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Resonance Analysis and Faulty Feeder Identification
of High-Impedance Faults in a Resonant
Grounding System

Yongduan Xue, Member, IEEE, Xiaoru Chen, Huamao Song, and Bingyin Xu, Member, IEEE

Abstract—High-impedance faults (HIF) occur frequently in res-
onant grounding systems and are difficult to detect. Thus, an ef-
fective HIF feeder identification technology is urgently needed.
This paper establishes an HIF equivalent circuit in a resonant
grounding system. The change rule of transient zero-sequence
voltage, transient zero-sequence currents, and their projection
components with respect to the transient zero-sequence voltage
of the bus are analyzed in both underdamping and overdamp-
ing resonance conditions. Furthermore, the variation ranges of
the resonant frequency, the magnitude, the attenuation factor, and
other parameters are specified in detail. The magnitude and phase
relationships of zero-sequence currents among the faulty feeder,
healthy feeders, Petersen coil, and fault points, as well as the re-
lationships between their projection components and quadrature
components with respect to the transient zero-sequence voltage
are analyzed and compared. A novel faulty feeder identification
method based on a comparison of the magnitude and polarity of
the transient zero-sequence current’s projection component is pro-
posed. The accuracy of the transient characteristics and the feasi-
bility of the proposed method are verified by simulations and field
data.

Index Terms—Resonant grounding system, HIF, equivalent cir-
cuit, resonance analysis, faulty feeder identification.
NOMENCLATURE

L, Zero-sequence inductance of the Petersen coil (3
times the Petersen coil inductance).

Cox Sum of zero-sequence distributed capacitance to the
ground of all feeders.
L Sum of the faulty feeder inductance and transformer

inductance.
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Sum of faulty feeder resistance, transformer resis-
tance and three times the fault resistance Ry.

Fault resistance.

Zero-sequence distributed capacitance to the ground
of the feeder j, j =1,2,...,4,...,n— 1,n.
Detuning of the Petersen coil, typically in the range
of —0.1 < v < 0; in this paper, v = —0.08.
Equivalent virtual voltage source; has the same mag-
nitude and opposite phase with respect to the pre-
fault phase-to-ground voltage at the fault point.
Peak value of uy (t).

Zero-sequence voltage of the bus.

Transient component of ;.

Power frequency component of ;.

Zero-sequence current of the fault point.

Transient component of g .

Power frequency component of 7.

Zero-sequence current of the Petersen coil.
Transient component of gz,

Power frequency component of i, ,,.

Projection component of gz, 7 with respect to
Uop_T -

Quadrature component of ¢yz,_ 7 with respect to
Upp_T -

Zero-sequence ground capacitance current of the
system.

Zero-sequence ground capacitance current of feeder
J-

Transient component of g .

Zero-sequence current of feeder j.

Transient component of 4.

Power frequency component of ;.

Projection component of 4 ;_7 with respect to ug;_t.
Quadrature component of ig; 7 with respect to
Uop_T -

Projection coefficient of feeder j.

Projection coefficient of the Petersen coil.

Phase of uy (), fault inception angle.

Phase of 7y,

Transient resonant frequency in the over-damping
state.

Power frequencys; in this paper, wy = 314 rad/ s.
Peak value of igf 7.
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I. INTRODUCTION

N CHINA and continental Europe, resonant grounding
I systems exist in medium-voltage distribution networks. A
single-phase earth fault does not need to be cleared immediately
and can effectively improve the power supply availability. How-
ever, the fault current is typically weak and difficult to detect.
Several new faulty feeder identification technologies have been
developed in recent years. These technologies are based on fault
transient electrical quantities and inserting resistance between
neutral and the earth and effectively solve the low-impedance
fault detection problem.

However, because of the natural environment, low over-
head line and other factors, single-phase high-impedance faults
(HIFs) frequently occur when conductors break and fall to the
ground and when conductors touch tree branches [1]. HIFs ac-
count for 12% of all grounded faults in France [2]. HIF detection
in a resonant grounding system is still a considerable challenge
because the fault current can decrease to less than 2 A and the
fault point is unstable.

