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Abstract: Single-phase ground faults frequently occur at the generator stator windings. To realize
reliable arc suppression, a dual-frequency active arc-suppression strategy has been widely considered.
However, the existing method needs an inverter with large capacity, which is large in volume and
high in cost, causing limited engineering application prospects. To reduce the capacity, a novel hybrid
flexible neutral grounding method for large generators is proposed in this paper. It combines the
dual-frequency active arc-suppression strategy with the arc-suppression coil-grounding mode. Thus,
most of the fundamental components in the fault current are compensated by the arc-suppression
coil, and the rest are compensated by the active arc-suppression device. The capacity of the inverter
can be greatly reduced under the premise of reliably realizing arc suppression. To identify transient
and permanent ground faults after arc suppression, the phase-angle relation between the third-
harmonic voltage and current variation at the generator neutral point is used to form the fault-type
identification criterion. The third-harmonic quantities can avoid the blind area at the neutral point
caused by fundamental quantities. Simulation and experimental test results verify the effectiveness

check for of the proposed method.
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1. Introduction

Stator winding single-phase ground fault is one of the most common faults of large
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generators [1]. The large ground fault current produces arc and burns the stator iron core.
The lamination of the iron core is sintered together, resulting in maintenance difficulties.
Moreover, the ground fault current also destroys the winding insulation and expands the

accident. If not effectively suppressed and protected, the single-phase ground fault may
develop into a turn-to-turn or phase-to-phase short-circuit fault, which may cause serious
damage to the generator [2,3]. In order to reduce the damage and ensure the safe operation
of the generator, a reliable ground fault protection method, a suitable neutral grounding
mode, effective arc suppression, and an elimination method are the key problems that have
attracted a lot of attention by scholars.

At present, the fundamental zero-sequence voltage criterion [4], third-harmonic volt-
age criterion [5], and low-frequency injection protection criterion [6] are mainly used as
the generator stator ground fault protection. The above protection criterion can accurately
detect ground faults and isolate the generator from the system to avoid further damage.
However, under some cases of minor fault degree, tripping the generator blindly and
quickly is not suitable. The sustainable power supply of the system is destroyed, and it is
easy to cause large-scale power outage accidents. In addition, for serious ground faults, the
residual magnetic field in the stator windings remains for a long time after the generator
Attribution (CC BY) license (https://  exciting current drops to zero. Thus, the ground fault current does not disappear and the
creativecommons.org/licenses /by / safety of the stator iron core cannot be guaranteed. Therefore, the fault current should be
40/). suppressed to reduce the safety threat.

Accepted: 10 August 2022
Published: 11 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and

conditions of the Creative Commons

Machines 2022, 10, 684. https:/ /doi.org/10.3390/machines10080684 https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines10080684
https://doi.org/10.3390/machines10080684
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0001-8212-0222
https://doi.org/10.3390/machines10080684
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10080684?type=check_update&version=2

Machines 2022, 10, 684

20f15

Generators generally adopt the neutral grounding mode of ungrounded [7], ground-
ing through the arc-suppression coil [8], and grounding through high resistance [9]. For a
generator with an ungrounded neutral point, high transient overvoltage is easily caused
under single-phase ground faults [10], which destroy the insulation of the stator windings.
Thus, it is rarely used in large generators. Compared with the ungrounded mode, the high-
resistance grounding mode increases the resistance component in the fault current, which
cannot suppress the fault current. The arc-suppression coil-grounding mode can generate
inductive current after ground faults and compensate the capacitive components in the
fault current [11]. It plays a positive role in restraining the fault current and preventing
the fault from spreading. However, it cannot supplement the harmonic components in the
fault current, and the residual current can still maintain the arc burning after compensa-
tion [12]. Practical operation experience shows that none of the classical grounding mode
can achieve reliable arc elimination, and it is still necessary to trip the generator under
severe ground faults.

To achieve effective ground fault current suppression and avoid arc ignition, an active
arc suppression method is proposed in the literature [13]. By controlling the fault point
voltage lower than the arc reignition voltage with an external injected source, the arc
suppression can be reliably achieved. Since the phase potential of the generator stator
contains a certain amount of third-harmonic potential [14,15], the dual-frequency active
arc-suppression algorithm is adopted. However, the method in the literature [13] is applied
to a small generator, and the generator neutral point is still grounded through the resistance
in the arc-suppression process. As a result, most of the injected power from the active
arc-suppression device is consumed by the grounding resistance. Large generators have
a high voltage grade and the large capacitive current to ground [16,17]. If the active arc-
suppression device is applied in practical engineering, it needs a large-capacity inverter. It
is large in volume and costs a lot, which makes it difficult to widely promote.

