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Abstract—Fault ride through compliance as imposed by grid
codes prevents undesirable disconnection of renewable plants
from the network even during fault. Diversified control schemes
adopted in the converters associated with such plants modulate
the voltage and current output significantly during a fault.
This varies the fault characteristics of the renewable plant
at times and thereby affects the performance of the distance
relay protecting lines connected to such plants. In this paper,
a distance protection method using local data is proposed for
transmission lines connecting renewable plants. The proposed
method calculates the phase angle of faulted loop current by
determining the pure-fault impedance of the renewable plant at
every instant following fault detection, irrespective of the control
scheme associated with the plant. Utilizing the information,
it calculates the line impedance up to fault point accurately.
Performance of the proposed adaptive protection method is tested
on renewable integrated modified 39-bus New England system
using PSCAD/EMTDC simulated data and found to be accurate.
Comparative assessment with the conventional distance relaying
technique reveals its superiority.

Index Terms—Renewable energy power plants, distance pro-
tection, adaptive relaying, fault current modulation.

NOMENCLATURE
A. Abbreviations:

CIRP Converter-Interfaced Renewable Plant
SIR Source Impedance Ratio
PV Photovoltaic

NA-GC North American Grid Code
EU-GC European Union Grid Code

B. Variables:

Ve DC bus voltage of inverter

14 DC bus current of inverter

Ly, Cy Filter parameters (inductance and capacitance)
V. Operating voltage at bus M

I, Operating current at bus M

Zapp Apparent impedance calculated by relay

x Per unit fault distance

Z, Line impedance

0r, Line impedance angle

ZMF Line impedance up to fault point from bus M
Rp Fault resistance

I Current in the faulted loop

AZ Correction impedance

Eq Equivalent internal voltage of grid

Za Equivalent impedance of grid

Zyy Equivalent impedance of solar plant transformer
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Epy Equivalent internal voltage of solar plant
Zpv Equivalent impedance of PV units with converters
Zsp Equivalent impedance of Solar plant

«a Deviation angle
AT Incremental current
Er Pure-fault excitation voltage

C. Subscripts:

(d, q (d, q) - axis component of the signal

(A, B, C, G) Phase-A, Phase-B, Phase-C, ground

(M, N, F) Measurements at (bus M, bus N, fault point)
(1,2,0) (Positive, negative, zero) sequence components

D. Superscripts:

* Reference
(pre, f,pf) Prefault, during fault, pure-fault
(act, conv, prop) Actual, conventional, proposed

I. INTRODUCTION

LARGE—scale converter-interfaced renewable plants
(CIRPs) are of interest today to meet the increasing
power demand and mitigating environmental degradation
[1], [2]. Variability associated with such a renewable energy
source causes power fluctuation in the plant. Maximum power
point tracking control strategy is used to extract optimum
power from such a plant. To satisfy the requirements of utility
grid code, different control schemes are adopted in such
plants [3]. Current limiting control ensures the safety of the
power electronic components used in the converters during
fault. Fault ride through schemes prevent the disconnection
of renewable plants during network fault [4], [5]. The control
schemes used in the converters modulate the voltage and
current output of the plant during fault [6]. This affects
the performance of distance relay protecting transmission
line emanating from a renewable plant and leads to its
maloperation [7]-[10].

The influence of intermittency and the control schemes
associated with a CIRP on distance protection is analyzed in
[8]-[11]. Different techniques are proposed for improvement
of relay performance in such a situation. An improved distance
relaying method is proposed in [9] for lines connecting CIRPs.
The method provides a delayed decision for the relay at
renewable side and also depends on the correct operation
of the relay at remote end. Adaptive distance relay setting
techniques are proposed in [10], [11] for protecting lines
connected to wind farm. The performance of these techniques
are verified for different penetration levels of the wind farm
and also for wind speed variation. These techniques require
information on number of participating units and wind speed



data obtained through communication link, resulting delay
in protection. These schemes are not evaluated considering
embeded converter control. Improved communication assisted
tripping schemes are proposed in [12], [13] for the lines
emanating from CIRP. These techniques have also latency
issue associated with protection decision and there is no
solution in case of communication failure.

Limitation in fault current magnitude along with phase angle
modulation in the presence of CIRP affects the performance
of conventional distance relay protecting lines emanating
from such plants, particularly for faults with significant fault
resistance. To compensate the effect of fault resistance in
the presence of remote infeed, adaptive distance relaying
techniques have been proposed [14]-[16]. These approaches
either neglect the equivalent source impedance of each end
of a protected line or consider to be homogeneous to the
line impedance, which is not true for a network integrating
renewable energy power plants. A control based solution is
provided in [7], which regulates the fault current angle from
CIRP imitating the characteristics of synchronous generator.
Such a technique is difficult to generalize for different types
of renewable plants with various control schemes.