Many novel approaches for the detection of HIF have been
proposed since the 1970s. In a directly grounded system, the
maximum HIF current is 75 A. When the conductor touches
the concrete surface with rebar in a 15 kV system [3], it can
be recognized as a HIF when the fault resistance is larger than
115 €. Many detection methods have been presented in the
literature. References [4], [5] describe a apparatus that mon-
itors and analyzes the load current to obtain an energy value
and then compares the energy value with a threshold value to
detect the HIF. Reference [6] monitors the energy variance of
the second, fourth and sixth harmonics generated by the three-
phase unbalanced current to detect the HIF. The accuracy of
this method is high when the arc fault current is at least 5 A.
Reference [7] uses the wavelet coefficient energy change of
the distortion current to identify the HIF. Other methods use a
fast Fourier transform (FFT) [8], Kalman filter [9] or wavelet
transform [10]-[13] to extract the components of some special
frequency band from the fault currents and voltages and then
use the nonlinear distortion of the HIF to detect the fault by
comparing the magnitude, phase, or energy of the special fre-
quency band components. In a directly grounded system, the
HIF detection technologies have satisfactory simulation results,
and some have good practical application; thus, HIF detection
technologies in a resonant grounding system can employ some
of their techniques. The HIF detection methods for a resonant
grounding system are less established. Reference [14] uses the
phasor relationship of the three-phase current variation before
and after the fault to calculate the admittance to ground; the
faulty feeder has the largest admittance to ground. However, the
three-phase currents are influenced by the inconsistency of the
Current Transformers (CTs) of the three phases, which affects
the practical application performance. Reference [15] uses the
active power component of the zero-sequence power frequency
current to determine the faulty feeder in the HIF. The HIF active
current is small and influenced by the transmission error of CT
and potential transformer (PT), which will also affect the practi-
cal application performance. References [16], [17] perform the
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Fig. 1.
system.

Equivalent circuit of a single-phase earth fault in a resonant grounding

integration of the zero-sequence current of all feeders from the
time when the zero-sequence voltage is zero up to the actual
trigger time. The faulty feeder is the one in which the integra-
tion of the zero-sequence current is no longer proportional to the
zero sequence voltage. The practical application performance is
good, but the integration accumulates error easily, and the linear
relation and nonlinear relation judgment are strongly influenced
by the subjective factors. Thus, the algorithm must be further
improved. In this paper, a novel transient approach for a reso-
nant grounding system is proposed. The new method uses the
projection of transient current with respect to transient voltage
to detect the HIF.

The remainder of this paper is organized as follows. In
Section II, the HIF equivalent circuit in a resonant ground-
ing system is established. In Section III, the change rule of the
zero-sequence current in each feeder and the zero-sequence volt-
age of the bus, together with the relationships of their transient
components, in the over-damping state are analyzed. Addition-
ally, the variation ranges of the magnitude and the attenuation
factor of the transient zero-sequence current are presented. In
Section IV, the resonance process and distribution of the tran-
sient current in the under-damping state are analyzed. Further-
more, the variation ranges of the frequency, magnitude and
attenuation factor of the transient zero-sequence current are pre-
sented. In Section V, a novel method based on comparing the
magnitude and polarity of the projection current of each feeder is
proposed. In Section VI, the verification results obtained using
the Alternative Transients Program (ATP), MATLAB simula-
tion and field data are presented. Finally, conclusions are drawn
in Section VII.

II. HIF EQUIVALENT CIRCUIT

Reference [18] establishes a third-order equivalent circuit
of a single-phase earth fault in a resonant grounding system.
The circuit, shown in Fig. 1, precisely simulates both the fault
transient and power frequency electrical parameters.

The third-order differential equation is difficult to solve. Thus,
the equivalent circuit should be simplified into a second-order
system to obtain the analytic solutions of the electrical parame-
ters, particularly the transient components. For a fault transient
process, wy is generally over 1,000 rad/s when the transition
resistance is low; thus,

R < |jws L] (D

and

— | < |jws L, 2)
MCOE\ leos Ly|
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Fig. 2. Equivalent circuit of a HIF in a resonant grounding system.
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Fig. 3. Equivalent HIF circuit in a resonant grounding system with n feeders.

Under these conditions, the main resonance process is the
series resonance among R, L and Cyy;; the effect of the Petersen
coil can be ignored. A series resonance process of this type and
the characteristics of transient electrical parameters are analyzed
in detail in [16]-[18]. Feeder identification methods based on
the transient electrical parameters of the low-impedance fault
have been successfully used in the field [16]-[19].

However, when the transition resistance is high, the resonant
frequency is generally less than 330 rad/s, i.e.,

R> 3|jwa| (3

or

Under such circumstances, the effect of the Petersen coil in-
creases, whereas the effect of L decreases such that it can be
ignored. According to (3) and the general parameters of the
distribution network (10 kV, system zero-sequence capacitance
current no more than 67 A), e.g., a system zero-sequence capac-
itance current of 33 A, when the cable line is less than 10 km
or the overhead line is less than 80 km from the fault point to
the bus, the minimum value of R is approximately 60 2. There-
fore, a HIF is known to occur when the fault resistance 2y is
more than 20 €. An equivalent circuit of the HIF for a resonant
grounding system can be obtained by combining and simpli-
fying the aforementioned equations based on the assumptions
above, as shown in Fig. 2.

A system with n feeders (j = 1,2,...,n), shown in Fig. 3,
can be obtained from Fig. 2 by dividing Cyy, into n branches.
The faulty feeder is named feeder n. The healthy feeders are
represented as (1 = 1,2,...,n — 1).

