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ABSTRACT In the neutral ungrounded distribution network, the removal of permanent single-line-to-
ground (SLG) fault easily leads to saturation of the electromagnetic voltage transformers (PT), which may
cause ferroresonance overvoltage and PT failure. This paper analyzes the zero-sequence voltage after the
removal of the SLG fault and reveals the mechanism of ferroresonance excited by the removal of the
SLG fault. Then, the total power and transient energy of the zero-sequence circuit under the SLG fault
are analyzed. It is deduced that the energy reaches the minimum value at the zero-cross point (ZCP) of the
neutral voltage. Based on this, a permanent SLG fault removal method to avoid ferroresonance is proposed,
which uses the ZCP point as the fault removal instant. Simulations in ATP-EMTP show that the proposed
method can effectively avoid ferroresonance on subharmonic mode. It can also enhance the ferroresonance
suppression performance of the ferroresonance suppression resistor in the fundamental-frequency and

high-frequency conditions.

INDEX TERMS Distribution network, permanent single-line-to-ground fault, ferroresonance avoidance,

fault removal instant.

I. INTRODUCTION

Ferroresonance often occurs between the electromagnetic
voltage transformer (PT) and distributed phase-to-ground
capacitances in neutral ungrounded distribution network as
power system disturbances happen [1]. The overvoltage
caused by the ferroresonance not only endangers the
insulation of power supply equipment, but also generates
continuous over-current which burns out the power supply
apparatus, resulting in serious power failure.

Many factors could excite ferroresonance, such as three-
phase breakers asynchronously switch-on [2], removal of
the single-line-to-ground (SLG) fault [3] or sharply load
change [4]. Under these conditions, the zero-sequence
voltage increases and may result in saturation of PT excitation
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inductance. The saturated inductance is smaller than the
inductance in normal (unsaturated) state, which forms a
parameter matching the phase-to-ground capacitances at
typical frequencies. In the ferroresonance excitation factors,
the removal of SLG fault happens frequently [5]-[7]. During
the SLG fault, the sound phase voltages increase, and large
amount of energy is stored in the phase-to-ground storage
elements. When the SLG fault is removed, the energy can
only be released through the zero-sequence circuit path which
is slightly damped. If the energy is large enough, the current
of PT excitation inductance will be larger than the linear
current threshold, resulting in saturation and consequently
ferroresonance [8]-[10].

Various modes of ferroresonance are identified based
on the associated waveforms and classified into funda-
mental, subharmonic, quasi-periodic, and chaotic modes
[11], [12]. The type of ferroresonance is closely related to the
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FIGURE 1. Simplified circuit of the ungrounded distribution network
when the SLG fault happens.

phase-to-ground capacitance. With the increase of the phase-
to-ground capacitance, the frequency of ferroresonance
decreases [13], [14].

The passive and active methods are presented to suppress
the ferroresonance. The passive methods include broadening
the linear range of PT excitation inductance, adopting
4PT method and increasing the system capacitance to the
ground [15]. To prevent the occurrence of ferromagnetic
resonance, the system parameters can be kept away from
the resonance condition by changing the system parameters.
The active methods include connecting linear or nonlinear
resistors in open delta winding of PT, grounding the neutral
point of the primary side of PT through large resistance,
grounding the neutral point of the system through resistance,
etc., which can effectively suppress ferroresonance [16], [17].

In these literatures, the ferroresonance suppression mea-
sures have been widely investigated, however, the avoid-
ance of ferroresonance after the SLG fault has not been
researched. This paper firstly analyzes the ferroresonance
mechanism of the neutral ungrounded network after the SLG
fault. The theoretical analysis shows that the occurrence
of ferroresonance is closely related to the system energy
represented by the initial values of inductance current and
capacitance voltage at the time of fault removal. It is
then revealed that the system energy reaches the minimum
value when the zero-sequence voltage is zero. This paper
then proposes a permanent SLG fault removal method
to avoid ferroresonance and the implementation flowchart
is presented. Simulation results show that the proposed
method can effectively avoid ferroresonance in subharmonic
mode, and enhance the performance of the ferroresonance
suppression resistor in fundamental-frequency and high-
frequency conditions.