The converter control schemes and the variability influence
the equivalent impedance of a CIRP resulting variation in
source impedance ratio (SIR) [10]. An adaptive zone-1 setting
technique is proposed in the presence of dynamic SIR condi-
tion following structural and operational changes in power sys-
tem [17]. The technique does not address the issue associated
with converter interfaced generation. Some of the available
distance relays apply different techniques for setting bound-
aries while protecting transmission lines for different source
impedance ratios (SIRs) [18]—[22]. Such relays with multiple
settings requirement, for different SIRs, cannot update the
setting so quickly under dynamic system conditions, which is
necessary for primary protection in stepped distance relaying.
Further, the distance relay settings with large fault resistance
coverage during high SIR situation have load encroachment
issue [21].

In summary, the distance relay protecting transmission line
connected to CIRP finds limitation in case of faults with signif-
icant fault resistance due to high and variable SIR situation,
which is introduced by different control schemes associated
with the plant. Available protection methods for such situations
either neglect the non-homogeneity caused by the control
operation of CIRP or require additional information using
communication link resulting delay in protection. Control
based solution is difficult to generalize considering numerous
control schemes associated with different types of CIRP.

In this work a distance protection approach is proposed
for lines connecting converter-interfaced renewable plants
mitigating the issue with fault characteristic variation. The
method calculates the phase angle of faulted loop current
by determining the pure-fault sequence impedances of the
renewable plant with every new samples of voltage and current
data available to the relay. Thereby the proposed adaptive
approach uses it to obtain the line impedance up to the fault
point from relay bus, irrespective of the control schemes
associated with different types of CIRP. The performance

of the proposed method is tested on renewable integrated
modified 39-bus New England system using PSCAD/EMTDC
simulation data for different fault situations with variation
in renewable plant capacity, its type and system conditions
including power swing. The proposed method can be applied
for protection of any transmission line, CIRP connected or not.
Comparative assessment with conventional distance relaying
technique ensures its superiority.

The paper is organized as follows: Section II introduces
the renewable integrated test system used in this work with
brief description on the control scheme applied for the CIRPs.
The issue associated with distance relay for protecting lines
connected to CIRP is analyzed in Section III. The proposed
adaptive distance protection method is formulated in Section
IV and the results evaluating its performance in different
situations are provided in Section V. Section VI concludes
the work.

II. SYSTEM DESCRIPTION

The issue discussed in this work and the performance of the
proposed solution technique for the mitigation are tested on
345 kV, 60 Hz, 39-bus New England system [23] integrating
renewable plant, as shown in Fig. 1. Simulations are carried
out using EMTDC/PSCAD. Voltage and current phasors are
estimated using 1-cycle discrete Fourier transform with a
sampling rate of 3.84 kHz.

Fig. 1. CIRP integrated modified 39-bus New England system.

The generator connected at bus 33 is replaced by a 300
MW solar photovoltaic (PV) plant. The solar plant consists of
multiple PV units, each connected to the common coupling
bus (33) through a DC/AC inverter and transformer [24]. The
solar based CIRP is controlled in synchronous reference frame,
which controls the fault current along with the filter of the
converter, as shown in Fig. 2 [7]. The grid side and converter
side voltages are denoted by Vj.;q and Vj,, respectively.
Feedforward compensation is provided, as shown in Fig. 2,
to decouple the converter operation from the disturbances
occurred in the grid side. This maintains the voltage across the
filter to be balanced even during unbalanced situation in grid
side and consequently generates balanced current in output.
However, a small amount of unbalance is always found to be
present in output current due to the inability of PI controllers
in suppressing dq current oscillations at twice the nominal
frequency during asymmetrical faults [25].



The solar plant is modeled satisfying North American grid
codes (NA-GCs) and operates close to unity power factor [26].
As to the grid code (GC), the solar plant rides through the low
voltage situation during fault without imposing any regulation
on active and reactive components of fault current [5], [8].
On the other hand, the European Union grid code (EU-GC)
imposes high priority on reactive power support to improve
the voltage profile at common coupling point [8]. The reactive
current reference for the purpose is calculated as in [27]. For
verification of the impact of different renewable sources, the
solar plant is replaced in some cases with Type-III and Type-IV
wind farms consisting of standard control schemes as in [28],
[29]. All these CIRPs being connected to bulk-power system
consider fault ride through and internal protection guideline
as to the NERC reliability standard [30].
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Fig. 2. Control scheme applied to the solar based CIRP.
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Performance of the distance protection method is tested for
the relay at bus 19 for faults in line 19-16. For emphasizing
the issue in the presence of converter interfaced renewable
plants, bus 20 is disconnected from bus 19, which isolates the
generator at bus 34 and load at bus 20 from rest of the system.
In order to maintain proper generation and load balance, bus
15, 16 and 24 loads are modified suitably. A 300 MW Type-III
wind farm is connected at bus 38 with the existing synchronous
generator, sharing its total generation.

