Non-unit protection of parallel lines connecting solar photovoltaic plants

Non-unit Protection of Parallel Lines Connecting
Solar Photovoltaic Plants

Arghadeep Chowdhury, Subhadeep Paladhi and Ashok Kumar Pradhan, Senior Member, IEEE

Abstract—Fault current control by solar plant converters in-
troduces different fault characteristics compared to conventional
synchronous generator based systems resulting in numerous
issues to the available protection methods. In this paper, the issues
with conventional distance relaying is analyzed while protecting
parallel lines connecting solar plant to grid and a new protection
method is proposed using local voltage and current data. The
proposed non-unit protection method derives positive sequence
reactive powers for both lines for different solar plant operating
conditions and uses their difference to ensure correct zone-1
protection. For faults during single circuit operation, the method
includes an additional scheme comprising of instantaneous zero-
sequence overcurrent check and delayed distance relaying to
derive correct protection decision. Performance of the proposed
non-unit protection method is tested for parallel lines connecting
solar plant in a 39-bus test system for different situations using
PSCAD/EMTDC simulated data and found to be accurate. Com-
parative assessment reveals the high reliability of the proposed
method.

Index Terms—Solar photovoltaic plant, parallel lines, power
system faults, distance relaying, Non-unit protection.

I. INTRODUCTION
A. Motivation and Incitement

OWADAYS the integration of large scale solar pho-

tovoltaic (PV) plants to the high voltage transmission
network is increasing rapidly to mitigate the environmental
degradation and energy demand [1], [2]. The PV plants when
connected to the grid with parallel lines enhance system
reliability. Fault ride through (FRT) operation and different
control schemes adopted in the converters associated with the
renewable plants modulate the voltage and current waveforms
significantly during fault [3]. With such a change in the fault
behavior, available protection schemes for parallel lines are
under scrutiny.
B. Literature review

Available line protection techniques are categorized in this
section to highlight their applicability and limitations for
protection of parallel lines connecting solar PV plants.

1) Distance relay based approaches: Performance of dis-
tance relay, widely used as the non-unit protection scheme for
transmission lines, is affected by the mutual coupling associ-
ated with parallel line configuration [4]. Different impedance
based algorithms are available for compensating the mu-
tual coupling effect [5]-[9], which assume both side source
impedances to be homogeneous with the line impedance.
This is not true for a system integrating converter interfaced
renewable plants (CIRPs). Communication assisted schemes,
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available in [10], [11] to overcome the mutual coupling
effect in parallel-line configuration, cannot decide in case of
communication failure.

2) Cross-differential algorithms: Cross differential relaying
(CDR) compares the local end current magnitudes in both
lines in a parallel-line configuration to identify the faulted
line [4], [12], [13]. The CDR principle does not consider
the non-homogeneity in case of a power system with CIRPs.
Significant phase angle difference observed between both end
fault currents in a parallel line configuration in the presence
of CIRPs may result in CDR maloperation at times.

3) Protection schemes with CIRPs: Different distance pro-
tection schemes are available in [14]-[16] for lines emanating
from CIRPs. An adaptive distance relaying scheme is proposed
in [14] for single line connecting PV plant. The method com-
putes the faulted path current angle by applying a simplified
current distribution relation and derives correct decision. Such
simplification is not acceptable for parallel lines, especially
when the grid becomes weaker or lines become longer. Correct
performance of distance relay in a solar PV integrated network
is ensured in [15] by modifying the control scheme of PV
plants. Such modification imitating synchronous generator
fault characteristic is difficult to generalize with different
control operations in PV plants. A delayed distance protection
is recommended in [16] for PV side distance relays to elim-
inate the infeed effect by instantaneous remote end breaker
operation. Such a delay may cause unintentional triggering of
the remote end relays protecting the healthy lines in a parallel
line configuration and also affect the system stability.

4) Other available approaches: A reactive power based
method, available in [17], can protect parallel lines only
for ungrounded faults. The modal current based approach
available in [18] for parallel line protection requires reliable
communication channel for its operation.

C. Contribution

In this work, the performance of distance relay protecting
parallel lines connecting PV plants to the grid is analyzed and
found to have limitations for Zone-1 faults. A local data based
non-unit protection method is proposed for such line configu-
rations using positive sequence reactive power difference. The
main contributions of this paper are summarized below.

1) Fault current distribution in parallel lines and their re-
lations with the corresponding voltage component are
derived for different operating conditions of the solar
plant (connected at one end) using a generalized sequence
network, applicable for all types of faults.

2) Positive sequence reactive powers are computed for both
lines using local end positive sequence voltage and corre-
sponding current components. Their difference is applied
for identifying Zone-1 faults in such line configurations.
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3) An additional scheme comprising of instantaneous zero-
sequence overcurrent check and delayed distance relaying
is included to derive correct protection decision for faults
during single circuit operation.