Il. MECHANISM OF FERRORESONANCE EXCITED BY THE
REMOVAL OF SLG FAULT

To analyze the ferroresonance brought about by the removal
of the SLG fault, a simplified circuit diagram of an
ungrounded distribution network is established as shown in
Fig. 1. The distributed phase-to-ground capacitances are Cy
(X = A, B, or C). It is assumed the three-phase capacitances
are balanced, i.e., Cx = C. Compared with the PT excitation

VOLUME 10, 2022

inductance, the line impedance and PT leakage inductance
are smaller, which can be ignored. To create the worst-
case scenario, the damping factors are all ignored, i.e.,
the distributed leakage resistance of the feeder line and
the PT leakage resistance can be both ignored. Therefore, the
electromagnetic PT is simplified to the excitation inductance.
The there-phase inductances are assumed to be balanced
when in the unsaturated state, i.e., Ly = L. A bolted and
permanent SLG fault is set to occur at phase C.

During the SLG fault, the phase-to-ground voltage of
phase C ucg becomes zero. Those of phase A and phase B
(upg and ugg) increase to line-to-line voltages. Current
standards require that the inflection voltage of the PT is larger
than the line voltage (>1.9Up/4/3 in China, where Uy, is
the nominal line voltage). It means the phase voltage of the
PT does not exceed the inflection voltage during the SLG
fault and thus the excitation inductance can be considered
linear. In a very short time after the fault is removed, the
PT inductance voltage gradually approaches the inflection
voltage, and the excitation inductance changes from the linear
region to the saturation region. Thus, the states of the PT after
the removal of the faulty line can be divided into two stages,
i.e., the unsaturated stage and the saturated one, following
the timed sequence. Thus, the excitation inductances of the
sound phases are unsaturated during the fault. After the fault
is removed by disconnecting the fault feeder breaker, the
energy of the storage elements in the sound phases transfers
between the phase-to-ground capacitances and the excitation
inductances. This may push the inductances into the saturated
region and cause ferroresonance. The inductance voltages can
be used as an indicator of ferroresonance. If the voltages
exceed the PT inflection voltage threshold, the inductance
enters the saturated region and ferroresonance happens.
Therefore, in the first stage, i.e., between the SLG fault
removal and the ferroresonance occurrence, the excitation
inductances are still in the unsaturated region and the circuit
is thus linear and the analysis methods for linear system can
be used. The following analysis mainly focuses on the linear
stage.

A. LINEAR STAGE ANALYSIS AFTER SLG FAULT REMOVAL
From the circuit theory, the circuit in the linear stage can be
divided into two kinds of circuits, i.e., the zero-state response
circuit and the zero-input response circuit. In the zero-state
response circuit, the initial voltages of the phase-to-ground
capacitances uxgio and the initial currents of PT excitation
inductances iy x ¢ are all zero and the three-phase parameters
are balanced as shown in Fig. 2. As both the power supply
and storage elements are balanced, the neutral voltage in the
zero-state response circuit is zero, i.e., ung] = O.

The zero-input response circuit is shown in Fig. 3. The
initial capacitance voltages and inductance currents in the
sound phases, uxg2o and iLx20, which depend on the fault
removal instant, are no longer zero. At the instant of fault
removal, the capacitance voltage and inductance current on
the fault phase are zero, i.e., ucgzo = 0 and iLco9 = 0. The
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FIGURE 2. Zero-state response circuit after the removal of SLG fault.
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FIGURE 3. Zero-input response circuit after the removal of SLG fault.
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FIGURE 4. Laplace transformation of zero-input circuit.

zero-input response circuit can be simplified to Fig. 4 by the
Laplace transform, where Cxy = 3C and Ly = L/3. From
Fig. 4, the neutral voltage equation can be obtained as

iLA20 + iLB20

3
(BsC + S_L)UNGZ = C(uaG20 + UBG20) — .

ey

Based on the inverse Laplace transformation, the zero-
input neutral voltage in the time domain can be expressed as

1 . . .
UNG2 = 5\/ (uaG20 + uBG20)? + @ZL*(ir.A20 + iLB20)? Sin
X(U)rt—(ﬁ‘f'ﬂ)y (2)

UAG20+UBG20
9wy L(ir.A20+1LB20) *
Therefore, from the superposition theorem, in the linear

period after the SLG fault removal, the neutral voltage equals

where w; = 1/(LC)Y/? and ¢ = arctan
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FIGURE 5. The simplified SLG fault circuit for initial value calculation.