III. ISSUE WITH DISTANCE RELAY FOR LINES
CONNECTING CIRP

Fig. 3 shows a transmission line connecting solar based
CIRP. The solar plant consists of multiple solar photovoltaic
units with each one connected to the collector bus through
DC/AC inverter and a step-up transformer. Zi, represents the
impedance of line MN and a fault is considered at a distance
of x pu from bus M with a fault resistance, Rp.
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Fig. 3. Transmission network integrating solar plant to grid.

Apparent impedance (Z,,,,) calculated by the distance relay
at bus M (Ryp) for the situation is given by [31],

Vi I
Zapp = — =xZ11 + (i) Rr =Zur+AZ (1)
I”'IM I’V‘A/j
Where, V.., and I,.,, are the operating voltage and current for

the relay, Ry I represents the faulted loop current. Table I
provides V., I, and I for different fault types.

TABLE I
DISTANCE RELAY OPERATING MEASUREMENTS AND FAULTED LOOP
CURRENT FOR DIFFERENT FAULT TYPES

Fault type Vi I Ip
AG Vac | 1a+ Korlo Tar
BG Vee | I+ Korlo IpF
CG Ve | Ie+ Korlo Icr
BCG VBo Ip —Ic Ipr — IoF
ABC Vaa Ia Lr

where K is the zero sequence compensation factor for
line MN and expressed as, Ko;, = % 1, 2 and O in
subscript represent the positive, negative and zero sequence
components respectively.

As in (1), apparent impedance calculated by relay Ry
includes an additional impedance, AZ (= (Ir/1,,,) Rp) along
with the impedance of the line up to fault point, Zy/p
(= xZj1). Fault current limitation by the CIRP interfacing
converters causes the ratio, (Ir/1..,,) to be very high compared
to a conventional power network with synchronous generator
based sources. This results a large difference between Zy;p
and Z,,,. Fault current modulation by the solar plant is
regulated by the control schemes associated with the plant.
This introduces non-homogeneity in the system compared
to a sunchronous generator based network and results in a
significant phase angle difference between I,,, and Ir [7],
[8]. Such phase angle difference adds a significant reactive
part in AZ and deviates the Z,,, along the imaginary axis in
R-X plane.

The above mentioned fault current characteristics in the
presence of solar based CIRP are evident from the results
shown in Fig. 4, for a phase B-to-phase C-to-ground (BCG)
fault in line 19-16 of the system in Fig. 1 at a distance of
0.4 pu from bus 19 with a fault resistance of 20€2. Solar plant
complied by NA-GC operates close to unity power factor even
during fault. This results in the fault current at solar plant
side leading significantly to the current through Rg. This is
evident from Fig. 4(a), where delta line current between phase-
B and phase-C at bus 19 (Ip,, — Ic,,) leads the faulted loop
current (I, —Ic,.) by an angle of 56°. With such phase angle
relationship leads the Z,,, to shift towards negative imaginary
axis in R-X plane. Fault current limitation in solar plant results
(Isp—Icel/|1p,,—1c,,1) to be very high, which can be evident
from Fig. 4(b). This results a large deviation in Z,;,, from
Zy . Effect of such large deviation in apparent impedance
toward negative imaginary axis results the Z,,, calculated by
the relay at bus 19 to settle in 4*" quadrant of R-X plane,



as shown in Fig. 5 for a distance relay with fault resistance
coverage of 100 2. This leads the fault to be unidentified
in proper zone of the relay setting. Fault current from solar
plant being regulated by the associated control schemes gets
modulated differently with the fault situation and solar plant
operation status. This results significant difference in Z,,,
calculated by the relay, even for faults at same location with
equal fault resistance. Thus there is a need for new protection
technique, adaptive to the fault current modulation in the
presence of CIRP to prevent such distance relay maloperation.
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Fig. 4. Fault current characteristics showing (a) phase angle modulation and
(b) fault current limitation in the presence of solar based CIRP.
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Fig. 5. Distance relay maloperation in the presence of solar based CIRP.

IV. PROPOSED ADAPTIVE RELAYING METHOD

Fig. 6(a) represents the issue associated with distance relay
in the presence of CIRP, as discussed in section II. On the
other hand, renewable plant complied with EU-GC generates
reactive current during fault to maintain the voltage level at the
connected bus. This results I to lead I,.,,. Distance relaying
for such a situation is represented in Fig. 6(b). 61, represents
the phase angle associated with Z1,. R, and X, are the
resistance and reactance associated with Z,,, calculated by
the relay.