Performance of the proposed method is tested for PV inte-
grated modified 39-bus New England system, a 9-bus sys-
tem with 100% PV penetration and an existing solar park
integrated parallel-line based Indian power grid network us-
ing PSCAD/ EMTDC simulated data for different types of
faults with variation in fault resistance, location, power flow
condition, connected renewable source type and associated
grid code. The performance is also tested for cross-country
faults, in the presence of inter-harmonics and during power
swing. Comparative assessment is provided to highlight the
high reliability of the proposed non-unit protection method. .
II. SYSTEM DESCRIPTION

A double circuit line connecting a solar plant to the grid
is shown in Fig.1. The plant consists of multiple photovoltaic
units with each one connected to the collector bus through
a DC/AC inverter operating in grid following mode and a
step-up transformer. The inverters interfacing each unit is
controlled in synchronous reference frame with feedforward
compensation [19] and inject balanced current into the grid
even for asymmetrical faults satisfying reactive current re-
quirement followed by the grid code mentioned in [15]. The
solar plant being connected to the bulk-power system consider
internal protection guidelines same as in the NERC reliability
standard [20]. Both the lines (line-1 and line-2) are protected
by distance relays. Relays at the PV end are shown in Fig. 1,
which use bus voltage and corresponding line currents (I](Vl[)
and Ij(j)) at M. Superscripts ‘1’ and ‘2’ indicate measurements
for line-1 and line-2 respectively. System parameters are
provided in Appendix-II.
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Fig. 1. Parallel lines connecting a PV plant to the grid.
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Fig. 2. Equivalent model of the system in Fig.1 during prefault.

Figure 2 shows the equivalent positive sequence model
of the system in Fig.1 during prefault condition. Both the
transmission lines are considered to be homogeneous with a
positive sequence impedance, Z11,. The Thevenin’s equivalent
of the grid is represented using a voltage source (Figpre)

with an internal impedance (Z; ) in series. The grid following
converter connecting solar plant is represented with a depen-
dent current source (/1 5pr) in parallel with a high impedance
(Z1pv) [21]. The solar plant is connected to bus M with the
positive sequence transformer impedance Zi4.. Subscript ‘1’
represents the positive sequence component.

III. PROBLEM STATEMENT

Figure 3 shows the generalized sequence network of the
system in Fig. 1 for a fault in line-1 at a distance of = pu
from bus M. Zp is the total faulted path impedance consisting
of equivalent negative sequence impedance (Z57), equivalent
zero sequence impedance (Z;?) and fault resistance (Rfp). Zp
for different types of faults are expressed in (1).

Zp = Z3* + (Z5 + 3Rp); for line-to-ground faults
Zp = Z3% + Rp; for line-to-line faults
Zp = Z5||(Z57 4+ 3Rp); for double line-to-ground faults

Zr = Rp; for 3-phase ground faults
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Fig. 3. Sequence network of the system in Fig. 1 for a fault in line-1.

Apparent impedance (Zj(é)) calculated by the distance relay
RE&I) (as shown in Fig. 1) for such a situation is given by

(1)
V, 1
4y = e e (1)
IT]VI I’V‘]\/[ (2)

e
=7\ + 2z

where V.5 and [ S\} are operating voltage and current for the

relay R%l[). 1 ;,1) is the faulted path current [14]. It is observed
from (2) that the impedance calculated by the relay includes an
additional impedance (A Z) with the faulted section impedance
(Zj(é)F = xZ11) and can be expressed as in (3).

Ja) )
AZ=Rp|-L|=Rp|14+ X (3)
@ 1)

ITM Ir]\l

The current ratio varies significantly due to the limited and
modulated fault current from the solar plant and results in
maloperation for the distance relay. In addition, the presence of
zero-sequence mutual impedance in parallel line configuration
amplifies the issue further [4].

Limited performance of the distance relay for such a line
configuration is demonstrated in the system of Fig.1 where the
PV plant is of 300 MW capacity. BCG faults are created in
line-1 at a distance of 0.7 pu from bus M with Rp = 10 €,
while the PV plant is complied with a dynamic reactive
current characteristics as in [15] and the generation is varied
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from 100 to 300 MW. For BCG fault, I3} and I'}) in (3)
are substituted with (Ig])wf Igg/[f) and (Ig])vf Iél])\,f)
respectwely [14]. A 51%n1ﬁcant difference in magnitude of
(I](glj)vf - ICNf ) and (Ipy ¢ Ing) can be observed from
the results shown in Fig.4 (a). In addition, the results shown
in Fig.4(b) demonstrate the phase difference. This leads to a
high value of AZ to be present in the apparent impedance
(ZJ(\})) calculated by the PV side distance relay (R Ai[)) and
results in an underreach situation for the relay set with a
quadrilateral characteristic [22], as shown in 5. It is noticed
that the calculated apparent impedances are much higher when
the solar plant generates lesser power than the rated capacity,
increasing the chance of distance relay maloperation.
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Fig. 5. Underreach performance of distance relay for fault in parallel line
connected with PV plant of different capacity.
IV. PROPOSED METHOD

In order to mitigate the issue associated with distance relay
for Zone-1 faults in parallel lines connecting solar PV plant
(as demonstrated in Section III), a local data based protection
algorithm is proposed in this section.

A. Identification of Zone-1 fault in parallel lines

Applying current distribution property in Fig.3 for a fault
in line-1, positive sequence currents at terminal M can be
expressed as,

I = IispSi+ Iing S
I3 = Iisp(1 = 51) = L So.
where, I1 sy and Iy are the positive sequence current from

the solar plant and grid side during fault. S; and Sy are
expressed in (5).

“

(1-x)Z1p+Z1c(2-x) + ZF
Z1L(1-22)+2Z16 + 2ZF
(1-=)

2

S1 =

5y — )

Using sequence network, I;y ¢ can be obtained as in (6).

2E1G]v
ZlL(]- — 12) + 221@ + QZF.