to the sum of its values in the zero-state response and the zero-
input response, i.e., UNG = UNGI + UNG2 = UNG2-

B. INITIAL VALUE CALCULATION FROM THE SLG FAULT
CIRCUIT

The initial values of the capacitance voltages and inductance
currents can be obtained by the SLG fault circuit, shown
in Fig. 5. The phase angle of ua is set to be zero and the
amplitude of nominal phase voltage is denoted by Uy,. The
phase-to-ground voltages of the sound phases at the fault
removal instant (¢ = fy) can be expressed as

. T
UAGO = «/gUm sin(wptg — E)

3)
uGo = /3 Un sin(wnto — %),

where wy, is the fundamental angular frequency. Assume that
the fault circuit has reached the steady state, then the sum
of the excitation inductor currents of the sound phases at the
fault removal instant can be obtained from (3).

m

. ) . 5w ) )
iLAO + ILBO = sin(wnty — ?) =iLa20 +iLB20  (4)

Wn
The sum of the capacitance voltages of the sound phases
can also be obtained from (3).

. T
uaGo + upGo = 3Un sin(wyty — 5) =uaG20 + uco (5)

Combined (2), (4) and (5), the amplitude of the neutral
voltage ung in (2) can be expressed as

Un

[lunG2!| 7
= |lunall, (6)

where k is the ratio of the phase-to-ground capacitive

reactance to the PT inductive reactance, i.e., k = ZILC'
wn

2
k+1+k — 1) cosQanty — ?”)

C. CONSISTENCY TO THE EXPERIMENTAL CONCLUSION

Fig. 6 is the 3D diagram of standardized voltage ||ung||*
by the nominal phase voltage amplitude concerning the
fault removal instant #) and the ratio k, i.e., |lungl|* =
|[lung||/Un. It can be seen that when k is fixed,
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FIGURE 6. Diagrams of ||uyg||* with the change of t, and k.
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FIGURE 7. Diagrams of ||uyg||* with the change of k and 6.

[lung||* changes periodically with #y. When fy is fixed,
||lung||* monotonously increases with the increase of k.

The phase angle of the neutral voltage at the fault removal
pointis denoted by 8, which equals 2wntg—27/3. Fig. 7 shows
the waveform of ||ung||* changing with k when 0 is 0, —n /4,
—m/3 and £7/2, respectively. It can be seen that when 6 is
fixed, with the increase of k, the neutral voltage amplitude
[lung||* also increases. It is consistent with the experimental
characteristics of ferroresonance that as k increases, the
resonance frequency w, gets higher and the amplitude of the
neutral voltage ung also gets higher, and thus ferroresonance
is easier to be excited [18]. Fig. 7 also shows that the fault
removal phase angle affects the amplitude of zero-sequence
voltage. When the resonance frequency is low, i.e., k is large,
the amplitude of ung reaches its minimum as 6 = =+x/2.
Nevertheless, when the resonance frequency is high, i.e., k is
small, the amplitude of ung reaches its minimum as 6 = 0.

As the excitation inductance voltage is the sum of phase-
to-neutral voltage and the zero-sequence voltage, proper
selection of the fault removal phase angle can help reduce the
excitation inductor voltage, and thus avoid ferroresonance.

Ill. FAULT REMOVAL INSTANT TO AVOID
FERRORESONANCE

The fault removal instant to avoid zero-sequence overvoltage
and ferroresonance can be derived from analysis of the circuit
in Fig. 1. The initial phase angle of the ua is set to zero.
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According to the relationship of the three-phase voltages,
we get

up = Up, sin wyt

. 2r
ug = Um Sln(C()nt - ?) (7)

. 2
uc = Up sin(wpt + ?)

During the SLG fault, the line-to-ground voltages of phase
A and B, uag, upg, can be expressed as

UAG = /3Us Sin(wnt — %)
®)
upG = ~/3Up, sin(wyt — %)

It is assumed that the PT excitation inductances on the
sound phases are not saturated at the SLG fault instant.
iraf and i gs denote the PT excitation inductance currents
on phase A and B at the SLG fault instant, respectively.
The excitation inductance currents during the fault can be
expressed as

ﬁU T
LA = — = cos(wnt — —) + iLAf
wnL 6 ©)
. \/§Um s .
ILB = — cos(wn? — =) + ILBf
Wn 2

It can be seen from (9) that the inductance currents contain
dc component related to the initial currents at the SLG fault
instant.