To reduce the capacity of the inverter, a hybrid flexible neutral grounding method is
proposed in this paper, which combines the dual-frequency active arc-suppression device
with the arc-suppression coil-grounding mode. The arc-suppression coil can compensate
for most of the fundamental components in the ground fault current, whereas the active
arc-suppression device only compensates for the third-harmonic components and a small
part of the fundamental components. Therefore, the capacity of the inverter can be greatly
reduced, and only 20 kVA can meet the requirements of arc extinguishing. After arc sup-
pression, to identify the transient and permanent ground faults, a fault-type identification
criterion is proposed based on the phase-angle difference between the third-harmonic volt-
age and current variation at the generator neutral point. The third-harmonic quantities can
avoid the blind area at the neutral point caused by the fundamental quantities. Simulation
and dynamic experimental test results show that the proposed method is not affected by
the fault scenario, generator operation mode, and generator excitation regulation, which
can realize reliable arc suppression and fault-type identification.

2. Hybrid Flexible Neutral Grounding Mode for Large Generators
2.1. Arc Suppression Mechanism

Belikov’s theory indicates that when the peak voltage of arc extinguishing is less than
the medium recovery strength of the arc channel, the arc will be extinguished. Otherwise,
the arc will reignite [18]. To achieve reliable arc suppression and prevent the arc from
reignition, the fault-point voltage should be suppressed below the arc-reignition voltage.
Since the generator stator windings stay in a closed environment, the fault-point voltage
remains relatively stable when the arc burning is caused by ground faults. In this paper,
the fault is suppressed in essence, and the suppression goal of the fault point voltage is 0.

Figure 1 shows the generator stator-winding schematic diagram based on the hybrid
flexible neutral grounding mode. The symbols used in this paper are listed in Table 1. The
phase potential of the generator is mainly composed of fundamental and third-harmonic
components [2,13]. Each phasor in Figure 1 contains fundamental and third-harmonic
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components, represented by the subscripts “1” and “3,” respectively. Since the content
of other harmonics is too low to maintain the arc burning, they are not considered in
this paper.

Faulty branch

N - —

o — e — - &

Lasy  Lagp ——————* Epqy

Figure 1. Generator stator-winding schematic diagram based on the hybrid flexible neutral grounding mode.

When a single-phase ground fault occurs, the ground-fault current is mainly com-
posed of capacitive current provided by the grounding capacitor. The arc-suppression coil
produces the inductive current, which can compensate for the power frequency capaci-
tive current in the fault current. However, it can only compensate for the fundamental
frequency part of the fault current; the rest of the fundamental frequency component and
the third-harmonic component are compensated for by the active arc-suppression device.

The dual-frequency active arc-suppression device can force and maintain the voltage at
the generator neutral point by arbitrarily regulating the amplitude and phase of the output
voltage. According to Kirchhoff’s voltage law, the voltage at the fault point satisfies that:

Us13) = Uy(1,3) + Eg(1,3) 1

The online calculation method of the fundamental and third-harmonic fault potential
Eqq 3) is given in the literature [13]. When the fault-point voltage is regulated to 0, based on
Equation (1), the voltage at the neutral point should meet the following requirements:

Uy 13) = —Ef13) ()

When the neutral-point voltage is regulated as —Eg 3), the fundamental and third-harmonic
voltages at the fault point are both suppressed to 0, as shown in Figure 2. Thus, the fundamental
and third-harmonic components in the fault current can be effectively suppressed.
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Table 1. Nomenclature table.