Iiny = 6)

A relation is derived in (7) from (4) by multiplying V75 with
the conjugate of Iiiv)r P
both sides.

and equating the imaginary terms of

IVlﬂffHIl]uflSZn(elvf Alllwf) |V1Mf||115f||51l5'm,(0f 931)

)
HVimgllIingl|S2]sin(010p-01n )

01,¢ and 015 in (7) are the phase angles of Vi and Iy .
6 is the power factor angle at bus M, which varies between 0
to 7/2 during fault depending on the grid code [23]. Thus,
Lisy = |Lisf|Z(010r — Of). Similarly, another relation is
derived in (8) from the expression of 1 h M p in (4).

’
lVer||18V)1f|sin(01vffélﬁ)”) = IV]]\/{f||Ile||(Sl)lS’L'n(0f—0S1) ®

“VinmsllIing||S2|sin(0105-01n5f)
where,

x((l—x)Z1L+Zlg)+ZF

’
S =(1-
! ( ZlL(1—12)+2Z15,v+2ZF

S1) =

C)]

Left hand side of (7) is the positive sequence reactive power

(Qll&) flowing through line-1, which is expressed separately
in (10).

Qlll\/l |11Mf||V1Mf|5m(91vf 4I1Mf) (10)
Similarly, the positive sequence reactive power of line-2
(Q1 M) is obtained from (8) and expressed in (11).

(2)
ZIiMf)

Q) = 113y f11Vanrslsin(01uf — (11)

Difference in positive sequence reactive powers in both the
lines (AQ1)s) is obtained in (12) by subtracting (8) from (7).
AQuy = Q1Y — Q%
= Vaneslitissl (1S1]sin(85-0s,)-11|sin(6;-65:))
+2lV11\/Ifl|Ile||S2lSin(91vf'91Nf)

12)

The expression in (12) is further analysed separately for
different power factor modes of operation of the PV plant.

1) During PV plant operation in zero power factor (zpf)
mode: For zpf mode of operation, #; = /2. Following the
substitution of 8¢, (12) is rewritten in (13).

AQuar = VantllTasy| (11 |eos(@s,) — IS lcos(01)) .
zpf

+2|Vinep |l iy ||S2lsin(077 01 f)

AQ1p in (13) is always greater than zero as @) |S1|cos(fs,) >
|Sl|cos(951) and i) sm(@lvf—ﬁle) > 0.

i). Proof of |Si|cos(fs,) > |S]|cos( S;): Neglecting the
resistance of transmission line and grid impedances in (5) and
(9), cos(fs,) and 005(951) are expressed in (14).

1 1
cos(fs,) = \/W’ COS(HSi) - \/W (
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Py, P, and P; in (14) are expanded in (15), where X;; and
X1 are the positive sequence reactances of line and grid. Zg
is divided into real (R%7) and imaginary (X7) parts.
= (1-z)(X1.(1-2)+2X1¢c)
Py = 2R +(a(1-2) X1 0+ X 1) (X1 (1-2” )42 X1 g+2X 57)
+( X1 (1-0%) 42X 16 +2X 7Y ((1-2) (X1 L+ X £9)+(2-2) X16) (15)
Py = Po~(X11 (1-2%)42X 1 g+2X ¢0) (1-2) (X1 L+ X §)+(2-2) X 16)

x being in the range of [0,1], P> in (15) is observed to be
greater than Ps and it results in L

1
V/1+(P1/P2)? \/1+(P1/P3)
This indicates cos(fs, ) in (14) to be greater than cos(f ) In

addition, |(1 —x)Z1L+Zlg(2—x)+ZF\ in (5) being greater than
lz((1 —x)Z1L+Zlc) + Zp| i | is found to be greater
than |S,|. Thus,

|S1lcos(0s,) > \S;|cos(951) (16)

ii). Proof of sin(07" h}f —B1inf) > 0: A relation is derived in
(17) by substituting §; = 7/2 in the expression of 6;,f (as
provided in (38) in Appendix-I).
[I1s¢(|X1L||D1|sin(£D1)

|ErayllKil
(17) is simplified in (18) by eliminating ZD; and ZK;, which
are obtained as zero for 3-phase bolted faults (considering the
homogeneity in transmission line and grid impedances in (39)
in Appendix-I).

efu){ O1nf = sin’ ( ) +LKi-biny (17)

9;5; O1ny = —0iny (18)
From (6) O1ny is obtained in the range of (—7,0). Thus,

sm(&lv ¥ —01n7) is positive for 3-phase faults. For asymmet-
rical faults with Ry, (17) is simplified in (19) by neglecting
grid and line resistances following the substitution of Dy, K3
and ¢ obtained from (39) (in Appendix-I) and (6).

Iflsf|X1L||D1|sm(4D1))
E K
| 1Gf|‘ 1] » (19)
a(l - 2) X1 + 2X5

2R

915}0 ele =sin ! <

+tan ™ <

From (39) it is observed that \%| < las |zl —a)ZiL +
(2 — x)Z1g + Zr| < |2(1 — x)Z1L + 2Zp|. Further, the
magnitude of Eigy becomes much higher than |I1g||X1z]
due to the limited magnitude of I;g; from the PV plant.
Therefore, 15 f”XéﬂD”l}?fr(éDl) << 1 and a relation can
be obtained as in (20)f

1 <|Ilsf|X1L|D1$m(4D1)> ~0

|Evarll Kl

Applying (20), (19) is simplified in (21).

z(1—2)X11 + 2X;q>
2R

sin (20)

2D

Olfj’f—ole =tan"?! (

Xir, X&' and R in (21) being always positive, a relation
is derived in (22), which is valid for all symmetrical and

asymmetrical faults.
sin(070] — 01n5) > 0 2)

Thus applying the relations obtained from (16) and (22) in
(13), a condition is derived as in (23) for faults in line-1.