During the SLG fault, the capacitance currents on the
sound phases can be expressed as

duag

1 = \/ga)nCUm cos(wnt — %)
! (10)

d
L;?G = /3wy CUpy, coS(wnt — %)

As the 10 kV windings of the power supply transformer
and the load transformer are both in delta connection,
there is no zero-sequence path from the primary side of
the power supply to the secondary side of the load. The
energy in the distributed line-to-ground capacitances and the
PT excitation inductances of the sound phases exchanges
between themselves. The instantaneous power p and total
energy w of these storage elements can be expressed as

icn=C

icg =C

PA = uac(LA + ica)
pB = uG(iLB + icB) (11)
w=[o (pa + pB)dt +w(0)

From (8) to (11), it can be obtained that

PA = \/gUm sin(wpt — %)[x/gUm(a)nC

) cos(wnt — %) + il (12)

Wn

pB = ~/3Un sin(wnt — %)[ﬁUm(wnc

1 T .
oL ) cos(wnt — E) + iLBf] (13)
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The total power py~ of the energy storage elements can be
expressed as

ysinQent — 22
1n —_ —
wnL SIS 3

T
+ /3Uniraf sin(wnt — 5

3
Py, =pa+pB = EUnzq(wnC -

T
+ V/3UniLps sin(wnt — ) (14)

The energy w of the energy storage elements can be
expressed as

_ 1 2 2 2 2
w = E(CMAG + CMBG + LlLA + LlLB) (15)
Combining (8), (9) and (15), we get

3U2 1 T 3U2 1
= —(C — ——)cosQunt + =) + —2(C + ——
w 2 ( ng)COS( wn +3)+ > ( +w%L)
V3Un
n

Lo .
+ 5 Ear+ i) (16)

. T . T
[iLaf cos(wnt — E) + i Bf cos(wnt — 5)]

The first term in (16) is a double frequency component,
corresponding to the steady state ac component of the total
energy. The second term is constant, corresponding to its
steady-state dc component. The rest term relates to the initial
value of the excitation inductance currents, corresponding
to the transient part of the total energy. The transient part
of the total energy will decrease to zero if we consider the
loss of the equivalent resistances of the zero-sequence circuit.
Therefore, when the SLG fault occurs, after a brief transition
process, the total energy of the system will be double
frequency periodic with dc bias. Therefore, the minimum
point of the system energy can be found, which can be used
to avoid ferroresonance.

According to the transient process analysis above, the dc
component of the excitation inductance currents generated
by the fault disturbance decreases to zero after some time.
Then, the system reaches the steady state, and the following
expressions exist

V3Un

LA = — cos(wnpt — z)
@n 6 (17)
) \/§Um cos(wnt 71)
iiB=— wpt — —
LB wnL n )

The expression of the total power of the system in steady
state can be obtained from (8), (10) and (17),

= 2 02(@nC = ) sinCont — 25y (18)
L N
From the relationship between the power and energy, when
the total power of the system changes from negative to
positive, the total energy of the storage elements reaches
the minimum value. The time instant corresponding to the

minimum can be expressed as
1+ 3nmrm

wmin —
3wy

(19)
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FIGURE 8. Comparison diagram of system energy and removal time.

where n is a natural number. The neutral voltage during the
fault can be expressed as

unG = Upy sin(wyt — %) (20)

Combined (19) and (20), the neutral voltage at the time of
twmin can be obtained

uUNG(twmin) = 0 2D

It can be seen from (21) that the total energy of the system
reaches the minimum value when the neutral voltage crosses
zero. Fig. 8 is a typical simulation waveform showing the
relationship between the neutral voltage and the total energy
after the SLG fault. It can be seen clearly that the zero-cross
point of the neutral voltage corresponds to the minimum of
the total energy and the neutral voltage amplitude.

For the storage elements, the excitation inductance and
the phase-to-ground capacitance, their energies correspond to
their state variables, voltage for capacitance and current for
inductance. Therefore, great energy means large initial value
of the state variable, which means the inductance voltage
reaches the inflection point of its excitation characteristics
quickly. Then, the ferroresonance is easy to happen. That
is to say, the total energy of the system is an important
factor to excite ferroresonance. Removing the fault at
the minimum energy instant ensures that the least energy
exchange between the storage elements avoids overvoltage
and overcurrent in the excitation inductances. Therefore,
removing the SLG fault at the zero-cross point of the neutral
voltage can effectively avoid ferroresonance or help suppress
ferroresonance.