Using the geometric property, the deviation angle («) in Fig. 6
can be expressed as,

_ Zyrlsinbin — Xq
=t 1 ‘ PP 2
@ an ( |Znr|cosOir, — Rapp @

Zyr, with an angle same as the line impedance angle, can
be obtained from (2) as follows,

Xapp — Rapptana
sinbir — cosBiptana

ZMF = (cosOir + jsinbir) 3)

« in Fig. 6 is the gradient of AZ and can be expressed as,

XA XA
N N Zapp
D
,,,,,,, F ____ | [Bo
[ 3
& ><“ a,
N7 B N7
e
M P - O -
Kapp % R M Rapy R
Zagp
(@) (b)

Fig. 6. Impedance diagram of distance relaying with CIRP supplying fault
current (a) leading and (b) lagging to the current in the faulted loop.

a =arg (IIF RF> =arg (IIF ) 4)
M M

« should be calculated correctly to obtain Zj;r using (3).
As in (4), « is a function of I, which depends on the remote
end current of the protected line. Techniques to determine «
using local data for different fault types are proposed below
with a detailed analysis of the CIRP integrated power network.

Fig. 7 shows the equivalent diagram of the system of
Fig. 3. The positive sequence model of conventional power
grid connecting only synchronous generators is represented
using a voltage source (Fg) with an impedance (Zg) in
series. A grid connected solar plant is considered as a voltage
controlled current source. At any particular instant, a current
source can be converted to an equivalent voltage source (Epy )
with a series impedance (Zpy) [32]. Such a voltage source
based representation is shown in Fig. 7. Zpy changes at each
measurement instant, in accordance with the variation of solar
irradiance, plant status and control operation. Such a represen-
tation satisfies the controlled voltage and current output at the
terminal of CIRP [33], [34]. Equivalent impedance of the solar
plant consisting of Zpy and transformer impedance (Zr,) in
series is represented as Zgp further in the analysis.

Solar Plant

Fig. 7. Two bus equivalent model of solar plant integrated network.

Equivalent models of such a network during prefault and
a three phase fault condition consist of different equivalent
impedances, as shown in Fig. 8. 274, and ZI, represent
the equivalent positive sequence impedances of solar plant
during the prefault and fault, which vary with the measure-
ment instances depending on the control scheme and system
condition.

Using Kirchhoffs current law for the circuit in Fig. 8(b), the

faulted loop current through R can be expressed as,
IlF:I{]LI+[{N ®

where, I { aand I {  Trepresent the fault currents at bus M and
N respectively.



Fig. 8. Equivalent model of a solar based CIRP integrated network during
(a) prefault and (b) fault situations.

Currents at both ends during prefault are equal in magnitude,
but opposite in phase, as shown in Fig. 8(a), Thus (5) can be

rewritten as,
Lir =ALm +ALN (6)

where incremental current, Al ) at each end is repre-
sented as in (7).

ALy = I

1(M,N) — IT0 )

1(M,N)

Using the relation of (7) and by applying superimposed
principle, a pure-fault sequence network for a CIRP integrated
system is derived in Fig. 9 . Note that pure-fault impedance
of solar plant (Z7 g p) is different from Z{¢% and Z{ Sp-
The excitation voltage (Er) for the pure-fault network is the
voltage at F during the prefault measurement instance.

pr

N
Zisp X7 -X)Zi | Zig

F

Fig. 9. Pure-fault network model of a CIRP integrated transmission network.

Applying current distribution property in Fig. 9, incremental
current at bus M (A1) can be expressed as,

(1—-x)Z1L + Z1c

R ae
1SP + Z1L + Zic

Iir (8)

Using the relation (5) in (8), Zf j; p can be expressed as,

I+ ) ((-2) Z1 .+ 2 6)

f pre
IlM - Il]\/[

ngp = — (Z1p+Z1a) ©)

Above can be simplified as,

ngp = (v Zue—HyrZit+ iy Zee) /(i —107%)

(10)
where, Zyg = Z11 + Zic and Zpg = (1 — 2) 211 + Z16-

Introducing F1 of Fig. 8, in the numerator of the above
equation, we get

(Erg + 175 Znw)~(Big — Iy Zra + T yyxZi1)

ZPf —
e Hy =10

an

With the equivalent networks during prefault and fault, as
shown in Fig. 8, the two parts of the numerator in (11) can
be simplified as,

Vi =Eic + Iy Zuc (12)
VlfM =FEic - I{NZFG + I1foZ1L

Using the relation (12) in (11), the pure-fault impedance
becomes,

2V p = (Vi Vi) (1]~ 1755 (13)