AQin >0 (23)

2) During PV plant operation in unity power factor (upf)
mode: For upf mode of operation, 6y = 0. This is substituted
in (12) and rewritten in (24).

AQuar = Vaarsllas | (181 lsin(6g:) — [S1]sin(0s,))

+2|Vins | 11 ¢ 1] S2|sin (0771

(24)
—-01nf)

sin(fs,) and sin(fy ) in (24) are expressed in (25) using P,
P, and P5 obtained %rom (15).
v sin(0) = e
VIRB/PE TS (PP
Substituting sin(fs, ), sin(fq ) (obtained from (25)) and S
(obtained from (5)) in (24), a relation is derived in (26).
AQim =
EA 151 26)
-V 1
WVinsllisyl (\/1 (5P +\/1+(P2/P1) >

Substituting 0y = 0 in the expression of 61,7 (as provided in
(38) in Appendix-I), a relation is derived in (27).

sin(0s,) = (25)

pr

Vin gl pll(1-2)|sin(0 s 01 f)

[I1s¢l| X1]|D1]cos(£Dy)
|E1gyll Kl

9“;5}” 01N = sin? ( )+4K1791Nf @n

The relation in (27) is simplified in (28) by neglecting grid
and line resistances following the substitution of K and 01y
obtained from (39) (in Appendix-I) and (6) respectively.

frsf|X1L||D1|cos(4D1))
(28)

915; ele = gin ! (

+tan "t <

From (39) (as derived in Appendix-I), the range of /D,

can be obtained as (—7,0). This results in cos(£D1) to be
|115f||X1L||D1|Si7L(ZD1) << 1 and

|Evarll Kyl
(1 —2) X1 + 2X 3!
2R

positive. With the relations

[Eicrl|| K1l
_ eq
tan~! (WR—lfsz) < m/2 (as obtained earlier), the
F

range of (9;‘57{—9le) in (28) is obtained as (0, ), which
further satisfies the relation provided in (29).

Sln(elvf 91Nf) >0 29)

|S1] obtained from (5) is always less than 1, as the magnitude
of denominator is greater than the numerator. Similarly from
(9), it is observed that |S;| < 1 and the maximum value of

"l'is 1. Th [Sy] [S4] <
(Sl 18i1 s 1. Thus, | Zamess + e ) <
On the other side, fault current limit by PV inverter causes
|I15¢| to be srgmﬁcantly lower than |I;nf|. This results in
|Iingl(1— x)sm(@lff —6iny) > |Tisf|. With this consider-
ation a relation is derived in (30).

L fl1(1 = @)[sin(072] — 01 g) > [Tiss| Py (30)
_ St | 154
where, Py = ‘
4 VIHPs[P)? 1+ (P2/P1)?

Applying the relation obtained from (30) in (26), a condition
is established in (31) for faults in line-1.

AQin >0 31)
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Thus, it is evident from (23) and (31) that AQ1y is positive
for faults in line-1 and it is independent of PV plant operation
mode. On the other hand, I S\; F= 12(?\31 ¥ for normal operation
and faults external to the parallel lines. This results in lez\)/[ =

Q(S& which is expressed as a condition provided in (32).
AQim =0 (32)

Thus, the conditions derived for correct operation of distance
relays protecting parallel lines are as follows:
AQia > Quen;  for zone-1 fault in line-1

AQinm < —Quen;

The threshold, Q1 in (33) is decided considering a maximum
20% mismatch in IS& and Iz(?& due to the measurement
error during a bolted 3-phase fault at the relay bus [24].
However, the condition in (33) cannot be applied if any of the
line is out of service for maintenance or any other reasons.
Further, conventional distance relay at PV connected bus is
also observed to maloperate at times during single circuit
operation [25]. Therefore, a different check is required to
derive correct protection decision for single circuit operation
with such a line configuration in the system.

L (33)
for zone-1 fault in line-2

B. Identification of single circuit operating condition

Conditions of line-1 and line-2 are reflected through the
status signal of both circuit breakers (C'B; and C'Bs). C'B;
and C'B, will be at high state (1) when both the lines are in
operation, whereas low output (0) at any of the breaker status
indicates the respective line in out of service condition. Thus,
the single circuit operation is identified in the system with
parallel line configuration.
C. Protection method for single line operation

Distance relay at PV side is found to maloperate at times
due to the limited and modulated fault current from the
PV plant. Such an issue is not observed for the relay at
the grid side. Thus, the influence of infeed current on PV-
side distance relay operation can be avoided after successful
opening of the breaker at the grid terminal. In such a condition
the transmission line and the PV plant form a single infeed
network and the impedance measured by the distance relay at
PV side (Zj;) during a fault is expressed as

Vo
Zy =

=xZ11 + RF.
Iy

(34)
Therefore, the distance relay configured on the PV side
can operate correctly by incorporating a delay (7};) into the
protection logic coordinating with the fault clearing time at
the grid end. This intentional delayed operation in the PV
side relay is tolerable as the fault current is limited by the
inverter. However, fault involving ground can result in high
magnitude of current to flow in the line from the PV side
due to the grounded path in the transformer connection. To
mitigate such issue an additional zero sequence overcurrent
check (Ipps > Ipy) is incorporated at the PV side.
D. Proposed scheme

An overview for implementing the proposed protection
scheme is shown in Fig.6. For both lines in operation (C'B; =
CB; = 1), the line having higher positive sequence reactive
power flow is identified as the faulted line to initiate tripping

of the corresponding relay. A delayed distance relay operation
is provided with zero sequence overcurrent check for proper
protection during single line operation. For this the threshold
(Ipy) of the zero sequence overcurrent relay is decided by the
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Fig. 6. Proposed protection scheme at the PV-side of the parallel lines.
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Fig. 7. New-England 39-bus integrated with PV plant.