Symbols Description
Ea Electric potential of phase A
Ep Electric potential of phase B
Ec Electric potential of phase C
Eq Fundamental coil potential of the first coil in the faulty branch
Ej Third-harmonic coil potential of the first coil in the faulty branch
Cs Equivalent grounding capacitance of the generator stator windings for per phase
Cy Equivalent grounding capacitance of the directly connected equipment for per phase
Rg Grounding transition resistance
U Fault point voltage
I Fault current
Un Generator neutral-point voltage
In The current flowing through the neutral line
Ly Equivalent inductance value of the arc-suppression coil
U; The amplitude of the output voltage by the active arc-suppression device
Yi The phase angle of the output voltage by the active arc-suppression device
I The injected current from the active arc-suppression device
E; Fault potential (the induced potential between the generator neutral point and the fault point)
f The fault point
Ly Inductance value of the filter in the active arc-suppression device
Co Capacitance value of the filter in the active arc-suppression device
Cqc Capacitance value of the DC side in the active arc-suppression device
Ryc Resistance value of the DC side in the active arc-suppression device
AUy Fundamental neutral-point voltage variation after putting in the active arc-suppression device
AUy Third-harmonic neutral-point voltage variation after putting in the active arc-suppression device
Cy Sum of the three-phase grounding capacitances of the system
w Angular frequency of the power system
Al Third-harmonic current variation of the neutral line
AV Third-harmonic current variation of the neutral line for instantaneous faults
Alnzy Third-harmonic current variation of the neutral line for permanent faults
AUz Injected third-harmonic voltage variation
S Injected capacity of the dual-frequency active arc-suppression device
Fault position (percentage per ratio of the winding turns between the neutral point and the fault
* point of the stator-winding turns and the complete branch-winding turns)
0 Phasor-angle difference between Al3 and AUj3

Eys

(a) (b)

Figure 2. Phasor diagram under voltage regulation. (a) Phasor diagram under fundamental voltage
regulation. (b) Phasor diagram under third-harmonic voltage regulation.
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2.2. Implementation of the Hybrid Flexible Grounding Mode
2.2.1. Topology of the Active Arc-Suppression Device

For the active arc-suppression device, a voltage-based inverter is required to provide
the needed compensation voltage. The related circuit topology is shown in Figure 3. The
three-phase AC power source can be composed by the three-phase potential of the generator
itself because the phase potential of the generator stays unchanged under single-phase
ground faults. The rectifier circuit converts the introduced three-phase AC voltage into a
single-phase DC voltage, and then converts it into a single-phase AC voltage by the inverter
circuit. The required voltage can be output through the filtering circuit.

[ Sampling module —>{ DSP|

Y
[ Pulse drive circuit |

PWM pulse I
0 N@
Cy|R
S A
Inverter -

Figure 3. Topological diagram of the active arc-suppression device.

The sampling module can collect the generator neutral-point voltage. The PWM
inverter adopts the double closed-loop control mode. The neutral voltage is taken as the
outer-loop feedback quantity and the current is taken as the inner-loop feedback quantity.
Thus, the neutral voltage can be maintained as the needed value. The literature [19-21]
gives the specific control strategy and parameter design method of the control loop for
the active arc-suppression technology of the distribution network. Sufficient analysis and
verification has been carried out. The corresponding method can be directly applied to the
dual-frequency active arc-suppression device of the generator. This paper will not give
details on this.

2.2.2. Requirements of the Inverter Capacity

For large generators, the voltage level is high and the capacitive current to the ground
is large. In the literature [13], the dual-frequency active arc-suppression device needs to
compensate for all the fundamental and third-harmonic components in the fault current,
which leads to large inverter capacity.

The neutral-point ungrounded mode during normal operation state is taken as the
example. At this time, the current injected by the active arc-suppression device is the
current flowing through the neutral line of the generator. Under normal operation states,
the fundamental zero-sequence voltage at the neutral point is 0, and the third-harmonic
voltage is Up3. In the process of arc suppression, the fundamental zero-sequence voltage
is —Ep, and the third-harmonic voltage is —E¢;. Based on the superposition theory, for
each position on the stator windings after putting in the active arc-suppression device, the
fundamental and third-harmonic grounding voltage variations Al,; and Al,3 are:

Al'Inl = _Efl (3)
AUz = —Eg — Ups

When the neutral voltage has equal amplitude and the opposite phase with the fault
potential, the fault-point voltage to the ground is suppressed to 0. In the process of arc
suppression, the fundamental and third-harmonic output current of the dual-frequency
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active voltage arc-suppression device is equal to the grounding capacitive current of the
stator windings, which can be written as follows:

I = j(UCZAUNl = _j(UCZEfl (4)
lig= j3BwCsAlng = —j3wCs (Egs + Uns)

When the fault point is close to the generator terminal, the fault potential is close to
the generator phase potential. For large generators, the capacitive current is large. As a
result, the fundamental and third-harmonic currents injected by the dual-frequency active
arc suppression device are high. If the inverter capacity is small, it cannot provide enough
arc-suppression power. Therefore, for large generators, the active arc-suppression device
requires large capacity and high cost.