With the concept as derived above, the pure-fault sequence
diagrams of the system in Fig. 7 are shown in Fig. 10 for AG,
BC and BCG faults representing all three asymmetrical fault
types. I,, represents the phase-to-phase arcing resistance [8].
dYg connection of the main transformer connecting solar plant
results in zero sequence current at bus M to flow through a
constant impedance, as shown in Fig. 10. Solar plant controlled
in synchronous reference frame and with feedforward compen-
sation is set to generate balanced current output, as described
in Section II. Still, there always exist a small negative sequence
current, especially during the transient period (up to 1.5 cycles
following fault inception) when the relays providing primary
protection usually take the decision [35], [36]. Thus, the
small uncontrolled negative sequence current from solar plant
makes Z5 g p to be very high and variable with time and fault
situation. Some of the available standards reveal that the CIRP
interfacing inverters are being configured to be capable of
providing negative sequence current [30]. Equivalent negative
sequence circuit of CIRP with such an inverter configuration
can also be represented with a variable impedance, as used in
this work.

With the pure-fault sequence networks for different fault
types, « in (4) can be determined as follows.

A. For three phase fault

As in (1), for a three phase fault, the relay Ry calculates
the Z,p, using (14).

Vam
Zapp =

Tanr (14)

With the sequence components calculated using phase-A as
reference, the I,,, for three phase fault can written as,

(15)
Applying current distribution property in the pure-fault se-
quence network of such fault type (Fig. 9), current in the
faulted loop through Ry (/1) can be expressed as,

ngp + Zir + Z1G>

Loy =Iav =TI

(16)

Ir = Al
1F 1M ( (0 —2)7iL + Zic

Homogeneity in a conventional transmission network allows
the grid equivalent impedance (Zg) to be expressed in terms
of protected line impedance (Z1) with real valued multiplier
(K1,2,0) for each sequence component, as in (17).

Z2,06 = Kau2021,2,0L an

Grid strength being sufficiently large comfpared to solar plant,
Z1¢ is much smaller than Z;; and Zf 5p- Thus neglecting
Z1¢ in the numerator of (16) and using (17), I;r can be
approximated as,

(18)

ZP L+ 711
Lip~ ALy | 2182~ 22~
1F 1M ((1—3:—|—K1)ZlL

Using I,,, obtained from (15) and [;r obtained from (18), «
in (4) for three phase fault is expressed as,

f
(1 + ZZflst) Al

f
iy

I
aABc = arg (—I £ ) =arg (19)
M
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B. For phase-A-to-ground fault
Zapp calculated by Ry for AG fault is expressed as,

Zapp = Vam/(Lanr+Korlonr) (20)

As in Fig. 10(a), current in the faulted loop is I; . Distribution
of I1r in Fig. 10(a) is similar as in Fig. 9. Thus, using I; g
and [,,, obtained from (18) and (20) respectively, o for AG
fault can be expressed as,

(1 +

AM + KOL]({IM

15P> AII]\I

1
aAczarg<IF ) =arg 21
™M

C. For phase-B-to-phase-C fault

Using sequence components, Z,y,, calculated in (1) for BC
fault can be expressed using (22) [37].

Vi —
Iin — o

Vecey Vom

Zapp = (22)

Ipcy,

From Fig. 10(b), the relation between the sequence currents
in the faulted loop can be written as,

Iir = —IaF (23)
Thus, the current in the faulted loop is expressed as,
Ip = Iir — Ior = 2I1F (24)

Using current distribution of I1r as in (18), o for BC fault
can be expressed as,

( ZZ%P> Alim
1L
ave =arg (15 ) =arg | A ©3)
Iry Ly = Ion

D. For phase-B-to-phase-C-to-ground fault

For BCG fault, Ry calculates 7, using (22), similar to
BC fault. From the faulted loop consisting of positive and
negative sequence network components at solar plant side in
Fig. 10.c, the loop current can be expressed as,

Ir = Iir — I2r (26)

©
Fig. 10. Pure-fault sequence network for (a) AG, (b) BC and (c) BCG fault with solar based CIRP connected at bus M.

Using current distribution property for Isr in Fig. 10.c similar
to (18) for I, a for BCG fault can be determined using (27).