The following equation is established according to Fig. 3:

n—1
ion = d0cy, —ior =— | > ioi +iorp S
i—1

According to Figs. 2 and 3, the parallel resonance among R,
L, and Cjy, is actually the transient process of the HIF. The
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differential equations for the process are established as follows:

d dZOLP
Uf (t) (COZ 7t + oL, ) + Lp 7
dior, ,»
wop = Lp Zslij (6)
uy(t) = Uy, sin(wot + 0)

As a second-order non-homogeneous linear equation, the
characteristic roots are

1 1 2_ 1
L= TSR 2RCox, LpCos

1 1 2 1
- — - 7
P2 2RCyx + <2RCOE> LpCosx @

This paper mainly focuses on the resonance processes in the
over-damping and under-damping states.

III. RESONANCE PROCESS AND DISTRIBUTION OF TRANSIENT
CURRENT IN THE OVER-DAMPING STATE

A. Resonance Process in the Over-Damping State

The resonance process is in an over-damping state when R
satisfies the following equation:
Lp 1
COZ] 20)0002 vV 1—v

A zero-sequence current through a Petersen coil can be ex-
pressed as

3|jwoLl] < R < (3)

oL, = WLp_T + 9Ly _PF
. prt ot
tor, 7 = A1eP'" + Age™
ior,_pr = Bsin(wyt + ¢) 9)

A zero-sequence current at the fault point can be expressed
as

Gof = oLy +iocys = tofr +l0f_PF
i()f,T = 7LPijj4leplt _ LPPTE‘AZeth
iofﬁpF = (1 —WSLPCOE)BSiH(wot—F(p) (10)
where
B . Um 1 o Um 1—v
B |Z| 1—w02LpC()E B |Z| -V
jwoLp 1
Z=R+-—"———= [ —
1 —wo?LpCoyx JowyCox
wo B cos p — py Bsin ¢
Al =
P2 — D1
wo B cosyp — p1 Bsinp
Ay = —
P2 —P1
L,
@ = 0 — arctan “otp (11)

R(l — (.UOZLPCOE)
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As shown in (9) and (10), both iy and iz, are composed of
a power frequency component and transient components (two
independent decaying direct current components). Because the
initial values of two decaying direct current components cannot
be 0 at the same time, the attenuation factors are unequal and
the transient components always exist.

The initial value of the transient component of iyz, can be
expressed as

— Bsingp (12)

Thus, the initial value reaches the maximum and is equal to
the peak value of the power frequency zero-sequence current of
the Petersen coil when 6 is approximately 0° or 180°.

The initial value of the transient component of iy can be
expressed as

Lp

—wy B cos 13

T ¢ (13)
Thus, the initial value reaches the maximum when 6 is ap-

proximately 90° or 270°. According to (8), the maximum initial
value can be calculated as follows:
%DwOB > \/% ~ 2B

The maximum initial value is larger than the peak value of the
system zero-sequence capacitance current and also considerably
larger than the amplitude of the power frequency zero-sequence
current at the fault point. When A; A; < 0, the initial value
of the transient current is small; however, another maximum
value of the transient component would appear because of the
difference of the two attenuation factors. It can be proven that the
maximum value of the transient component is larger than that of
the power frequency component. Additionally, this maximum
typically varies from tens of amperes to hundreds of amperes.

Attenuation factors reflect the duration of the transient pro-
cess: fault identification is easier when the attenuation of the
transient process is slower. The characteristic roots p; and ps
satisfy the following conditions:

(14)

wo wo 2 1
- - - — <pi
0.03X1] 0.03X2]) w1 —0)
wo
< V1— V1i-v< < ——
OV T VROV TS P2 S T 031X, |
2
wWo 1
- 15
+\/(0.03|XL|> 21— ) (1%

p1 and ps become closer to each other as R increases. For the
aforementioned system with 33 A system zero-sequence capac-
itance current, the characteristic roots are typically in the range
of —1681.1 < p; < —326.3 < ps < —63.3, indicating that the
duration of the transient component varies from several mil-
liseconds to tens of milliseconds.

In conclusion, the magnitude and duration of the fault cur-
rent’s transient component in the over-damping state can satisfy
the conditions required for identification.

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 32, NO. 3, JUNE 2017

B. Distribution of the Transient Current in the
Over-Damping State

The zero-sequence voltage of the bus can be expressed as

Ugy = Uop_T + Uob_PF

ugpr = LpprA1e’'" + Lppy Agel!

ugp_pr = woLpBcos(wot + ¢) (16)

The zero-sequence current of healthy feeders, which is equal
to its zero-sequence capacitance ground current, can be ex-
pressed as

i = foi_r +l0i_PF
ioir = LpCoi(Aip?e”! + Aypy”e!)
’L-()i,PF = *WOQLPC[MB Sin(th —+ SD) (17)

The zero-sequence current of a faulty feeder can be expressed
as

iOn = Z.07L,T + 7;On,PF
. L A
WOn_T = (Pl;%ll + LPC()nAlp12> ebrt
L A
+ (PZ;%QQ + LPCOnA2p22> et
ion_pr = (wgLp(Cos — Coy,) — 1)Bsin(wot + ¢) (18)

19j is composed of the power frequency component iy;_pr and
transient component i; 7. ig;_7 is the sum of two decaying
direct current components.