The above analysis applies only to generators that operate in ungrounded mode.
For the generators operating in resistance-grounding mode during normal states, if the
grounding resistance is not tripped during the arc-suppression process, part of the output
current from the active arc-suppression device passes through the grounding resistance.
Thus, the grounding resistance extinguishes part of the output power from the active arc-
suppression device. In order to achieve the same arc-suppression effect, a larger-capacity
inverter is needed.

To reduce the capacity of the inverter, a hybrid flexible grounding method is proposed
in this paper. The generator is grounded through the arc-suppression coil during normal
operation states, and the dual-frequency active arc-suppression device is put into operation
after ground faults. At this point, the fundamental current injected by the inverter is:

I = —j(wCs — E 5
i = —jlwl — — Ln) f1 ©)
Since the arc-suppression coil can compensate for most of the fundamental capacitive
current, the active arc-suppression device only needs to inject the third-harmonic capac-
itive current and part of the fundamental current, which greatly reduces the capacity of

the inverter.

3. Fault-Type Identification Method Based on Third-Harmonic Quantities

When the hybrid flexible neutral grounding mode is adopted, the arc can be elimi-
nated and the fault current can be suppressed during single-phase ground faults. As for
the instantaneous faults, the insulation of the stator windings can be recovered and the
generator can be restored to the normal operating state. As for the permanent faults, after
tripping the dual-frequency active arc-suppression device, the voltage at the fault point
recovers and the winding insulation is broken down again. Then, the ground-fault current
is regenerated, which may further damage the insulation of the generator. As a result,
after the arc suppression is realized, it is necessary to distinguish transient and permanent
grounding faults with effective fault-type identification strategies.

For ground faults near the neutral side of the stator winding, the fault current is mainly
composed of the third-harmonic quantities. For a ground fault at the neutral point, the fault
current contains only the third-harmonic component, not the fundamental component [2].
In addition, for the hybrid flexible grounding mode, the arc-suppression coil compensates
for most of the fundamental component of the fault current, so if the fundamental quantities
are used for fault-type identification, there is a blind area near the neutral side and the
sensitivity is low. Therefore, in this paper, the third-harmonic quantities are used to identify
the fault type.

In the literature [2], it is pointed out that the variation of third-harmonic voltage at any
point in the generator stator windings is equal to the third-harmonic voltage variation at
the neutral point. When the third-harmonic voltage applied to the neutral point is reduced,
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it is assumed that the voltage variation is AUj3. At this point, for instantaneous faults, the
change of third-harmonic current Al 35 of the neutral line is:

A1n3s: j3wCZAU13 (6)

For a permanent ground fault, due to the insulation voltage recovery at the fault point,
the arc re-ignites. At this time, in addition to the capacitive current to the ground, the
current through the neutral line includes the resistive current flowing through the fault
resistance. The third-harmonic current variation Al 3y of the neutral line is:

Alj;
Rg

AIngyz BwCs AUz + )

Comparing Equations (6) and (7), the phasor diagram of the third-harmonic current
variation after adjusting the third-harmonic voltage at the neutral point under different
fault types is shown in Figure 4.

Figure 4. Phasor diagram of the third-harmonic current variation.

After changing the injected third-harmonic voltage, the fault-type identification can
be realized by identifying whether the neutral current contains the resistive component.
At present, in the ground-fault protection of large generators, the setting value of the
fault-resistance criterion is usually set as 4 k(). It can be considered that the maximum
value of Rg in Equation (7) is 4 k). Based on the grounding capacitance parameters of the
presented large generator in Section 3, the maximum phase-angle difference between Aly3y
and AlU;3 is 83.73°. Considering a certain margin, based on the phase-angle difference
between AlL3 and Alj; under different fault types, the fault-type identification criterion is
constructed as follows: AL

n3 °
A) S % ®)

After the fault-type identification is realized, the dual-frequency active arc-suppression
device can be tripped under the instantaneous fault conditions and the normal operation
of the generator should be restored. For permanent fault conditions, the output voltage
of the dual-frequency active arc suppression device should be restored to the initial value.
Then, the loads should be smoothly transferred before the generator is tripped from the
system. Thus, large-scale power failure can be avoided.

