically
mean interruption of phase A.

In Fig. 2, a W system (synchronous generator) is defined
on the left and a Z system (high-voltage step-up transform-
er) on the right. Both systems are characterized by complex
impedances in symmetrical components (the short-circuit
impedances), in the following referred to as W1, W, Wo or
71, Zy, Zo and the voltages Ew and Ez.

It is assumed that the earth faults are on phase B on the
W side and on phase C on the Z side, and that the B and C
poles of the circuit-breaker are already open. The last
phase to interrupt the current is therefore phase A.

The following conditions were defined:
Tya = =Iza
Iy =Izz =
Upa = Uza:
Uy = Uz = 0.
Given a = ¢/ anda® = ¢~/*2%", the sequence of currents
is:
Iwitlwztlwo=-1z1-1z2-1z0;
alwi+alwz+lwo=0;
a2lz1+alzot+20=0;
and the sequence of voltages:
Uwit+UwztUwo=Uz1+Uz+Uzo;
a’UwitaUwz+Uwo=0;

aU21+aZUzz+Uzo:0.
The relationship between the voltage sequence and the
current sequence is given by the following equations:

Uwi=Ew-Wilws;
Uwz=-Walwz;
Uwo=-Wolwo;
Uzn=Ez-Zilz;

Uz=-Z>lz;
Uzo=-Zolz0.
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The system of equations can be solved by substitution
and gives the values of the current and voltage sequences
as functions of Ew, Ez, and impedances. Retransforming to
phase values gives the general expression of the current
through the last interrupting pole [9], [10], [12].

(L-—ai[EA W, + I, + ] [_ Z

AT A A AT T

Iya = i :

= Lo} + Exl it S+ ) (W5 — WL

WL} + (W, + WS+ W f:_'_' + Z 8y + £ Zq)
@)

For simplicity, the following assumptions are made:

- all impedances are predominantly inductive and have
the same angle (same X/R ratio);

- positive and negative sequence impedances are equal;

- the absolute values for Ew and Ez are equal
(Ew=EZ");

- a realistic hypothesis for the configuration in Fig. 1
is that Wo=Z¢— 0.

Thus, we can define the simplified equation for the
current in phase A:

; a—1E +a°E, a—1E/(l+e/'?-1207
wAT 2 W, +zZ, = 2 W, +Z,
YE]
heal = 5 |m|| L+eiemsm)]
B|_E IF(@)l 8
=7l +z,1F @ @)
' o)

Fig. 3. Graph of F(¢) function for Wy=Z,— and Ew=Ee".

Figure 3 shows F(¢) as a function of angle ¢. Note
that for =0°, the generator is operating at no load. For the
maximum of 2, the angle is 120°.

In power plants, the range of Z; is between 0.5 W and
1Wi. The phase A current on the lwa supply side has the
highest value when Z;=0,5W;. In this situation, equation
(8) is simplified:

I F il 9
||_|“.|_| 11-" | ':';.Pl {:I

Ez/W; is the synchronous generator short-circuit cur-
rent.

Thus, under normal operating conditions (0°<@<30°),
the current on phase A remains below the generator short-
circuit current. In summary, this value is exceeded only

under phase shift conditions (by a factor of E =115 atan
angle of 120°).

IV. EXPECTED RESULTS

Using assisted simulation, predicted values were ob-
tained for the single and double earth fault tests.

Figure 4 shows the circuit to obtain the expected values:
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Fig. 4. The circuit used for the test simulation.

In the figure above, a single-phase test circuit is consid-
ered, consisting of two equivalent sources located on each
side of the circuit breaker, denoted by G.

The elements denoted by X represent the equivalent re-
actances used for modeling the source-side networks.

The blocks marked 1 represent equivalent combinations
of capacitors and resistors used to model the transient re-
covery voltage circuit.

To obtain the required values for the circuit breaker, the
following values have been entered for the circuit elements:

- for a single earth fault: source voltage 9.7 kV with a
current of 35 kA, 285 mQ reactance, 2.14 transformer
ratio, and to model the transient recovery voltage, a capac-
itance of 0.25 uF with a resistance of 50 Q;

- for the double earth fault, the same assumed circuit
was used, but the source voltage value was changed to 11.2
kV and 44 kA.

20000

10000
e
. )
0 9 02 03 04 o5
= 10000
20000
~30000

Fig. 5. The shape of the current obtained from the simulation.
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Fig. 6. The shape of the voltage obtained from the simulation.

Numerical simulations (fig.5 and fig. 6) were per-
formed using the dedicated Micro-Cap software to obtain
the predicted values for the single and double earth fault
tests.