IV. IMPLEMENTATION

According to the relationship between the neutral voltage
and the total energy of the system, this paper proposes a
processing method for the permanent SLG fault for neutral
ungrounded distribution network. It reduces the probability
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FIGURE 9. Flowchart permanent SLG fault removal.

of ferroresonance by cutting off the fault line at zero-cross
point of the neutral voltage. The flowchart of permanent SLG
fault removal is shown in Fig. 9.

Firstly, the neutral voltage and the three-phase voltages
are measured. Secondly, the comparison between the neutral
voltage and the voltage threshold of 15% of the rated
phase voltage is used to determine whether the SLG fault
happens [19], [20]. Then, according to the requirements of
distribution network technical guidelines, 1 min delay is set
to avoid the transient of the SLG fault, and it is assured after
the delay the system enters the steady state. If the amplitude
of ung is still higher than the SLG fault voltage threshold,
the permanent SLG fault will be judged to happen. Then,
the selection of the fault feeder is carried out to determine
which feeder is at fault. Finally, zero-cross point of the neutral
voltage is detected, and the fault feeder is cut off at the
detected zero-cross point.

A practical issue is about how to ensure the right phase
angle of the faulty line disconnecting as the opening time
of the circuit breaker is not fixed. The proposed method
for ferroresonance avoidance can be implemented with the
assistance of the circuit breaker with short arcing time, e.g.,
the fast vacuum circuit breaker (FVCB). The typical arcing
time of the FVCB is less than 5 ms [21]. As the inherent
opening time is fixed and the opening time of the FVCB is
the addition of the inherent opening time and the arcing time,
the FVCB can be used to cut off the faulty line at the instant
around the zero-cross point of the neutral voltage.

V. SIMULATION VERIFICATION

The simulation model of the 10 kV neutral ungrounded
distribution network is built in ATP-EMTP. The single-phase
topology of the model is shown in Fig. 10. There are three
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TABLE 1. JDZJ-10 PT technical parameters.

Type Nominal Voltage Ratio Secondary Load /VA
JDZJ-10 10~3: 0.143: 0.1/3 40

TABLE 2. Excitation characteristic parameters of JDZJ-10 PT.

Group 1 2 3 4 5
I/mA 1.64 3.14 16.11 64.67 191.28
Y/Wb 14.51 25.71 41.42 59.63 66.36

10 kV feeder lines from the busbar and the length of each
feeder is assumed to be equal. The fundamental frequency of
the system is 50 Hz. The capacitance-to-ground per kilometer
is 0.05 uF/km. Each load resistance is 0.5 ohm per phase, and
it corresponds to a total power of 290 kW. The PT model is
JDZJ-10, its technical parameters are shown in Tab. 1 and its
excitation characteristics are shown in Tab. 2 and Fig. 11.

In the simulation, the SLG fault is set at O s with a
ground-fault resistance of 0.1 2. The fault is removed at the
zero-cross point of neutral voltage (hereinafter referred to as
ZCP) or the maximum point of neutral voltage (hereinafter
referred to as MP). In the present research, the type of
ferroresonance can be judged according to the frequency
spectrum of neutral voltage when ferroresonance occurs [22].

A. SUB-HARMONIC RESONANCE CONDITION
Assume that the total length of the feeder lines is 60 km, and
the capacitance-to-ground is 3 uF. Fig. 12a to Fig. 12¢ show
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FIGURE 12. Voltage waveforms when total line length is 60 km and the fault line is cut off at the MP and ZCP.

the waveforms of the line-to-ground and neutral voltages
when the fault is removed at + = 0.048 s (MP). It can
be seen from Fig. 12a that the line-to-ground voltages
fluctuate periodically, and their amplitudes all increase after
the cutting-off. Obvious and continuous ferroresonance can
be observed. The waveform of ung in Fig. 12b shows
an 8.1 kV overvoltage and the spectrum of ung after the
cutting-off shows a 7.5 kV harmonic component with the
frequency of 30 Hz, which indicates that a subharmonic
resonance happens. Nevertheless, the three line-to-ground
voltages in Fig. 12d show that the voltages change to be
balanced and in their nominal values after the cutting-off
happens at the ZCP. Considering the line unbalance under
the condition of frequency division resonance, the unbalance
ratio is 3%, and the relative ground capacitance of phase A
is 3.2 uF, that of phase B is 2.8 uF, and that of phase C
is 3 uF. After modifying the relative ground capacitance, the
single-phase grounding fault is removed at the ZCP, and the
three-phase voltage waveform is shown in Fig. 12e. It can be
seen from the figure that the removal of the fault at the ZCP
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under the imbalance condition also avoids the occurrence of
ferroresonance.