In a healthy feeder, the power frequency component of iy;
leads that of ug;, by nearly 90°, and the magnitude is directly
proportional to Cy;. However, for the faulty feeder, the power
frequency component of i, shares the same phase with ¢(;, and
the magnitude may be larger or smaller than that of the healthy
feeder. Therefore, the HIF feeder cannot be identified by the
power frequency current.

For the healthy feeders, the polarities of their transient cur-
rents iy;_p are the same, and their magnitudes are directly pro-
portional to Cj;. The faulty feeder transient current é,,_p com-
prises two parts. One part is 7o7_7 and is directly proportional
to ugp_7 (the ratio coefficient is 1/R). The other part is igcon_1
and has the same characteristics as 7g;_r. Therefore, the mag-
nitude of the transient current of the faulty feeder is not always
the largest, and its polarity is neither the same nor the reverse
as those of the healthy feeders. Thus, it is difficult to detect the
HIF directly with the transient current.

IV. RESONANCE PROCESS AND DISTRIBUTION OF THE
TRANSIENT CURRENT IN THE UNDER-DAMPING STATE

A. Resonance Process in the Under-Damping State

When R is in the following range:

19)
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the system is in an under-damping state. An under-damping
state is the main state of an HIF.

The zero-sequence current through a Petersen coil can be
expressed as

WLy = WLy _T +WLy_PF
ior, T = e °'(Azcos(wrt) + Ay sin(wyt))
iOLP prp= B sin(wot + (,0) (20)

The zero-sequence current at the fault point can be expressed
as

tof = oL, +90C,s = tofr +i0f_PF
Lp(Ajwr — 0A:
lofr = — ll 4w1{2 3)67& cos(wyt)
Lp(—A —0A
— p(—Aswy 4)e"”sin(wft)
R
ioj_pr = (1 —wy>LpCox)Bsin(wyt + ¢) (21)
where
—0Bsi —wyB
Ay = —Bsing; Ay = PP~ WP OSE (99

wr
Both igy and 4yr, comprise a power frequency component

and transient component (an attenuation sine component). 6 and
wy are as follows:

1
0= 2RCyy 9

1 12 N
- - - 1—v)— 62 (24
ws \/choz <2RCUE> @ (1=v) =38 24

According to (24), w; increases with increasing Coy, or R.
That is, for a certain system, the resonant frequency increases
monotonously from 0 along with increasing R. The upper limit
is

Wimax = wyV 1 — v~ 326.32 rad/s (25)

corresponding to a frequency of 51.96 Hz. The maximum fre-
quency is slightly higher than the power frequency. An obvious
beat frequency phenomenon would be observed whenw; =~ wy.

From (23), § is inversely proportional to Cyy; or R. For the
same R, the Cpy, of the cable line system is typically larger than
that of the overhead line system; thus, the attenuation speed
of the cable line system is slower than that of the overhead
line system. However, for a certain system, a slower attenuation
speed corresponds to a larger R. The maximum value of the
attenuation factor is

0= ﬁ <w0\/1—y:326.32§ (26)

Although the theoretical minimum value of § is 0, the practical
minimum value is sufficiently large for fault detection. Assume
that the transition resistance is 10 k{2 and the system zero-
sequence capacitance currentis 67 A; then, the attenuation factor
0 will be 1.57. The time constant of the transient process in the

under-damping state generally varies from 0.003 s to 0.6 s.
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Fig. 4. Change rule of the magnitude d of iy ;_7 with a phase angle o and
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According to (21), the peak value of the transient component
of the fault point current can be expressed as
BL
d=="r
Rw f

\/wg(l —v)%sin?g + wi (1 — v)cos?p + dwd(1 — v) sin 2
27
Assuming that 1 — v = 1, we also obtain

woCox

V1+12wiChs R?

Thus, (27) can be simplified as

2 in?2
d— Un Vwi + dwpsin2¢ (29)

 Rwy \/T+ 12020 R?

The magnitude of the transient component decreases with
increasing R. However, the effect of ¢ repeats itself after half a
cycle. The effect is more obvious for a lower R. The effect can
be ignored when R is sufficiently high. The variation law of d
with R and ¢ is shown in Fig. 4.

Assuming that

B == U’m (28)

1
vwyCoyx,

(30)

then, from (24), w; ~ wy, (27) can be simplified as follows:
g Un _ Un
V2R V2

In conclusion, for a certain system, the transient frequency
becomes closer to the power frequency with increasing R. Fur-
thermore, d becomes smaller, and the duration of the transient
process becomes longer. These trends meet the conditions for
fault detection requirements.