For the sake of simplicity, the arcing time of the circuit
breaker was ignored and an opening operation of the
switchgear was performed. A peak current of 31 kA was
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obtained, with an rms value of 14 kA and a voltage of 34
kV for the double earth fault test.

This provides the peak current value required by the test
standards.
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Fig. 7. Transient recovery voltage.

Because the impedance of transformers is generally
higher than that of generators, the TRV value is signifi-
cantly higher. So t;= 60 ps, and Uc= 28 kV. The TRV val-
ues are also required by IEC 62271-100 depending on the
rated voltage of the circuit breaker. Figure 7 shows the
assumed value for a 12 kV circuit breaker.

V. EXPERIMENTAL RESULTS

A 36 kV, 630 A, 16 kA, 630 A vacuum circuit
breaker was used for single and double earth fault
tests. The parameters of the single earth fault test
were: U=36 kV/V3kV =209 kV, I = 16kA (rated
breaking capacity),

2

. nV = . . Hesp
Uesp = LA == = 61.4 (KV)i by 5p = —-= 109 (us):
v ) —=<

ta

The test circuit may be similar to that shown in Fig. 8,
depending on laboratory capacity:

Fig. 8. Test circuit for testing phase opposition using two voltages phase-
shifted by 120 electrical degrees ((1) - combinations of capacitors and
resistors for TRV modelling).

A single-phase test with a Y, connection generator
source was selected:

X
—

OF o] e

Fig. 9. The circuit used for experimental testing.
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The circuit in Fig. 9 is grounded, and the oscillation
factor k used in the transient recovery voltage calcula-
tions is 1.4. The test sequence consists of a single open-
ing operation of the circuit-breaker, the test being per-
formed on a side pole, thus placing maximum stress on
the operating mechanism.

Prior to the single and double earth fault tests, the
T100s test was performed to determine the minimum
arcing time. This was wused in the equation
to = Egp0e +0.7T/2) and by adjusting the opening
command of the device in relation to the current zero
crossing, the maximum arcing time value is obtained.

Figure 10 shows the oscillogram for the single earth
fault test. During the test, the following parameters were
recorded: circuit breaker control current (Ic_lo), recovery
voltage (U), transient recovery voltage, short-circuit cur-
rent (), reference source voltage (Ug), contact stroke on
the stroke sensor, time base (5).
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....... 7. 1000 ms/dv S320ms

Fig. 10. Oscillogram obtained during the single earth fault test.

Values obtained: peak current value 34 kA; rms current
value 16.1 kA; rms voltage value 36,43 kV.

Fig. 11. Oscillogram obtained during the single earth fault test - details.

Figure 11 shows the same oscillogram, but zoomed in
on the current sine wave to show the value of the 10.8 ms
arc time.
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Fig. 12. Oscillogram obtained during the double earth fault test.

Fig. 13. Oscillogram obtained during the double earth fault test — details.

In the double earth fault test, a current of 30.7 kA peak,
14.1 kKA rms and a voltage of 22.7 kV were obtained. Cap-
tion of the oscillogram: IC_IO shows the control current
through the circuit-breaker's closing or opening coil, rec-
orded by means of a shunt; s - the curve of the motion sen-
sor of the circuit-breaker's moving contacts.

To measure the arcing time, the level previously meas-
ured on the motion sensor at the moment of contact separa-
tion during no-load operation and at the moment of arc
extinction (current passing through zero) and recovery of
the industrial frequency voltage are taken into account. In
this experiment, an arcing time value of 10.7 ms was ob-
tained. The time measured between the occurrence of the
opening command and the moment of contact separation is
44.7 ms, resulting in a total current interruption time of
55.4 ms.

VI. CONCLUSIONS

This article presents the most unfavourable situations
encountered in the operation of circuit-breakers in the
case of single and double earth faults. The case
encountered in substations where the connection between
the generator and the associated step-up transformer is
made through generator bus bars (IPB) is studied and the
current equation for the side interrupting pole is
expressed.

The test results confirm the predicted values for
voltage, current and transient recovery voltage.

The worst case is a double earth fault under phase op-
position conditions. Further tests will be carried out to
verify this, but it is estimated that under normal operating
conditions (0°<@<30°) the current at the last breaking
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pole should not exceed the short-circuit current of the
generator.

Tests will be carried out on the test circuit shown in

Figure 8 and it is expected that the magnitude will in-
crease under phase opposition conditions (by a factor of

2/v3 atan angle of 120°).
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