B. FUNDAMENTAL-FREQUENCY AND HIGH-FREQUENCY
RESONANCE CONDITIONS WITHOUT SUPPRESSION
MEASURES

When the excitation inductance drops greatly, the dc compo-
nent in the total energy is too large due to the small excitation
inductance. Cutting off the fault feeder at the ZCP, i.e., the
minimum instant of the energy is not sufficient to avoid the
resonance. Assume that the total length of the feeder lines
is 10 km, and the capacitance-to-ground is 0.5 pF. From
the line-to-ground voltages and neutral voltage waveforms
in Fig. 13a and Fig. 13b, it can be observed that a 24.5 kV
overvoltage (close to 3 p.u.) in line-to-ground voltages and
15 kV overvoltage (close to 1.9 p.u.) in neutral voltage
occur after the fault line is cut off at the MP. The neutral
voltage spectrum shows a 14.8 kV harmonic component at
the fundamental frequency, which indicates the fundamental
resonance.

VOLUME 10, 2022
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FIGURE 13. Voltage waveforms when total line length is 10 km and the
fault line is cut off at the MP and ZCP without ferroresonance
suppression measure.

Assume that the total length of the feeder lines is 3 km,
and the capacitance-to-ground is 0.15 uF. Fig. 14 shows
the waveforms when the SLG fault is cut off at the MP.
Overvoltage of more than 6 p.u. in the line-to-ground voltages
and 5 p.u. in the neutral voltage can be observed from Fig. 14a
and Fig. 14b. The spectrum of the neutral voltage after the
fault feeder is cut off shows a 32.5 kV at 100 Hz, which
clearly indicate a high-frequency resonance.

C. FUNDAMENTAL-FREQUENCY AND HIGH-FREQUENCY
RESONANCE CONDITIONS WITH SUPPRESSION
MEASURES

From the above simulation and analysis, it can be seen
that high overvoltage occurs when the fault feeder line
is cut off at the MP without ferroresonance suppression
measures. The proposed method can co-ordinate with the
measure and help to achieve fast ferroresonance suppression.
In the following analysis, a 20 k€2 ferroresonance suppression
resistance (FSR) is added between the primary-side neutral
point of the PT and the ground.
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FIGURE 14. Voltage waveforms when total line length is 3 km and the
fault line is cut off at the MP and ZCP without ferroresonance
suppression measure.

The simulation waveforms under fundamental-frequency
ferroresonance condition are shown in Fig. 15. The SLG
fault on phase C is set at the beginning of simulation. The
fault is firstly removed at the MP or the ZCP, both without
ferroresonance suppression resistor. It can be seen from
Fig. 15 that fundamental-frequency ferroresonance happens
whenever the fault feeder is cut off. The fault is set on phase
C again at ¢t = 0.24 s and meanwhile the suppression resistor
is connected. Then, the fault is removed at the MP and ZCP
again. It can be seen clearly that if the fault is removed
at the MP, transient overvoltage still exists which is higher
than the magnitude of nominal phase voltage. The transient
process is relatively long and lasts for more than two power
supply periods. However, if the fault is removed at the ZCP,
the voltage of each phase immediately reaches steady state
without overvoltage and visible transient process.

The same simulation was conducted for the high-frequency
ferroresonance condition, as shown in Fig. 16.

Without the ferroresonance suppression resistor, the reso-
nance happens whenever the fault is removed at the MP or
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high-frequency resonance condition.

the ZCP. Over 50 kV overvoltage can be observed during
the resonance in both conditions. With the suppression
resistor, both the two fault removal points are effective for
ferroresonance avoidance. However, the transient process of
the line-to-ground voltages for the MP are relatively longer
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TABLE 3. Comparative simulation results.