85 < arg(

4. Simulation Verification

The parameter of a practical large nuclear generator is taken as the prototype, and a
quasi-distributed parameter model is established by using PSCAD/EMTDC software to
carry out the simulation analysis. Its capacity is 1278MVA, the rated voltage is 24 kV, and
the rated current is 30739A. Each branch is composed of eight coils in series. The number
of pole pairs is 1, the total number of slots is 48, and the corresponding slot angle is 7.5°.
The grounding capacitance value of the generator stator winding is 0.397 uF per phase,
and the equivalent grounding value of the equipment directly connected to the generator
is 0.405 uF per phase. Take the first branch of A-phase as an example for analysis. The
corresponding fundamental and third-harmonic fault potentials for when the ground fault
occurs at the connection of each coil are shown in Table 2.
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Table 2. Fault potential of the simulated generator.

x | Eﬂ (VA% q0ﬂ/0 |Ef3 (VA% (pf3/0
0.125 1812.5 —52.5 4499 22.5
0.25 3617.2 —48.75 882.6 33.75
0.375 5406.5 —45 1281.4 45
0.5 7172.6 —41.25 1630.9 56.25
0.625 8908.0 —-37.5 1917.7 67.5
0.75 10,605.4 —33.75 2130.9 78.75
0.875 12,257.5 —30 2262.1 90
1 13,856.3 —26.25 2306.4 101.25

In Table 2, | E¢; | and | Eg3 | mean the amplitudes of the fault potential, and ¢ and
@3 mean the phase angles of the fault potential. The fundamental and third-harmonic
potentials corresponding to each coil turn in Table 2 are calculated based on the practical
distribution coefficient and the short-range coefficient of the stator windings. Based on the
data in Table 2, the quasi-distributed parameter model can be established to simulate and
analyze the ground faults at different fault positions.

4.1. Verification of the Arc-Suppression Effect

To verify the arc-suppression effect of the proposed hybrid flexible grounding mode, a
single-phase ground fault was set at 0.2 s, the fault position was set at the generator terminal
(e = 1), and the grounding transition resistance was set as 500 (). For the dual-frequency
active arc-suppression part, a fundamental voltage with an amplitude of 13856.3 V and a
phase of 153.75° was injected into the generator neutral point at 0.24 s. Simultaneously, a
third-harmonic voltage with an amplitude of 2306.4V and a phase of —78.75° was injected.
The ground-fault current simulation results under ungrounded mode, grounding through
the arc-suppression coil mode, dual-frequency active arc-suppression mode, and hybrid
flexible grounding mode are shown in Figure 5.

20 20 20
10 10 10
<o <o <o h&
~ = =
-10 -10 -10 ’
=20 -20 -20
0 0102 03 04 05 0 0.1 0203 04 05 0 0102030405
t/s t/s t/s
(b) (c) (d)

Figure 5. Fault-current simulation results under different grounding modes. (a) Ungrounded mode;
(b) grounding through the arc-suppression coil mode; (¢) dual-frequency active arc-suppression
mode; (d) hybrid flexible grounding mode.

In Figure 5, the arc-suppression coil-grounding mode corresponds to the overcom-
pensation condition, and the compensation degree was 10%. In the case of dual-frequency
active arc-suppression mode, the neutral point was ungrounded in normal operation states,
and the dual-frequency active arc-suppression device was put in at 0.24 s. In the case
of hybrid flexible grounding mode, the overcompensation degree of the arc suppression
coil was 10%. The neutral point was grounded through the arc-suppression coil under
normal operation states, and the dual-frequency active arc-suppression device was put
in at 0.24 s. The simulation results show that if the neutral point was ungrounded, the
fault current was high, which was detrimental to the safety of the generator. As for the
arc-suppression coil-grounding mode, although the fault current was suppressed, effective
arc extinguishing could not be realized. When the dual-frequency active arc-suppression
device was connected, effective arc extinguishing could be realized and the fault current
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was suppressed to 0. For the hybrid flexible grounding mode, the arc-suppression coil
suppressed part of the fault current at the initial fault time, so the steady-state value of the
ground-fault current after fault was low, which was conducive to the safety of the stator
iron core.

For the proposed hybrid flexible grounding method, simulation analysis was carried
out under different fault scenarios. Table 3 shows the simulation results of the fault point
voltage and the ground-fault current after the dual-frequency active arc-suppression device
was put into operation.

