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ABSTRACT

Relay coordination ensures the appropriate isolation of healthy feeders from the faulty areas in a power system.
The dynamic nature of renewable sources such as wind generators (WGs) can create variations in fault levels
which affect the relay settings. This causes coordination problems, which can lead to the faulty operation of
overcurrent relays (OCRs). The settings of the relay need to be modified appropriately in line with the variations
of fault levels, which in turn change with the wind dynamics. As a solution, wind forecast based technique for the
coordination of the OCRs in wind-integrated substations is suggested in this work. In the proposed algorithm,
wind speed and its direction are predicted and the settings of the relay are predetermined using an optimization
technique. This reduces the computation time required for the algorithms in the current period. The algorithm is
implemented in the modified IEEE 9-bus system with wind farms and also in a typical wind-integrated sub-
station. Further, it is validated through an experimental setup in the laboratory. The results were found to be
promising and the algorithm can be applied to any substations integrated with wind farms for avoiding relay

mal-operations.

1. Introduction

Wind power generation is emerging as the fastest developing tech-
nology providing the largest share of the distributed generations. The
total installed capacity of power generation from the wind has been
increasing annually at an average of about 20% across the world [1,2].
The integration of wind farms with power networks is intermittent,
according to the operating conditions of the WGs [3,4]. Wind farms are
usually connected to the distribution feeders and then integrated into
the grid. The most commonly used protection scheme for the feeders is
the inverse type of overcurrent protection. The OCRs in the distribution
feeders should be coordinated with their backup relays in the main
feeders which connects the distribution feeders to the grid [5,6]. The
settings of the OCRs are fixed at the rated capacities of the connected
load and the wind farm. The penetration of wind farms into the power
grid changes the conventional distribution system’s short-circuit power
causing malfunctions and coordination problems in OCRs, as reported
in [7]. Therefore, the settings of the relays need to be modified ac-
cording to the various operating condition of the WGs.

The methods commonly adopted to determine the relay settings are
the conventional approaches and optimization techniques [8]. The
conventional method is to predetermine all fault currents during ab-
normal conditions and system contingencies. Conventional methods are
based on network topology which includes graphical selection
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procedure, identification of the minimum break point set and linear
graph theory [9-11]. In large systems, during contingencies the con-
ventional method is not applicable since it is time-consuming to update
with the new relay settings [8]. In a power network the relay co-
ordination with multiple distributed generators becomes unfeasible via
conventional techniques [12]. Therefore, optimization methods are
proposed to minimize the total operating time of the relays subjected to
the constraints. In linear programming (LP), the plug settings (PS) are
predetermined and the operating time of the relays is calculated by
optimizing the time multiplier settings (TMS) [13,14]. These methods
are not capable of handling complicated problems, especially in large
interconnected ring systems and the obtained results may be trapped in
local minimum values [15]. Therefore, the coordination problem is
formulated as a nonlinear programming technique where the PS and
TMS are determined simultaneously [16]. Many heuristic optimization
techniques like genetic algorithms (GAs) [17], particle swarm optimi-
zation techniques [18], differential evolution algorithms (DEs) [19] and
ant colony optimization [20], have been proposed which gives better
results but are time-consuming. Therefore, the relay coordination pro-
blem is solved by adding suitable penalty functions in large inter-
connected networks [21]. A hybrid method combining cuckoo search
(CS) and GA with linear programming is proposed in [22] and [23]
respectively. The hybrid algorithm has better accuracy, computational
efficiency and provides lower operating time for the relays by
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maintaining the coordination time interval (CTI).

The wind power and the current from wind farms are dynamic in
nature, which in turn can affect the relay settings. From the discussions,
it is clear that the relay settings need to be adaptive in line with the
wind speed and wind direction. The delay in determining the relay
settings from the tail end and its coordination with other relays can
cause malfunctioning of the OCRs. A considerable amount of delay time
can be avoided if the relay settings in line with the predicted wind
speed and wind direction are calculated in advance. An algorithm
which can forecast the wind speed and its direction and optimize the
relay settings according to the predicted wind-farm current is proposed
in this work. The methods of artificial intelligence for predicting the
wind parameters are hybrid adaptive neuro-fuzzy inference system
(ANFIS) and seasonal auto regression integrated moving average
(SARIMA), whereas hybrid DE-LP approach was used for optimal relay
coordination. The proposed algorithm is implemented in the modified
IEEE 9-bus system with wind farms and also in a typical wind-in-
tegrated substation, which were used for validating the developed
model. The final stage involves verification of the algorithm using the
radial feeder protection unit in the laboratory.