The proposed method is tested for a 345 kV, 60 Hz,
modified 39-bus New England system, as shown in Fig.7. The
synchronous generator connected at bus 38 is replaced by a PV
plant of capacity 300 MW, which is connected to bus 29 using
a double circuit line. The PV plant is complied with different
grid codes. In order to maintain the line flows similar to the
standard system as in [26], loads at bus 28 and 29 are adjusted
suitably. Simulations are carried out in PSCAD/EMTDC to
generate different fault data. Performance of the proposed
method is evaluated for the relay at bus 38 with the local
end voltage and current (for both lines) measurements. Digital
mimic filter is used to eliminate the decaying-DC component
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of fault current. The measured data are sampled at a rate of
1.2 kHz. 1-cycle discrete Fourier transform (DFT) is applied
to estimate voltage and current phasors, which are further
processed to compute positive sequence components required
for the proposed protection method. Comparative assessment
with available approaches is provided to demonstrate the
strength and high reliability of the proposed method. .
A. For different faults with variation in fault resistance

Limited fault current in the inverter associated with the solar
plant results in significant magnitude difference between the
phase currents at local and remote end of the faulted line.
This difference is higher during the phase faults (BC and
ABC) with low fault resistances. Similar situation arises during
ground faults (BCG, AG) with significant fault resistance
due to the reduction in zero sequence current from the PV
side. Performance of conventional distance relay and the
proposed method is tested for different faults created in line-1
connecting bus 38 and bus 29 in the 39-bus test system of
Fig.7. Ground faults (AG and BCG) are created at a distance
of 0.5 pu from bus 38 with a variation in Ry from 50 €2 to 100
), whereas phase faults (BC and ABC) are created at 0.75 pu
from bus 38 with a maximum Ry of 10 Q. Performance of
the distance relay RS\? (as shown in Fig.7) for the fault cases
are provided in Table-I. Results demonstrate that the apparent
impedance (Z, %p) calculated by the relay deviates significantly
from the actual faulted section impedance (Z§5% = 2Z11) and
remains outside the zone-1 in many cases (as indicated by
shaded rows), even when the relay is set with a quadrilateral
setting having a Rp coverage of 100 2 [22].

TABLE I

PERFORMANCE OF CONVENTIONAL DISTANCE RELAY FOR DIFFERENT
FAULT TYPES AND FAULT RESISTANCES

Fault type Rr Z3fr Z‘%p
@) | Rife | Xk | Rapp | Xap
© @ |© |®
1 3.85 56.25 19 58
ABC 5 3.85 56.25 40 58.8
10 3.85 56.25 75 64
3.85 56.25 12 52
BC 5 3.85 56.25 25 59
10 3.85 56.25 44 72
50 2.55 37.5 165 20.33
BCG 75 2.55 37.5 243 18.37
100 | 2.55 37.5 314 7.431
50 2.55 37.5 65 43
AG 75 2.55 37.5 121 36.6
100 | 2.55 37.5 125 50

Difference in positive sequence reactive powers in both lines
(AQ1ps) is calculated at bus 38 for all the fault cases (as
mentioned in Table-I) and shown in Fig. 8. It is observed that
AQ1) is above the set threshold ((Q15) for all the cases. This
confirms the improved performance of the proposed method
compared to distance relay in identifying the Zone-1 faults in
line-1 using the condition mentioned in (33).

B. For faults at different locations (internal and external)

Performance of the proposed method is tested for faults
created at different locations, internal and external to the

= 80 — )~ —BCG(5092
~ ABC(IQ,) = e ﬂ( Sl)
< 60! —ABC(5Q) < BCG(750)
z —ABC(10Q) > —BCG(10092
2 40! BO(IQ) 2 —AG(500)
= —BC(52) = | —AG(750)
O 20; Fault inception | —BC10®) & _80(100“)
< E-- B G "Quh < Y
(] v/ 2 S
5 5.1 52 5 5.1 52
Time (s) Time (s)

(a) (b)
Fig. 8. Performance of the proposed method for (a) phase faults (ABC, BC)
and (b) ground faults (AG,BCG) in line-1 with different fault resistances.

parallel lines connecting bus 38 and bus 29 in the 39-bus
system of Fig.7. Phase-A-to-ground (AG) faults are created at
different locations of line-1 and line-2 with Ry = 10 (2. Fault
location in both lines is varied form 0.1 to 0.9 pu (from bus
38). A 3-phase fault is created in line 26-29 with Rp = 0.1£2, at
a distance of 0.1 pu from bus 29 to present a forward external
fault for the relay at bus 38. Similarly, a reverse fault case is
presented by creating a 3-phase fault between bus 38 and the
transformer connecting PV plant (with Rp = 0.1€2). Positive
sequence reactive power differences (AQ7js) calculated for
all the cases at bus 38 are shown in Fig.9 (a). It is evident
that AQ1,s is greater than the threshold (Q1¢) for faults in
line-1, whereas AQ1, is negative and lower than the threshold
(—Q1¢p) for faults in line-2. A1, obtains a value within the
thresholds for both external faults. Results clearly demonstrate
the correct operation of the proposed method for all internal
and external fault cases using the conditions in (33).