Table 3. Arc-suppression effect under different fault scenarios.

Fault Scenario

u; /v I IV
lod Rg/Q) f f

50 7.22 0.14

0 500 7.22 0.01
Cassie 7.84 0

50 4.77 0.06

0.125 500 4.77 0.01
Cassie 4.77 0

50 5.15 0.07

0.25 500 5.16 0.01
Cassie 5.15 0

50 5.25 0.07

0.375 500 5.26 0.01
Cassie 5.25 0

50 5.05 0.07

0.5 500 5.06 0.01
Cassie 5.06 0

50 4.60 0.07

0.625 500 4.61 0.01
Cassie 4.61 0

50 412 0.07

0.75 500 412 0.01
Cassie 413 0

50 3.88 0.07

0.875 500 3.89 0.01
Cassie 3.89 0

50 3.43 0.07

1 500 3.43 0.01
Cassie 3.44 0

In Table 3, the constant resistance model and Cassie arc model are respectively used to
simulate the fault resistance. The Cassie arc model believes that the arc energy generation
and dissipation are both proportional to the arc-crossing section, which is commonly used in
arc simulation and can simulate the nonlinear characteristics of the arc [22]. The simulation
results show that the hybrid flexible grounding method could effectively suppress the
fault-point voltage at different fault locations and fault resistances. The ground-fault
current could be effectively suppressed and effective arc extinguishing could be realized.
The proposed method can avoid damage to the generator stator iron core caused by the
ground-fault current.

4.2. Simulation Analysis of the Inverter Capacity

In order to prove that the proposed hybrid flexible grounding method can reduce
the inverter capacity compared with the existing method, the needed capacity under
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different fault conditions was simulated and analyzed. Since the dual-frequency active
arc-suppression device was adopted, the injected capacity included fundamental and
third-harmonic components, and the calculation formula of the capacity S is:

S = Uyl + Ul )

Table 4 shows the output capacity simulation results under different fault conditions.
The needed capacity under the proposed hybrid flexible grounding mode was compared
with the dual-frequency active arc-suppression device alone.

Table 4. Inverter capacity simulation results under different fault scenarios.

Fault Scenario

Injected Quantities of the Inverter

Dual-Frequency Active Hybrid Flexible
ol Rg/Q U,/v U;s/v Arc-Suppression Mode Grounding Mode
Ii/A Ii3/A S/kVA I /A Ii3/A S/kVA
50 0 4.01 0.04 0 4.01 0.04
0 500 10 0 4.02 0.04 0 4.02 0.04
Cassie 0 4.01 0.04 0 4.00 0.04
50 1.36 3.75 4.16 0.13 3.77 1.94
0.125 500 1812.5/127.5  449.9/-157.5 1.37 3.75 417 0.14 3.76 1.94
Cassie 1.37 3.75 4.16 0.14 3.77 1.94
50 2.73 3.34 12.83 0.27 3.37 3.96
0.25 500 3617.2/131.25 882.6/—146.25 2.73 3.35 12.85 0.28 3.36 3.97
Cassie 2.72 3.34 12.84 0.28 3.37 3.96
50 4.09 2.83 25.73 0.40 2.84 5.84
0.375 500 5406.5/135 1281.4/—-135 4.08 2.82 25.72 0.41 2.84 5.84
Cassie 4.09 2.84 25.73 0.40 2.84 5.85
50 5.42 2.24 42.56 0.53 2.22 7.48
0.5 500 7172.6/138.75 1630.9/—-123.75  5.43 224 42.56 0.53 2.23 7.49
Cassie 5.41 2.25 42.58 0.53 222 7.48
50 6.73 1.63 63.14 0.67 1.52 8.87
0.625 500 8908.0£1425 1917.7/-112.5 6.73 1.62 63.15 0.68 1.52 8.87
Cassie 6.72 1.63 63.14 0.67 1.54 8.88
50 8.01 1.16 87.53 0.79 0.81 10.18
0.75 500 10605.4/146.25 2130.94-10125  8.00 1.16 87.52 0.79 0.80 10.18
Cassie 8.01 117 87.54 0.79 0.82 10.19
50 9.26 1.11 116.13 0.92 0.48 12.38
0.875 500 12257.5/150 2262.1£-90 9.25 1.12 116.12 0.93 0.49 12.40
Cassie 9.26 1.10 116.13 0.92 0.50 12.39
50 10.48 1.53 148.73 1.03 1.05 16.81
1 500 13856.3/153.75 2306.4/—78.75 10.48 1.53 148.73 1.04 1.08 16.83
Cassie 10.50 1.52 148.72 1.04 1.07 16.83