Peak Peak Peak Peak
neutral neutral neutral neutral
Phase Resonan  voltage voltage voltage voltage
Cap. -ce at MP at ZCP at MP at ZCP
(uF) frequen- removal rel.noval rem.oval rempval
cy (Hz) without without with with
FSR FSR FSR FSR
(p.u) (p.u) (p.u) (p-u)
3 30 1 0.1 1.03 0.01
0.5 50 1.9 - 1.05 0.18
0.15 100 5 - 1.13 0.25

TABLE 4. PT excitation characteristic.

Secondary
applied 15 289 462 577 693 1097
voltage(V)
Excitation 002 004 006 007 008 0.2
current(A)

than that for the ZCP. As the latter shows almost no transient
process and no overvoltage in the three-phase voltages, which
is better for the safety of the power supply apparatus.

The comparative and conclusive simulation results are
shown in Tab. 3. It can be observed that the proposed method
has better neutral voltage avoidance performance in the
subharmonic ferroresonance condition than the MP removal
one. With the FSR, the proposed method reaches better
neutral voltage suppression performance than its counterpart.
The simulation results are consistent with the theoretical
analysis.

VI. EXPERIMENTAL VERIFICATION

In order to verify the ferromagnetic resonance suppression
effect of SLG fault removal at the ZCP of the neutral
voltage described in this paper, a 10 kV distribution network
experimental is carried out in the laboratory. The line voltage
of the three-phase power supply in the experiment is 10 kV
and the power frequency is 50 Hz. The line-to-ground
capacitance is emulated with a 0.65 uF lumped capacitor
on each phase. The model of electromagnetic voltage
transformer is JDZX10-10A, and its excitation characteristics
are shown in Tab. 4.

The main wiring diagram of the experimental system
is shown in Fig. 17. In this experiment, the SLG fault
is removed at different times to verify the ferroresonance
suppression effect. The excitation condition of ferromagnetic
resonance is the SLG fault removal. The experiment is
divided into two parts. The first part verifies the effect of
SLG fault removal on ferromagnetic resonance at the non-
ZCP of the neutral voltage. The second part verifies the
suppression effect of removing SLG fault when the neutral
voltage is cut off at ZCP. In the experiment, k1 is closed
first. After the normal operation of the distribution network,
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FIGURE 19. Waveform diagram of the experiment of removing SLG fault
at ZCP.

the switch k2 is closed to form a C-phase metallic ground
fault. A delay relay is used to disconnect k2 after certain
time. From the waveforms of the phase-to-ground voltages
and neutral voltage in the experiment, the influence of the
SLG fault removal time on the ferromagnetic resonance
can be observed. The experimental waveforms are shown in
Fig. 18 and Fig. 19.

Fig. 18 is the experimental waveforms of the SLG fault
removal at the non-ZCP of the neutral voltage. It can be seen
that the instantaneous value of the neutral voltage at the time
of removal of the SLG fault (7g) is 1680 V. After the SLG
fault is removed, a continuous subharmonic ferroresonance
is excited. Fig. 19 is the experimental waveforms of the SLG
fault removal at the lowest energy point, i.e., the ZCP of the
neutral voltage. The instantaneous value of the neutral voltage
at the moment of removal of the SLG fault (¢1) is 100 V,
which is very small, thus the moment can be treated as the
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zero-cross point of the neutral voltage. After the SLG fault
is removed, the phase-to-ground voltages and neutral voltage
are stabilized in a short time, and the ferromagnetic resonance
is not excited. It can be seen that the removal of the SLG
fault at the ZCP of the neutral voltage proposed in this paper
can effectively avoid the occurrence of the ferromagnetic
resonance.

VIl. CONCLUSION

This paper has analyzed the influence of removal time of per-
manent SLG fault on ferroresonance in a neutral ungrounded
distribution network and proposed a processing method of
permanent SLG fault for ferroresonance avoidance. The
contribution of this paper can be concluded as follows.

1) The zero-cross point corresponds to the minimum
of the system energy, which closely relates to the
occurrence and level of the ferroresonance.

2) The proposed method is effective for avoiding
subharmonic resonance. When working with the
ferroresonance suppression resistor, it is effective
for suppressing the fundamental-frequency and high-
frequency ferroresonance.

The proposed method can be implemented by the voltage-
source converter based active arc suppression device which
has fast response for the current instruction tracking. Further
work focuses on the ferroresonance avoidance method for
distribution networks with the resonance grounding method.
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