(1+ ISP> A]U\/j— <1+

f
Il]\/[ -

2SP> AIQ]\{

aBpcag = arg 27

f
53

where, Z¥ g p 1is the negative sequence pure-fault impedance
of solar plant. With a balanced prefault condition, this can be
determined as follows,

AV VQJ;\/I

ZPf - _ - _
25P AI2]M

2 28
iy w

In an ideal condition, a solar plant with voltage feedfor-
ward compensation generates balanced current, even during
asymmetrical fault. In order to avoid any compromise with
the sensitivity of a protection scheme in the presence of such
negligible negative sequence current, the negative sequence
circuit of the solar plant can be represented with an open
circuit, as shown in Fig. 11. As the current distribution
principle used in (27) for Isr cannot be applied for such a
circuit, « is calculated using V2fM as follows.

s
’—- '—|—|X22L 7y (1-x)Zy1, |_HZZG}—‘

£
TVgM YZF
T

Fig. 11. Negative sequence network in case of balanced current output from
CIRP during asymmetrical fault.

vy, 3ps in Fig. 11 is equal to VQJ; Iy only flows through the
grid side. Using the impedance homogeneity between grid and
protected line as in (17), I can be expressed as,

f
Var

- Vi
(1 = x)Z2r + Zog

B (1—x+4 K2)Zs1

Iop = — (29)
Using I;p and I5r obtained from (18) and (29) respectively,
faulted loop current for BCG fault can be expressed as,

f
Vanmr

ZP L+ 7L
Ip= |22 VAL, +——2M ) (30
o (((l—x—i-Kl)ZlL M0 =2+ K2) Zar 30)



As K; = K5 for a transmission network, « for BCG fault
(when Isj; = 0) can be expressed as,
it

apcg = arg (<(1+Z1251}ZM)MIM+

Steps associated with the proposed distance relaying method
are shown in Fig. 12. In the presence of fault current limiting
control with CIRP, the drop in voltage is prominent during
fault. Following detection of the fault using voltage-drop prin-
ciple, the fault type is classified using the voltage measurement
available at the relay, as in [26]. According to the fault type,
relay calculates the deviation angle, o associated with AZ
using pure-fault sequence impedances of solar plant obtained
from (13) and (28). In case of unavailability of negative se-
quence current from CIRP, even during asymmetrical fault, the
method calculates the deviation angle using negative sequence
voltage measured by the relay, as in (31) for BCG fault. This
deviation angle « is used in (3) with the apparent impedance
calculated using (1) to determine Zj;r, the line impedance
up to fault point. Considering measurement errors and other
uncertainties, the instantaneous tripping is provided up to 80%

of the line.

Data acquisition and /,
Fault identification
I

v '

Fault
classification

f
Vinm
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E. Proposed adaptive relaying algorithm

Calculate deviation

f
— Calculate Zgl;
angle (@)

[Calculate Zpp using (1) }—»l Calculate Zyrusing (3) l

Is Zyrinside
protected zone?

Fig. 12. Flow diagram for the proposed adaptive relaying technique.

V. RESULTS

Proposed protection method is tested for CIRP integrated
modified 39-bus New England system as shown in Fig. 1.
Performance of relay at bus 19 protecting line 19-16 is
evaluated for different fault situations considering variation in
system conditions and source types. Comparative assessment
with conventional distance relaying technique is provided to
demonstrate the strength of the proposed method.

A. Performance of the proposed method and Comparative
assessment

Fault current modulation caused by the solar plant results
maloperation of conventional distance relay at bus 19 for faults
in line 16-19. Fig. 13(a) shows such a maloperation scenario
for a BCG fault at a distance of 0.4pu from bus 19 with a fault
resistance of 20€2. The proposed method calculates pure-fault
sequence impedances of the solar plant with every new sample
pairs of voltage and current data. Using the information,

it starts calculating the line impedance up to fault point
(Z%/3?) with every apparent impedance points seen by relay
(Zgpp") following fault detection. As evident from the result,
the proposed adaptive relaying method identifies the fault
correctly with its accurate location. All the impedance points
calculated by the proposed technique (Z5;7") corresponding
to the apparent impedance points (Zz;,") of the distance
relay following fault detection are shown in Fig. 13(b). It
demonstrates that the impedance points calculated following
the initial transient period by the proposed technique coincide
at the same impedance point on line and identifies the fault

accurately within 1 cycle following fault inception.
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Fig. 13. Performance of the conventional distance relaying and proposed
approach with (a) distance relay characteristics and (b) time of operation.

B. Performance evaluation for different fault types and fault
resistances and Comparative assessment

Fault current modulation by the control schemes associated
with CIRP results in significant phase angle difference between
local operating current and faulted loop current. Such phase
angle differences, observed for different types of faults created
in line 19-16 at a distance of 0.4 pu from bus 19 with equal
fault resistance, are shown in Fig. 14. It is observed that the
phase angle difference increases with the fault severity, as it
is largest for ABC fault. Changes in control scheme and fault
severity modulate these phase angle differences. As the fault
resistance associated with phase faults (ABC and BC) are not
much high, compared to ground faults (AG and BCG), relays
are more prone to maloperation for these types of faults.
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Fig. 14. Phase angle difference between operating current and faulted loop
current for different fault types.