2. Problem formulation

The contribution of fault current from the WGs in wind farm is variable
in nature, according to the variation in wind speed and wind direction.
Hence the relay settings need to be modified in line with the variation of
the fault level, which in turn changes with the wind-power penetration.
This can be achieved in two steps which include the wind forecasting and
predetermination of optimal relay settings. The wind speed and direction
is predicted for the particular wind-farm location and the fault current is
calculated. In an interconnected ring system, the complexity of the relay
coordination problem requires an optimization framework to obtain the
accurate relay settings. Therefore, the optimal TMS and PS values are
compared using the different optimization techniques, and the better
method is coupled with the proposed forecasting algorithm.

2.1. Hybrid ANFIS-SARIMA forecasting method

A hybrid methodology combining empirical mode decomposition
(EMD), ANFIS and SARIMA techniques [24,25] are implemented for the
proposed forecasting method. Let AT be the time interval for the pre-
diction, AT, the time taken by the algorithm to calculate the wind
power output and AT, the time taken by the optimization algorithm to
calculate TMS and PS. The time required for transferring the setting to
the relay is AT,. The total time taken is AT, i.e,
AT, = AT, + AT, + AT,, which must be less than AT. Apart from the
previous n-2 intervals, the data (wind speed, wind direction and me-
teorological conditions) measured in the time from AT, to AT in the n-1
interval is also used in the prediction of n™ interval (for better accu-
racy). The meteorological conditions taken for the proposed forecasting
method are temperature, pressure and humidity. In the developed al-
gorithm along with the wind speed and its direction, the temperature,
pressure and humidity are also taken into account. The block diagram
representation for the proposed wind prediction methodology is shown
in Fig. 1. The original data to be forecasted from the wind farm are
separated into periodic and non-periodic series using the EMD method.
EMD is an effective method for separating the characteristic informa-
tion from the original data series, and can be disintegrated into a set of
intrinsic mode functions (IMFs). The non-periodic data series is fore-
casted using the ANFIS method, and the SARIMA model is used for
predicting the periodic data. The steps involved in the prediction of the
wind speed are given in the following steps.

The wind speed data can be separated into IMFs and one residual
series is represented as
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Fig. 1. Hybrid ANFIS-SARIMA model for prediction.
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where I;(t) and Ji(t) are the IMFs and the residual series of the original
wind speed series V(t). H;(t) is used to represent the periodic nature of
the series I;(t) and Ji(t) and otherwise they are defined as G;(t). Thus,
the original wind speed series can be represented as follows:

P q
V=D GO+ Y, HO+L®)

i=1 j=p+1 2

where G;(t) and H;(t) represent the non-periodic and periodic compo-
nents of the wind speed series respectively. For G(t) and Ji(t), the
ANFIS model is applied to forecast the series and the results are defined
as G;(t) and Ji(t). The SARIMA model is used to forecast the series H;(v),
and the forecasting result is defined as Hj(t).

P q
V=Y G0+ D, B+ ()
i=1 j=p+1 3)

whereV (¢)is the predicted wind speed. The angle of attack (8(¢)) and air
density (o(t))are also predicted using the EMD and hybrid ANFIS-
SARIMA methods, for the calculation of power output from WGs.

The mechanical and electrical power output and current from the
wind farm are calculated from the predicted wind speed and wind di-
rection. The turbine power output can be written as

Bu(1) = SCARIO(V (Deds @) @
where the density of air, p(t) = P(t)/(Rspecific T(t)). The maximum
power coefficient is Cp, A is the area swept by the rotor, V(t) is the wind
speed, P(t) is atmospheric pressure, T(t) is the atmospheric temperature
and Rspecific is the specific gas density which depends upon the hu-
midity of air. If the wind interacts with the turbine at an angle 6(t), then
the possibility of azimuthal angle variations in the airflow can be taken
into account by cos(6(t)) [26]. Therefore in the proposed wind speed
prediction methodology, cos(6(t)) is also taken into consideration and
power output is calculated.
The power received by the electrical grid, P.(t) is obtained as

B (8) = gy N, R (1) (5)

where 74, and 7, are the efficiencies of the gearbox and generator. The
current from a single WG, I,,, can be calculated using the equation

140

he0) = V3 cospVi (1) (6)

where Vi (t) and cosp are the line voltage and power factor of the
system respectively.
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Fig. 2. Sequence network circuit for three phase fault.