1% O()g (3 1)

B. Distribution of the Transient Current in the
Under-Damping State

The zero-sequence voltage of the bus can be expressed as

Ugp = Uop_T + Uob_PF
uoyr = Lp(—Azwp — §A,)e " sin(wyt)
+ Lp(Agwp — §A3)e™°" cos(wyt)
wop_pr = wyLp B cos(wot + ¥) (32)
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Similar to the over-damping state, the zero-sequence current
of healthy feeders, which is equal to its zero-sequence capaci-
tance ground current, can be expressed as

10; = toi_r +l0i_PF
ioir = LpCoi(6° Az — Azwp? — 20 A4w5)e ™" cos(wyt)
+ LpCyi (6% Ay — Aswys® + 25 Azwy)e " sin(wyt)
ioi_pr = —LpCoiwy”Bsin(wyt + ¢) (33)

The zero-sequence current of the faulty feeder can be ex-
pressed as

ton = lon_1r + lon_PF
ionr = —(A3 + Lp(Cox — Con)(A36% — Azwy?
—2A,w;6))e " cos(wyt)
—(Ay + Lp(Cox — Con ) (A46* — A4wf2
+2A3w8))e " sin(wyt)
ion_pr = (wo?Lp(Cox — Con) — 1)Bsin(wot + )  (34)

19j is composed of a power frequency component and transient
component (decaying sine component ¢g;_7 ), in which the char-
acteristic of the power frequency component is the same as that
in the over-damping state. i;_r leads ug,_r by nearly 90°, and
the magnitude is directly proportional to Cy;. ig,_r consists of
tos_r and igco,_7, Whose characteristics are also the same as
those in the over-damping state.

V. HIF FEEDER IDENTIFICATION BASED ON TRANSIENT
ZERO-SEQUENCE CURRENT PROJECTION

A. Principle of Transient Zero-sequence Current
Projection-Based Feeder Identification

For both the over-damping and under-damping states, the pro-
jections of 7y;_7 and iy, 7 with respect to ug,_r are ig;_7_p
and ior,,_7_p, respectively, which are the product of the projec-
tion coefficient (¢;,£r,) and ug,_r. When in the over-damping
state, the projection coefficients can be written as

(ioir,uopr) 1 L,"Coi(Aips + Aapy)®

i = = <0 (35
< |[uop_r |2 2 [lwop_r||? (33)
(tor, 1, Wob_1) 1L,(A; + Ay)?
= = —= <0 (36)
= gy 1P 2 s P
€ = 1 {icy, r,uopT)
"R |[wop_r ||
_ 1 " —5L,*Con (Aipy + Aspy)’
R |[wos_r|[?
_ LA+ A)* + L, (Cos — Con)(Aipy + Aopo)?
2(uop_r||?
>0 (37)

Specifically, the projection coefficients &; and £z, are nega-
tive when &, is positive. The same characteristics occur in the
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Fig. 5. Relationship between each component in the inner product space.

under-damping state. We can also obtain the following
relationship:
n—1

Wn_T_P = — E 10;_7_p + 0Ly _T_P
i—1

(38)

ton_7_p has reverse polarity with i; 7_p and igz,_7_p, and the
magnitude of iy, _7_p is always larger than those of ¢y;_7_p and
torp_7_p and can be used to identify the faulty feeder.

Apart fromig;_7_p, the remaining current component of each
feeder’s transient current has the same polarity and is orthogo-
nal to ug,_7, which is recognized as a quadrature component.
i0;j_r _q has the same polarity, and the magnitude ratio of ip;_7_¢
is equal to the ratio of the capacitance to the ground of every
feeder. The remaining current component of the Petersen coil is
also orthogonal to ug;_r. The relationship between 7y;_7_¢ and
toLp_T_Q 1s given by the following equation:

WLy T_Q = — Z 10j_T_Q (39)

j=1

According to (39), ig;_7_¢ has reverse polarity with
toLp_T_Q, and the magnitude of ig;_7_¢ is always smaller than
that of iOLp,T,Q .

Fig. 5 shows the relationship among iy;_7, %0u_7. %0i_T,
L0Lp_T>%0n T _P»>%0i_T_P»%0Lp_T _P»>%0n_T_Q»>%0i_T_Q»%0Lp_T_Q»
and ug,_r in the inner product space. All these components are
in the same two-dimensional plane.

B. Assessment of the Faulty Feeder Identification Algorithm

1) This method provides an effective HIF identification for
a single-phase earth fault in a resonant grounding system.
It improves the transient analysis and faulty feeder iden-
tification technology in a non-solidly grounding system.

2) Compared with [16], [17], the new HIF identification
method has a more rigorous criterion: no accumulative
error and better anti-interference performance.

3) Compared with the methods based on inserting resistance
between neutral and earth, the new method does not have
to install additional devices and has considerably better
safety performance.

4) Compared with [14], [15], the new method is less affected
by PT and CT errors.
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‘Transient component extraction‘

‘Calculate projection current iniTiP ‘

Select the maximum magnitude
Feeders(at least 3)

Compare polarity

All the same
polarity ?

‘Select reverse polarity as faulty feeder‘

End

Fig. 6. Algorithm flowchart for faulty feeder identification.