200 —L,01pn) 1000
= —L,(0.5pu) gé
<>C 100 L9 > —NAGC
< —LO1py) = 500 —euac
< () e==gg=====%====== —LZ(OASPU) = —Type-3 WF
= —L09p0) O -Q
©'-100 Fault inception | —Rev.(Ext) < Fault inception
<] —Fwd.(Ext) 0
} --Qa fommg R
200 p 51 59 5 5.1 5.2

Time (s)
(a) (b)

Time (s)

Fig. 9. Performance of the proposed method for faults (a) at different locations
and, (b) with different sources complying different grid codes.

C. In the presence of different sources with different grid codes

Voltage and current during faults are modulated differently
with variation in control operation associated with different
sources and grid codes. Performance of the proposed method
is tested in both the conditions for 3-phase faults created in
line-1 connecting bus 38 and 29 in the 39-bus system, at a
distance of 0.5 pu from bus 38 with Rp = 0.1€). For the
purpose, the PV plant connected at bus 38 is complied with
the grid codes mentioned in [20] and [25], one at a time.
The PV plant operates in upf mode (NAGC) while complied
with the grid code in [20], whereas the plant supplies dynamic
reactive current during fault when it is complied with the grid
code in [25] (EUGC). In order to verify the compatibility
of the proposed method with different sources, the method
is tested with a 300 MW Type-III wind farm (replacing the
PV plant) and a synchronous generator (as present in actual
system in [26]) connected at bus 38, one at time. AQ1ys
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calculated at bus 38 is found positive and higher than Q1
for all the cases, as shown in Fig.9 (b). This clearly indicates
correct identification of Zone-1 faults in line-1 and establishes
the proposed protection method to be independent of control
schemes associated with different sources and grid codes.

D. Performance of the proposed method for cross country fault

Performance of the proposed method is now tested for a
cross-country fault in double circuit lines sharing the same
tower. For this purpose, an AG fault is created in line-1
connecting bus 38 and bus 29 in Fig.7, at a distance of 0.4 pu
from bus 38 with Ry = 20 Q2. At the same instant, a BG fault
is created in line-2, at a distance of 0.5 pu from bus 38 with
Rp =25 Q. AQ1p computed at bus 38 is found higher than
Q1+, (as shown in Fig.10 (a)), which initiates the tripping of
circuit breaker only in line-1. Opening of circuit breaker in
line-1 changes the parallel line configuration to single circuit
operation mode. Now, the fault in line-2 is taken care by
the protection arrangement present in the proposed scheme
for single circuit operation comprising of delayed distance
relaying and zero sequence overcurrent check. Result in Fig.10
(b) shows the zero-sequence current in line-2 (Ié?&) to be
higher than the pickup setting (/pr). This demonstrates the
correct operation of the proposed protection method for cross-
country faults in parallel lines. In addition, the case study also
verifies the performance of the proposed method during single
circuit operation.

~ 0.6

60 )
—_~ o 5
o{: 20 3 0.4+ Single cirf:uit —lf;&
= = operation
= £ detected | ---1,,
< 20 g 02t
o =
< 9 § I R

Fault inception [ i i
20 ‘F ault inception
4.9 5 5.1 52 5 51 52 53 54

Time (s) Time (s)
(2 (®)

Fig. 10. Performance of the proposed method for a cross-country fault in
parallel lines showing (a) AQ1,s and (b) I(()?\B[.

E. Performance evaluation in the presence of interharmonics

Interharmonics present in a system with power-electronic
converter based sources create issues for phasor estimation and
influence the performance of associated protection schemes.
Therefore, the performance of the proposed non-unit protec-
tion technique is tested in the presence of interharmonics. For
this purpose, the current signals measured at bus 38 of Fig.7
(solar plant connected bus) is contaminated with the dominant
interharmonics ranges from 32.5 Hz - 67.5 Hz considering the
sampling frequency of MPPT algorithm and the fundamental
frequency to be 10 Hz and 60 Hz respectively [27]. Further,
a BC fault is created in line-1 connecting bus 38 and bus 29
in the 39-bus system, at a distance of 0.8 pu from bus 38
with Rp = 0.1€2. The frequency spectrum of line -1 currents
during prefault and fault conditions are shown in Fig.11 (a)
and (b), with the current waveform in Fig.11(c). Higher value
of AQ1p than Q14 (as shown in Fg.11(d)) indicates the

fault to be in Zone-1 of line-1, and demonstrates the correct
performance of the proposed method even in the presence of
interharmonics.