Results for different types of faults at same location in line
19-16 with large variation in fault resistances are provided in
Table II. Fault resistance for ground faults (AG and BCG) is
varied from 52 to 100€2, whereas for phase faults (BC and
ABC) the variation is considered up to 30f2. Results show



that the apparent impedance seen by conventional distance
relay deviates significantly from its actual value and remains
unidentified by the zone-1 setting in some cases, whereas
the impedance calculated by the proposed method is almost
identical with the actual one in each case. Results provided for
BCG fault with a Rr of 50 €, as in the shaded row of Table
II, demonstrates that the relay with conventional approach
calculates Rg2n as 96.71 Q and X777¢ as —40.1 €, which lie
outside the zone-1 of the relay (as shown in Fig. 13(a)). On
the other hand, the relay using proposed approach calculates
RY® as 1.61 Q and X¥,7 as 23.03  and identifies the fault
with actual faulted line section impedance. This confirms the
improved performance of the proposed method in identifying
different types of faults and also to be independent of fault
resistance.

TABLE II
PERFORMANCE EVALUATION FOR DIFFERENT FAULT TYPES AND FAULT
RESISTANCES AND COMPARATIVE ASSESSMENT

Zact zconv ZI’T‘OP

Fault Rp MF app MEF

Rifh X8k | REY XS | R Xae
Type | () be be
(O] (W) ) (O] (D) (D)

5 1.6 22.94 6.49 18.20 1.59 22.87
AG 30 1.6 22.94 36.20 11.05 1.60 22.99
50 1.6 22.94 53.85 7.49 1.60 22.95
100 1.6 22.94 84.03 1.72 1.60 22.96
BC 5 0.6 21.74 1.61 23.15 1.61 23.15
30 1.6 22.94 2.48 -1.57 1.63 23.36
5 1.6 22.94 -3.95 17.09 1.60 22.97
BCG 30 1.6 22.94 47.72 -29.60 1.60 22.96
50 1.6 22.94 96.71 -40.10 1.61 23.03
100 1.6 2294 | 143.12  -36.28 1.60 22.94
ABC 5 1.6 22.94 10.8 23.25 1.57 22.49
30 1.6 22.94 1.48 4.86 1.61 23.06

C. Performance evaluation for faults at different locations and
Comparative assessment

The severity of a fault depends on its location from the relay.
Control algorithm associated with the interfacing converters
acts in accordance with the fault severity. This results in
variation in fault current characteristics for faults at different
locations. It affects the apparent impedance seen by a con-
ventional distance relay significantly. The result in Fig. 15
shows the failure of distance relay at bus 19 in identifying
BCG faults at different locations in line 19-16 with a fault
resistance of 40€). The proposed adaptive relaying technique
determines the deviation angle o by calculating the phase
angle associated with the faulted loop current and thereby uses
it to obtain the line impedance up to fault point for all cases
accurately. A zone-2 fault (external to the protected line) is
created in line 16-17 at a distance of 0.1 pu from bus 16.
Homogeneity in conventional transmission network implies
the X/R ratio of all the lines in the network to be nearly equal.
This allows the proposed method to calculate the impedance
of the faulted line section as a multiple of the protected line
impedance in case of external fault also. This is evident from
the result shown in Fig. 15, whereas the conventional distance

relay fails to find the fault in the concerned zone. This clearly
shows the improved performance of the proposed method in
identifying internal and external faults accurately with their
actual locations.
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Fig. 15. Performance of the proposed and conventional methods for faults at
different locations.

D. Performance evaluation considering uncertainty in renew-
able generation and variation in system condition

A large renewable plant consists of multiple numbers of
units. At an instant, all units may not be operational due
to maintenance or variability in weather condition resulting
variation in output power. Distance protection becomes chal-
lenging in such a situation due to variable SIR condition.
Weak grid condition introduces higher equivalent impedance
of the grid (Z1¢). In such situation, the proposed method may
result in an error due to the approximation considered in (18),
especially for faults close to the remote bus. High value of
pure-fault impedance of the solar plant keeps the error within
a tolerable limit, which is demonstrated in this section. Results
are provided in Table III for BCG faults in line 19-16 at a
distance of 0.8pu from bus 19 and with a fault resistance of
50€2. The value of Z;¢ is varied up to 10 times of the actual
value (by replacing the network connected at bus 16 with its
Thevenin equivalent) with the solar plant generating at 100%
and 50% of its rated output of 300 MW. Results show that
the error decreases with the reduction in solar plant output,
as it causes increment in pure-fault impedance of the solar
plant. It is also evident from the results that the proposed
method causes a maximum error of 2.92% with Z;g of 10
times of its actual value and solar plant generating at its rated
output, which is much below compared to the 20% margin
provided in the proposed approach for instantaneous tripping.
This demonstrates the robustness of the proposed method for
different system conditions.