5) The new method is not affected by the line type, fault
resistance, fault inception angle or fault location. It is
based on the fault characteristics derived through detailed
equivalent circuit analysis.

6) The new method operates according to the zero-sequence
voltage which is less influenced by the switching tran-
sients. So the probability of the false detection during
normal operation can be reduced greatly.

7) The new methods cannot be used for the only one feeder
or two feeders circuit case. This is a typical problem for
methods based on the current amplitude and polarity in
faulty feeder identification.

C. Faulty Feeder Identification Criteria Based on Transient
Zero-Sequence Current Projection

toj_r_p can be calculated using the following equation:

(t0j_1,Uob_T) )
— 5 Wob_T,J
|[uon_7 ||

Zb()jiT‘P = = 1,27...7’)’L (40)

According to the analysis in Section V-A, the faulty feeder
can be identified by comparing the magnitude and polarity of
10j_T_P-

Criterion: Select at least three feeders with the highestiy; 7_p
magnitudes. The feeder with the reverse polarity of the tran-
sient zero-sequence current projection among them is the faulty
feeder. If the polarities of all the projections are the same, it is a
bus fault.

This criterion can overcome the effect of feeders with weak
current and may produce incorrect polarity calculations.

The implementation of the criterion is shown in Fig. 6.

VI. SIMULATION AND VERIFICATION
A. Simulation Models

The distributed parameter-based ATP simulation model for a
typical 110 kV/10 kV distribution system is shown in Fig. 7.
For a Petersen coil grounding network, the system is set to
be over-compensated, with 108% compensation. The network
comprises three mixed feeders with overhead lines and cables
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Fig. 7. Simulation model of a resonant grounding system.
TABLE I
LINE PARAMETERS OF THE MODEL
Resistance (€2/km) Inductance (mH/km) Capacitance (pF/km)
Parameters R+ RO L+ LO C+ Co
Overhead Line  0.17 0.32 1.017 3.56 0.115 0.0062
Cable Line 0.27 2.7 0.255 1.109 0.376 0.276

igrin lumped parameter =~ e---- iop in lumped parameter

—— iyrin distributed parameter igrp in distributed parameter
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Fig. 8. Currents of the fault point and Petersen coil in different resonance

states: (a) Zero-sequence current of fault point and Petersen coil in over-damping
state. (b) Zero-sequence current of the fault point and Petersen coil in the under-
damping state.

(feeders 1, 2 and 5) together with two cable feeders (feeders 3
and 4). A HIF occurs in phase A of feeder 5.
The line parameters are listed in Table 1.

B. Verification of the HIF Equivalent Circuit

According to the simulation model in Fig. 7, a fault was
applied at feeder 5’s terminal with a fault inception angle of 90°.
The equivalent circuit shown in Fig. 2 is the basis of the analysis
and calculation in this paper. The simulations of the equivalent
circuit in Fig. 2 (corresponding to the system in Fig. 7) have
also been performed such that the error of the two models can
be compared. The waveforms of 7y; and ¢z, in the distributed
parameter model are shown in Fig. 8. The waveforms in the
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TABLE II
PARAMETER VERIFICATION IN THE OVER-DAMPING STATE

The Parameters of iy 7

Transient Zero-sequence A (A) Ay (A) p1(1/s) pa(1/s)
Current at the Fault Point

Distributed Parameter 33.02 —33.95 —550.99 —193.05
Model

Lumped Parameter 33.24 —34.49 —551.28 —193.18
Model

TABLE III
PARAMETER VERIFICATION IN THE UNDER-DAMPING STATE
The Parameters of i¢ y 1

Transient Zero-sequence d(A) wy (rad/s) 4(1/5) w(°)
Current at the Fault Point

Distributed Parameter 1.97 325.98 8.56 55.13
Model

Lumped Parameter 1.95 326.20 8.68 55.38
Model

lumped parameter equivalent circuit in Fig. 2 (corresponding to
the system in Fig. 7) are also shown in Fig. 8. The system is in
the over-damping state when Ry is 26 € in Fig. 8(a), and the
system is in the under-damping state when Ry is 1,500 €2 in
Fig. 8(b).

The parameters of io s 7 in a distributed parameter model are
extracted through the Prony algorithm [20]. The parameters of
i f_r in the lumped parameter model are calculated via (7), (11),
(23), (24), (27). The parameters in the over-damping and under-
damping states are shown in Tables II and III, respectively.

Fig. 8 illustrates that the over-damping state has a larger
transient current peak value and faster attenuation speed. Fur-
thermore, in the under-damping state, a clear beat frequency
phenomenon appears as the resonance frequency becomes close
to the power frequency.

All the parameters—the magnitude and attenuation factor of a
decaying direct current component in the over-damping state, as
well as the frequency, magnitude, attenuation factor and phase
of the transient current in the under-damping state illustrate that
the lumped parameter equivalent circuit in Fig. 2 can be used
to simulate a HIF. Therefore, the calculation and analysis of
transient electrical parameters based on the equivalent circuit
are trustworthy.