In Table 4, for the ground faults at the neutral point of the generator, only the third-
harmonic voltage existed and there was no fundamental voltage at the fault point. There-
fore, only a lower-value third-harmonic voltage was injected. The amplitude of the injected
third-harmonic voltage in this paper was 10 V. The injected capacity in the table is the sum
of fundamental and third harmonic capacities injected by the dual-frequency active arc-
suppression device. For the case in which only the dual-frequency active arc-suppression
device was used, the closer the fault point was to the generator terminal, the higher the
fundamental voltage to be injected and the higher the fundamental current to be output by
the inverter. Accordingly, the larger capacity should be provided, and the capacity of the
inverter should be at least 150 kVA. For the hybrid flexible grounding method proposed in
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this paper, since the arc suppression coil could compensate for most of the fundamental
components, the fundamental current output by the inverter was greatly reduced. The
capacity of the inverter only needed about 20 kVA, which could greatly reduce the volume
and cost of the active arc-suppression device.

4.3. Verification of the Proposed Fault-Type Identification Method

When identifying the fault type, it is necessary to adjust the third-harmonic voltage
injected by the dual-frequency active arc suppression device. In this process, the voltage
phase remains unchanged and the amplitude is adjusted to half of the previous value. To
verify the effectiveness of the proposed method, transient and permanent grounding faults
for different fault scenarios were set. The phase angle difference between Al 3 and Al;3 is
shown in Table 5.

Table 5. Fault-type identification results under different fault scenarios.

Fault Scenario 0/°

o Rg/ Q Transient Permanent
50 85.42 2.16
0 500 85.69 10.75
Cassie 85.52 6.79
50 85.48 13.48
0.125 500 85.74 21.56
Cassie 86.90 17.27
50 87.13 19.53
0.25 500 87.92 21.36
Cassie 87.54 20.67
50 87.98 22.05
0.375 500 88.82 23.16
Cassie 88.06 22.67
50 89.08 25.56
0.5 500 89.24 28.35
Cassie 89.18 27.33
50 89.22 30.18
0.625 500 89.54 33.55
Cassie 89.37 32.48
50 89.78 38.71
0.75 500 89.84 40.42
Cassie 89.79 39.41
50 89.90 43.56
0.875 500 89.94 45.14
Cassie 89.91 44.12
50 89.91 51.45
1 500 89.92 54.15
Cassie 89.90 52.81

In Table 5, the phase angles of the phasors were solved by Fourier transform. The simula-
tion results show that under transient fault conditions, since the neutral current only contained
the capacitive components, the phase-angle difference met the criterion of Equation (8). Under
the condition of permanent fault conditions, the neutral current contained a certain resistive
component, and the phase-angle difference did not meet the criterion of Equation (8). On this
basis, the fault-type identification could be reliably realized.
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5. Dynamic Test Verification

The quasi-distributed parameter model could only reflect the structural characteristics
of the generator stator windings, but could not reflect the demagnetization effect of the
load to the generator potential and the excitation regulation characteristics of the generator.
Therefore, it could only be verified that the proposed method was effective under the
no-load operation. However, it could not be verified that the proposed method was suitable
for different operating conditions. To fully verify the effectiveness of the proposed method,
experimental tests were carried out on a dynamic model generator. The capacity of the
generator was 15 kVA, and the rated voltage was 400 V. It adopted the arc-suppression coil
neutral grounding mode, and the compensation degree was 10%. A programmable AC
power source was used to simulate the dual-frequency active arc suppression device. It
could output voltages of different frequencies at the same time. The voltage amplitude
adjustment range was 0~300 V, the phase-adjustment range was —180°~+180°, and the
frequency-adjustment range was 15~1600 Hz. The experimental system could be used to
verify the hybrid flexible grounding method.

The wiring diagram of the dynamic experimental system is shown in Figure 6, and
the photo is shown in Figure 7.

Uj_) KY | ;EE:’":; %%I;];l? %

Figure 6. Wiring diagram of the dynamic experimental system.