E. Performance evaluation for different types of CIRP and
Comparative assessment

Control schemes and converter arrangements associated
with CIRPs vary with the source types. Thus the modulation
of fault current and voltage differs significantly with the types
of CIRP. The proposed method calculates the deviation angle
(o) by estimating the angle associated with the current in the
faulted loop. This is determined by calculating equivalent pure-
fault impedance of the CIRP at every measurement instant
during fault, which is independent of the source types and
associated control schemes and thereby the proposed method
can identify the faults with its accurate location in the presence
of any type of CIRP. This is demonstrated with the perfor-
mance of relay at bus 19, for BCG faults in line 19-16 at a



TABLE III
PERFORMANCE EVALUATION CONSIDERING UNCERTAINTY IN
RENEWABLE GENERATION AND VARIATION IN SYSTEM CONDITION

Plant Zic Zget AV Error in
Output %) Re¢t.  Xget | RETYY X9 | Calculated
(%) Q) Q) Q) Q) Distance

100 3.2 459 3.20 45.89 0.03%
100 200 3.2 459 3.21 45.96 0.19%
500 3.2 459 3.24 46.46 1.29%
1000 3.2 459 3.29 47.21 2.92%
100 3.2 459 3.20 4591 0.09%
50 200 3.2 459 3.19 45.79 0.18%
500 3.2 459 3.24 46.43 1.21%
1000 3.2 459 3.29 47.13 2.74%

distance of 0.4pu from bus 19 with a fault resistance of 60 2.
The solar plant connected at bus 33 is replaced by type-III
and type-IV wind farms, one at a time. Results in Fig. 16
show that the conventional distance relay calculates different
apparent impedances with variation in CIRP types and the
impedances lie far away from the actual fault location. It is
also observed that the relay cannot identify the fault within
its zone-1 characteristic for all the cases. On the other hand,
the proposed method identifies the faults in zone-1 correctly
with its accurate location. This shows the adaptability of the
proposed method with different types of CIRP.
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Fig. 16. Performance of the proposed method in the presence of (a) solar
plant, (b) Type-1II wind farm and (c) Type-IV wind farm.

F. Performance evaluation for fault during power swing

A distance relay finds challenges during power swing.
Unintentional tripping may occur for a non-fault condition
if the apparent impedance enters the protection zones during
power swing. Correct operation for a fault during power swing
is another aspect for distance protection. Performance of the
proposed method is tested for such a situation.

A 300 MW Type-III wind farm is connected at bus 38
of the 39-bus New England system of Fig. 1, sharing the
total generation of the existing synchronous generator. 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 26-28 at 8s with a fault
resistance of 20{2. Fig. 17(a) and (b) show the voltage and
current waveforms as seen by the relay at bus 28 protecting
line 26-28. Following the detection of fault, the proposed
method determines the phase angle of the faulted loop current

by calculating equivalent pure-fault impedance of the source
side for every measurement samples available to the relay and
obtains the line impedance up to fault point. The resistance and
reactance associated Z}, 7" obtained by the proposed approach
following fault detection are shown in Fig. 17(c) and (d) with
the ZZ77", calculated by the relay. Fig. 18 shows that Z;77
calculated by the relay using conventional approach settles
outside the relay characteristics resulting relay maloperation,
whereas the proposed method obtains Z7; 77 identifying the
fault point accurately. This demonstrates the superiority of the

proposed method, even for a fault during power swing.
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Fig. 17. Performance of proposed method for fault during power swing

showing (a) voltage, (b) current seen by the relay, (c) resistance and (d)
reactance of line impedance up to fault point.
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Fig. 18. Performance of proposed method for fault during power swing using
distance relay characteristics.

VI. CONCLUSION

The control operation of the converters and the variability
associated with a renewable plant influence the fault character-
istics of the network and affect the performance of the distance
relay protecting the connected transmission line. Conventional
distance relaying algorithm fails to identify the faults in
prescribed zones at times, especially in case of faults with
significant fault resistance. A distance protection approach
adaptive to such fault characteristic variation is proposed for
lines connecting CIRP. Proposed method uses local voltage
and current data and calculates the line impedance up to
the fault point from relay by determining the phase angle
associated with the current in the faulted loop to obtain correct
protection decision. The improved performance of the pro-
posed adaptive method is demonstrated for different types of
faults with variation in fault location, fault resistance, system
condition including power swing and types of renewable plant.
Comparative assessment with conventional distance relaying
method shows the strength of the proposed method.
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