< ~ 05

T o3 323HZ 60TZ ] e sty TE60IZ

=02 T m‘rA“HZ =3 3 67.5HZ

s SRR i

=0 325 60 120 150 = 0 325 6 120 150
Frequency (Hz) Frequency (Hz)

(@ (b)

ault inception

5 5.1 52 49 5 5.1 52
Time (s) Time (s)

(©) (d
Fig. 11. Performance evaluation in the presence of inter-harmonics showing
frequency spectrum of line-1 during (a) prefault, and (b) fault, with (c) inter-
harmonic contaminated current signal and (d) AQ1s calculated at bus 38.
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FE. Performance of the proposed method during power swing

Significant reduction in system inertia with integration of
converter-interfaced sources may cause severe oscillations
(like power swing) following a disturbance in the system.
Performance of the proposed method is tested for fault during
such an event. A 300 MW Type-III wind farm is connected at
bus 38 of Fig.7, replacing the PV plant and sharing the total
generation of the synchronous generator present in the actual
system available in [26]. A three phase fault is created in line
26-29 at 7.3s, which is cleared by opening the circuit breakers
at both ends of the line at 7.35s. As a result, a power swing
is observed in the system. An AG fault is created in line-2
connecting bus 38 and 29 at 8.5 s with Rp = 10 €. Fig.12(a)
and (b) show the voltages at bus 38 and currents in line-2
respectively. AQ1ys calculated at bus 38 is shown in Fig.12
(c). It is observed that AQ1;; remains within the threshold
(£Q1¢n) during prefault and crosses it only after the fault
inception. AQ1ys lower than —Q1¢;,, as shown in Fig.12(c),
indicates correct identification of Zone-1 fault in line-2 using
the proposed method even during the power swing.

— —_ Ty
z E) !
> =
%D E Fault
CE =] inception
> &}
7.5 8 8.5 735 77 8 8.5
Time (s) Time (s) Time (s)
(a) (®) ©

Fig. 12. Performance of proposed method for fault during power swing
showing (a) voltage at the relay bus (b) current in the faulted line, and (c)
the positive sequence reactive power difference

G. Performance of the proposed method in an Indian power
network for different power flow conditions

The performance of the proposed method is tested for
different power flow conditions by simulating a part of the
Indian power grid with parallel lines connecting PV plant to
the grid, as shown in Fig.13. Detail system parameters as in
[1] are provided in Appendix-II and the load connected at bus
M is considered to be 400 MW. For this purpose phase-A-to-
phase-C (AC) faults are created in line-1 at a distance of 0.5
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pu from bus M (Kasorgode S/S) of Fig.13 with Rp = 0.1 Q.
The solar plant generation is varied from 125 to 500 MW. PV
plant generation less than 400 MW indicates the power flow
to be from bus N to bus M. Positive sequence reactive power
difference calculated at bus M and N (AQ1as and AQ ) are
shown in Fig.14. Higher values of AQ1p and AQ;n than
(11, for all the cases ensure correct identification of Zone-1
faults in line -1 using the proposed method. This also verifies
the method to be independent of power flow conditions.

M I N

™M Linet Eﬂ

132/220 220/400
kv
Lm BN
— —
Line-2
PV plant Kasarglodc Kasargode Wayanad

poo S/S S/S

Fig. 13. Transmission system for Kasargode solar park in Kerala [1].
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Fig. 14. Performance of the proposed method for relay installed at (a) bus
M and (b) bus N of Fig.13 for line-1 faults with varying solar plant capacity,
and (c) bus M in Fig.15 for line-2 fault

H. Performance of the proposed method for a system with
100% PV penetration

2 ™M) ) T(N) 3 9 3
line-1
I'l] @ ——
line-2
| K s
Grid-following A= Grid-forming
18 kV L5 6 13.8kV
200 MVA T 200 MVA
4
>
N\

Grid(—fol]‘l(ning
16.5kV
Ixd

200 MVA
Fig. 15. 9-bus system with 100% PV penetration.

Performance of the proposed method is tested for a 9-bus
system with 100% PV penetration, as shown in Fig.15 [28].
The solar plant connected at bus 2 is integrated to the grid
through grid-following converter, whereas the solar plants at
bus 1 and 3 are integrated through grid-forming converters.
The grid-following converter operates with balanced current
controller, whereas the grid-forming converters are controlled
with dual-current controller and generate both positive and
negative sequence currents. An AG fault is created in line-2
(as marked in the system) at a distance of 0.7 pu from bus
M with Rp = 20€2. The reactive power difference (AQ1s)
calculated by the proposed method at bus M is found to be
less than the threshold (Q1+,) (as shown in Fig.14(c)), which
indicates the correct identification of zone-1 fault in line-2.

Thus, the proposed method is found to be robust even for the
system with 100% PV penetration.

1. Comparative assessment

Limitations of the available methods (as mentioned in
Section I) are summarized in Table II and compared with
the proposed method. In order to present the high reliabil-
ity of the proposed method with quantitative measure, the
method is tested for total 1920 fault scenarios as listed in
Table III. Fault resistance is varied from 0.1 to 1002 for
ground faults, whereas it is varied up to 30¢2 for ungrounded
faults. Conventional distance protection and cross-differential
relaying techniques are also tested for those cases. The dis-
tance relay reach has been increased to 90% to provide a
uniform comparative assessment. The formula available in
[29] is applied to calculate the reliability of the protection
methods. The study reveals the reliability of distance relay and
cross-differential technique to be 65% and 85% respectively,
whereas the proposed method is found to be 100% reliable,
providing correct results for all cases. Some of those cases are
provided below highlighting the comparative assessment.