C. Verification of the Faulty Feeder Identification Method

The waveforms of wgy, wop_1, %0j, %oj_r and ip;_7_p in
the over-damping state ([2y = 26 1) and under-damping state
(Ry = 1500 ) in a distributed parameter model are shown in
Figs. 9 and 10, respectively, and feeder 5 is the faulty feeder. To
make the graphics more intuitive, only the typical waveforms of
three feeders (faulty feeder and two healthy feeders) are drawn;
the other two healthy feeders are proportional to feeders 1 and 2.

The projection current into the healthy feeders is amplified
in order to make the reverse polarity of the currents clear in
Fig. 10(c).
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Fig. 9. Waveforms of zero-sequence current of each feeder, bus voltage and

their different components in the over-damping state: (a) Zero-sequence com-
ponent. (b) Transient component. (¢) Projection component.

Table IV shows the projection coefficients of the transient
current with respect to the bus transient voltage for all feeders
in Fig. 7.

Extensive simulations have been performed in different sys-
tems, parameters, fault inception angles, transition resistances
and fault locations; all conclusions are correct. In all cases, the
faulty feeder has the maximum magnitude and reverse polarity
of the current projection component. Thus, the faulty feeder can
be accurately identified.

D. Verification of the Field Data

To verify the reliability of the method, we selected groups
of field data, e.g., a group of field data from Zhoubang sub-
station, Qingpu district, Shanghai, China in 2015. The system
is 35/10 kV and the fault bus has 8 feeders. Fig. 11 shows the
waveforms of wop, Uos_T, %04, t0j_r and ig;_7_p in the under-
damping state. Feeder ‘Zhou24’ is the faulty feeder, and feeders
‘Zhou 22’ and ‘Zhou 28’ are healthy feeders with the high-
est relative current magnitudes. The projection current into the
healthy feeders is amplified in order to make the reverse polarity
of the currents clear in Fig. 11(c).

E. Summary of the Simulation and Field Data Verification

The waveforms in the over-damping state shown in Fig. 9
illustrate that 4g; and wug, are the sum of two decaying direct
current components and the power frequency component.
For the under-damping state, ig; and wug, are the sum of the
decaying sine component and power frequency component,
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Fig. 10. Waveforms of zero-sequence current of each feeder, bus voltage
and their different components in the under-damping state: (a) Zero-sequence
component. (b) Transient component. (¢) Projection component.

the waveforms of which are shown in Figs. 10 and 11,
respectively.

The steady-state power frequency zero-sequence current of
the faulty feeder leads the zero-sequence voltage by nearly 90° in
both the over-damping and under-damping states. Its phase is the
same as those of the healthy feeders. Additionally, the magnitude
is not the maximum. Therefore, no clear fault characteristics
can be observed. In the over-damping state, the magnitude of
ion_r 18 larger than that of iy;_7, while their polarities are not
completely reversed. In the under-damping state, the magnitude
of 4g,_r 1s not the maximum, and the phase difference with
respect to the healthy feeders, ¢y;_r, varies with R. Thus, no
clear fault characteristic is observed in ig;_r,.

As shown in Figs. 9(c), 10(c), and 11(c), in both the over-
damping and under-damping states, the magnitudes of ig;_r_p
are considerably smaller than those of i(,,_7_p and have com-
pletely reversed polarity, a clear fault characteristic. This con-
clusion is the same as that obtained in the theoretical analysis
in Section V.
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TABLE IV
SIMULATION RESULTS
Projection coefficient Fault Inception Angle, 0
0 wl4 w2 3m/4 I
R Over- 269 igrr —8.7e-05 —3.5e-01 —6.7e-01 —3.2e-01 —8.7e-05
damping cases