Figure 7. A photo of the dynamic experimental system.

Taking the single-phase ground fault at the generator terminal of the A-phase as an ex-
ample, the fault potential was equal to the A-phase potential. Under the no-load operation
condition, the fundamental and third-harmonic phase potentials were measured online.
Based on Fourier transform, the amplitudes and phase angles were 222.69 V./—44.25°
and 2.91 V/123.75°, respectively. The output voltage of the programmable AC power
supply were set to be equal in amplitude and opposite in phase to the fault potential.
During the experimental test process, the switch KD between the generator terminal and
the sliding-line resistor was used to set the ground fault, and the switch KY between the
programmable AC power supply and the generator neutral point was used to input the
dual-frequency active arc-suppression device. The resistance of the sliding-line resistor
was regulated to 200 Q2. In this process, the waveforms of the fault-point voltage and the
ground-fault current are shown in Figure 8a.
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Figure 8. Experimental results of arc suppression. (a) No-load condition; (b) 50% load condition;
(c) 100% load condition.

After putting in the dual-frequency active arc-suppression device, the fault-point voltage
was reduced to 0.14 V and the fault current was suppressed to 0. Due to the neutral voltage
regulation, the non-fault phase voltage at the generator terminal rose to the line voltage. Since
the system insulation is usually designed according to the line voltage level, it did not affect
the insulation safety. The experiment was repeated under the load conditions of 50% and 100%.
Under the 50% load condition, influenced by the load demagnetization and the excitation
regulation, the amplitudes and phase angles of the fundamental and third-harmonic phase
potentials changed to 239.05 V.£—17.12° and 4.76 V£ —163.18°, respectively. Under the 100%
load condition, the amplitudes and phase angles of the fundamental and the third-harmonic
phase potentials were 230.16 V.£—26.25° and 7.28 V.£101.25°, respectively. The output voltage
of the programmable AC power supply was set with equal amplitude and the opposite phase
of the phase potential, and the arc-suppression results are shown in Figure 8b,c. The test
results show that the proposed method was not affected by the operating conditions and the
generator excitation regulation.

To verify the effectiveness of the proposed fault-type identification method under
different operating conditions, after the completion of arc suppression, the injected funda-
mental voltage was controlled unchanged, and the injected third-harmonic voltage was
changed to make its amplitude half of before. For instantaneous faults, before changing
the injected voltage, the switch KD was cut off, so the faulty branch was removed. For
permanent faults, the faulty branch was always reserved. Corresponding to different load
conditions, Fourier transform was used to calculate the phase-angle difference between
Al and AUj3. The calculation results are shown in Table 6.

Table 6. Fault-type identification test results under different fault scenarios.

0/°
Operation Mode : -
Transient Transient
No-load condition 88.22 42.16
50% load condition 87.96 40.79
100% load condition 87.52 40.75

In Table 6, the phase-angle differences of the phasors were solved by Fourier transform.
The experimental calculation results shown in Table 6 show that the phase-angle difference
between Al 3 and Alj3; was approximately 90° under transient fault conditions, which
meets the criterion of Equation (8). However, the criterion of Equation (8) was not satisfied
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under the condition of permanent faults. The proposed method can effectively identify the
transient and permanent ground faults without being affected by the load condition and
excitation regulation.

6. Conclusions

In order to reduce the inverter capacity of the existing dual-frequency active arc-
suppression device, a novel hybrid flexible neutral grounding mode for large generators is
proposed, which combines the active arc-suppression strategy with the arc-suppression
coil-grounding mode. The following conclusions were drawn.

(1) The hybrid flexible grounding method achieved reliable arc suppression. Simulation
results verify that it was not affected by the fault position or the grounding transition
resistance. Experimental results verify that it was not affected by the system-operating
condition and the generator excitation regulation.

(2) Because the arc-suppression coil could compensate for most of the fundamental
components, the fundamental current injected by the dual-frequency active arc-
suppression device was greatly reduced. The capacity of the inverter only needed
about 20 kVA, which greatly reduced the volume and the cost.

(8) Forinstantaneous ground faults, the phase-angle difference between the third-harmonic
voltage and current variation at the generator neutral point was close to 90°. For
permanent ground faults, the above relation could not be satisfied since the neutral
line current contained certain resistive components. Under different fault scenarios,
according to Equation (8), the fault type identification could be reliably realized.
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