TABLE II
COMPARATIVE ASSESSMENT WITH AVAILABLE METHODS
Parameters Available Methods Proposed
[51-[71 [12], [13] [14], [16] [17] Method
Appllcable to parallel Yes Yes No Yes Yes
lines?
Tested for renewable No No Yes No Yes
integrated system?
Independent .Ot source No No Yes No Yes
control algorithms?
?nsensmve to mutual No No No No Yes
impedance?
No requirement of
. No No No No Yes
faulted phase selection?
TABLE III

LIST OF FAULT CASES FOR COMPARATIVE ASSESSMENT

Fault types

Fault resistance(2)
Fault locations (pu)
Grid Code NAGC, EUGC

PV plant capacity (%) | 25, 50, 75, 100
Total cases = (6x6x5x2x4)+(4x3x5x2x4)=1920

AG,BG,CG,AB,BC,CA,ABG,BCG,CAG,ABC
0.1, 10, 30, 50, 75, 100
0.1, 0.25, 0.75, 0.9, 1

1) For different fault types with variation in fault resistance
and fault location: Fig.16 presents the comparative assessment
between cross differential relaying and the proposed method
for different types of faults (with Rp = 0.1 ) created in the
line-1 connecting bus 38 and 29 in the 39-bus test system with
variation in fault location and PV plant generation capacity.
The solar plant is considered to operate in upf mode following
NAGC. As shown in Fig.16(a), the cross-differential method
is found to maloperate for ungrounded faults. This is due
to the severe fault current modulation by the solar plant in
the absence of zero sequence current. On the other hand, the
proposed method is found to operate correctly for all the fault
cases, as shown in Fig.16(b).
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Fig. 16. Performance of (a) cross-differential, and (b) the proposed method
for different fault types with variation in fault location and PV plant capacity.

2) For different PV capacities with variation in fault loca-
tion and fault resistance: A similar comparative assessment
between distance relaying and the proposed method is pro-
vided in Fig.17 for BCG faults created in line-1 connecting
bus 38 and 29 in the 39-bus system with variation in fault
resistance, fault location and PV generation capacity. Similar
to the earlier case, the solar plant is considered to operate
in upf mode following NAGC. As shown in Fig.17(a), the
distance relay is found to maloperate for faults near to the relay
reach with significant fault resistance. It is also observed that
the chance of relay maloperation increases with reduction in
solar plant generation. This is due to the increase in local end
source impedance. On the other hand, the proposed method is
found to operate correctly for all the fault cases generated for
this study, as shown in Fig.17(b).

Correct operation  [lll Maloperation

100 — 00—
£ 80 £ 50
r — [
S 60 S 60
§  — 5§ | ————
o o
> 40 > 40
=%} ~
S ———— lae———
1
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x(pu) R () x(pu) R, ()

(a) (b)

Fig. 17. Performance of (a) conventional distance relay and (b) the proposed
method for BCG faults with variation in fault resistance, fault location and
PV plant capacity.

VI. CONCLUSION

Techniques available for parallel line protection are not
reliable while connected to solar PV plant. A method is
proposed to identify Zone-1 faults in parallel lines using the
positive sequence reactive power difference between both the
lines. A delayed distance protection with additional ground
current checking is included in the protection logic at the
PV side for single circuit operation. The method uses only
local voltage and current data for protecting the parallel
lines. The performance of the proposed method is tested for
different types of faults with variation in fault resistance,
location, power flow condition and PV penetration level. The
applicability of the proposed method is demonstrated for lines
connecting other renewable sources and with different grid

code compliances. The performance is also tested for cross-
country faults, in the presence of inter-harmonics and during
power swing. Comparative assessment with the available tech-
niques demonstrates the strength and high reliability of the
proposed method.

APPENDIX -1
A. Calculation of 01,

From Fig. 3 the positive sequence voltage V7,7¢ observed
at bus M during BCG fault in line-1 is given by

1 1 1
Vinmy :I{]\j[f(leL)_"ZF(I{]y)[f"rI{]\;f) 35)

and the positive sequence current [ S@  can be obtained from
rZ16-4F

1+z)
S A=) 42210422

INf — Liny 9

(36)

After replacing the value of S\} 7 and I S\Z ¥ from (4) and (36)
in (35), Viary can be simplified as

Vimy = [lisyZ1o D1 + Ei1gyKi] 37

Considering the transmission line resistance to be negligible,
01,¢ with respect to the grid side voltage Fgs is obtained
from

. 1. M1sfllXapl|D1lcos(£Dy — 0y)

O1pf = sin™ | |+ £K1

|E1gy|| K1 (38)
The value of D; and K are expressed as
D z(1—-2)Z1p +22—-2)Z1c+ ZF
1=
Zi(1—2?) +2Z1¢ + 2ZF 39)
.’E(l — x)ZlL + QZF
K=

ZIL(I - 332) + 221@ + 2ZF

APPENDIX -II

B. System Parameters

TABLE IV
SIMULATION PARAMETERS OF THE SYSTEM IN FIG. 1
Element Parameter Value
Unit Capacity IMW
PV plant Total no of units 300
Voltage level, Frequency 33/230kV, 60Hz
Transformer Vector group YNdI11
MVA, %Z 400, 7%
. K,=0.15
PI controller Current controller (d-q axis) T,=0.08s
Rated Voltage 600V
DC bus DC link capacitor 7800 F
. 300uH ,200uF
Filter Ly, Cf, Ry 25m0Q
Transmission Voltage, Line length 230kV, 150km
line S Line Model Tower type, 3L12
Conductor type Chuckar
cT Ratio, Class 1000:1, 5P40,
Core Silectron 53
PT Ratio, Class 400kV:110V, 3P
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TABLE V
SIMULATION PARAMETERS FOR THE INDIAN SYSTEM OF FIG. 13

Voltage Level: 400 kV

Length: 220 km

Transmission line model: Tower type, 3L14
Transmission line conductor: Moose

Rated capacity: 500 MW

Transmission Line

Solar plant

Transformer

700 MVA, 220 kV/ 400 kV, YNd1
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