iog_r —3.8¢-03 —8.6e-01 —1.7e-00 —7.9e-01 —3.8e-03

ig3_r —6.4e-03 —1.1e-00 —2.1e-00 —1.0e-00 —6.4e-03

iga.r —1.4e-02 —1.4e-00 —2.6e-00 —1.2¢-00 —1.4e-02

ios_r  9.0e-00 8.0e-00 7.1e-00  8.1e-00  9.0e-00

Under- 10092 dp;_r —3.5e-04 —1.4e-01 —2.5e-01 —1.1e-01 —3.5e-04
damping
cases

igo_r —2.4e-03 —3.4e-01 —6.2e-01 —2.7e-01 —2.4e-03

ig3.r —6.3e-03 —4.3e-01 —8.0e-01 —3.5e-01 —6.3e-03

iga_r —1.4e-02 —53e-01 —9.9e-01 —4.3e-01 —1.4e-02

ios_r  3.3e-00  2.9e-00 2.7e-00 3.0e-00  3.3e-00

5009 igi_r —2.4e-03 —3.9e-02 —5.1e-02 —1.4e-02 —2.4e-03

iog_r —24e-03 —9.2e-02 —1.2e-01 —3.2e-02 —2.4e-03

ig3_p —2.4e-04 —1.2e-01 —1.5e-01 —3.8e-02 —2.4e-04

igs_7 —6.6e-03 —1.4e-01 —1.8e-01 —4.1e-02 —6.6e-03

igs_r 6.6e-01 58e-01 5.5e-01 6.3e-01 6.6e-01

1000 ©2 g1 —4.2e-03 —24-02 —23e-02 —3.2e-03 —4.2e-03

igo_7 —7.0e-03 —5.7e-02 —5.5e-02 —4.3e-03 —7.0e-03

igg_r —5.6e-03 —7.0e-02 —6.7e-02 —2.3e-03 —5.6e-03

ig4.r —5.8e-04 —8.1e-02 —7.7e-02 —3.5¢-03 —5.8e-04

ig5_.7 —3.3e-01 2.8¢-01 2.8e-01 3.3e-01 3.3e-01

1500 2 gy —5.3e-03 —1.9e-02 —1.4e-02 —5.4e-04 —5.3e-03

iga_.r —9.5e-03 —4.3e-02 —3.1e-02 —2.1e-03 —9.5e-03

ig3.7 —89e-03 —52e-02 —3.6e-02 —6.2¢-03 —8.9e-03

ig4_r —4.7e-03 —5.8e-02 —3.8e-02 —1.4e-02 —4.7e-03

ig5.r 2.1e-01  1.8e-01  1.9e-01 2.2e-01 2.1e-01

2000 Q g7 —5.7e-03 —1.5¢-02 —9.0e-03 —1.7e-04 —5.7¢-03

i —1.1e-02 —3.4e-02 —1.9e-02 —4.0e-03 —1.1e-02

ig3_7 —1.0e-02 —4.0e-02 —2.0e-02 —8.6e-03 —1.0e-02

iga_r —6.6e-03 —4.4e-02 —1.9e-02 —1.7e-02 —6.6e-03

igs_r 1.6e-01  1.4e-01  1.5e-01 1.7e-01  1.6e-01

2500 Q g1 _7 —59e-03 —1.3e-02 —6.3e-03 —3.2e-04 —5.9¢-03

igo_r —1.1e-02 —2.8e-02 —1.2e-02 —4.4e-03 —1.1e-02

ig3_r —1.1e-02 —3.2e-02 —1.2e-02 —9.1e-03 —1.1e-02

iga_r —7.2e-03 —3.4e-02 —8.5e-03 —1.8e-02 —7.2e-03

igs5_r —1.2e-01 1.1e-01 1.3e-01 1.3e-01 1.2e-01

30009 g1 —59e-03 —1.1e-02 —4.6e-03 —2.9e-04 —5.9¢-03

igg_r —1.1e-02 —2.4e-02 —7.7¢-03 —4.3e-03 —1.1e-02

ig3_r —1.1e-02 —2.7e-02 —6.5e-03 —9.0e-03 —1.1e-02

iga_r —7.1e-03 —2.7e-02 —1.7e-03 —1.8e-02 —7.1e-03

ios_r 1.0e-01  8.9e-02 1.0e-01 1.le-01  1.0e-01

VII. CONCLUSION

For a resonant grounding system, the transient process of a
HIF is the parallel resonance between the system capacitance
to ground and the Petersen coil. The parallel resonance can be
divided into the over-damping and under-damping states based
on the variations of the fault resistance. In the over-damping
state, the transient zero-sequence current is composed of two
decaying direct current components. The under-damping state
consists only of one decaying sine component with a resonant
frequency that varies from O to slightly higher than the power
frequency. The attenuation time constant typically varies from
0.6 ms to 600 ms.

In both the over-damping and under-damping states, the
transient zero-sequence current of a healthy feeder is approxi-
mately orthogonal to the transient zero-sequence voltage of the
bus, and the polarity of the current projection with respect to
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Fig. 11. Waveforms of the field data corresponding to the under-damping
state: (a) Zero-sequence component. (b) Transient component. (c) Projection
component.

transient voltage is negative. The transient current of the faulty
feeder consists of the transient current at the fault point and the
transient capacitance ground current; the former is directly pro-
portional (scale factor is the reciprocal of the fault resistance) to
the magnitude of the transient voltage of the bus. The polarity
of the projection current with respect to the transient voltage is
positive, and the magnitude is larger than those of the healthy
feeders.

The faulty feeder can be identified by comparing the magni-
tude and polarity of the transient current projection component
for each feeder. The feeder with the reverse polarity of a transient
current projection component among at least 3 feeders with the
highest projection current is the faulty feeder. If the polarity of
all the projection currents is the same, it is a bus fault. The tran-
sient analysis and transient faulty feeder identification method
is verified by digital simulation and field data.

This paper established a novel faulty feeder identification
method of HIF using parallel resonance electrical parameters be-
tween the Petersen coil and capacitance to ground. This method
is different from the identification method of low-resistance
earth faults based on the series resonance electrical parameter
between the line inductance and system capacitance to ground
that ignores the effect of the Petersen coil.
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