2.2. Predetermination of fault current

The contribution of fault current from Type I, Type II and Type V
wind generators are about 10-15 times the rated current and remain
sustained. The control strategy in the converters and inverters limit the
fault current from the Type IV wind generators to 2-3 times the rated
current and to an extent in Type III wind generators. However, the fault
current contribution from Type III and Type IV WGs is limited to 2-3
cycles. This fault response period is critical for the operation of the
protective relays on the interconnected system because, it is during that
same time period that the protective relays are determining whether to
trip the circuit breakers or not. The RMS value of the fault current, I
from the squirrel cage induction generator (SCIG) wind machine for a
particular instant t, after a three phase short circuit fault occurs is
calculated using the network given below (Fig. 2) [27,28].

The initial RMS value of fault current after the switch closes at
t = 0 s is given by

E'

PR
s+ @

E’ and X’ are the sub transient internal voltage and sub transient
reactance of the generator at the instant of the fault respectively. The
sub transient internal voltage of the machine can be expressed as

E'=V; = Ry + ROy — j(X' + XDy ®

where R; is the stator resistance of the induction machine, V; is the
stator voltage or the source voltage, I,, is the stator current prior to the
fault. The resistance and reactance of the line that connects WGs to the
grid is given by R; and X;. The sub transient reactance X’ is calculated
using the following equation

XX

X' =X+ ———
X + X 9

where X; is the stator leakage reactance, X,, is the magnetizing re-
actance, X is the rotor leakage reactance. From the Egs. (7) and (8), the
fault current, I for a particular instant can be written as

Vi — Ry + XN I
w

I, =
s R, + jX' 10)

In the Eq. (10), the term I, can be neglected due to it is lower order
compared to term %ﬁf;@ﬂw The values of V,, Ry, X, R; and X’ are
constant for a typical SCIG machine. Therefore the fault current from
the SCIG depends on I,, which in turn depends on the wind speed (From
Egs. (5), (6) and (10)). The stator current, I,, is at a maximum value
when the machine is operating at the rated speed. The stator current,
and hence the fault-current contribution, decrease for all other wind
speeds. In a wind farm, with n number of WGs, the effect of wind speed
and its direction will be different for each generator. Therefore the total
power output from the wind farms is varying according to the operating
conditions of each WGs. The total fault current from the wind farm, I
can be expressed as the summation of the fault currents from the in-
dividual WGs. The total fault current from the wind farm and is given in
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Eq. (11).

n
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2.3. Optimal relay coordination

The forecasting algorithm is coupled with the optimization algo-
rithm to discover the settings for the OCRs. The coordination problem
in the OCRs is expressed as an optimization problem to minimize the
objective function value T, which is the overall operating time of the
relays [22,23]. The time of operation t of the OCR is an inverse function
of the fault current passing through it. The time-current characteristics
of the relay can be expressed as

by = TMS; | —2—+C

Iy \B
(5)-

Ipy (12)
where y is the relay number, x is the fault location and t,, is the op-
erating time of the y" relay due to a fault in the x* location. A, B and C
are scalar quantities and their values depend upon the characteristics of
the OCRs. The term Iy, represents the fault current detected by y™ relay

due to a fault in the x™ location and I, represents the pickup current
selected for the y™ relay.

2.3.1. Objective function

The objective of the optimization problem is to minimize the overall
operating time of both main and backup relays, while maintaining the
constraints for the relay coordination. The objective function can be
expressed as

W w
U
Minimize T, = 3, _ [Z tigy + tbxz) V(.2)€0
y=1

z=1

a3

where O is the set of main and backup pairs of the OCRs, W represents
the total number of relays and U is the total number of fault locations in
all the feeders of the system. For a fault at location x, the variables
tmxy>tbxz TEPrEsents time of operation of the main relay y and backup
relay z (Egs. (14) and (15)).

[smxy -1
(lpmy) (14)
A
the = TMS | —— G+ C
LSbee ) g
Ipbz (15)

where TMS,,, and TMS;, are the TMS settings of the main and the
backup relays y and z respectively. Similarly, the variables I, and L,
represent relay y and z pickup-current settings for both primary and
backup operations. The fault current at location x passing through relay
y in the primary operation is denoted Iy, and Iy, represents the fault
current at location x passing through relay z in the backup operation.

2.3.2. Coordination constraint or limit on time interval between primary
and backup relay pairs

The fault current is seen by the main and the backup relay at the
same instant and to avoid malfunction, the time of operation of the
backup relay should be greater than that of the main relay by CTIL In
cases of temporary faults, there is no need of tripping the relay, and
therefore the OCRs should take a certain amount of time for its op-
eration.
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Fig. 3. Flow chart for the proposed hybrid DE-LP optimization technique.
loxy = tmy = CTIV y, 2 16) TMS for each OCR and its value depends upon the type of relay used in

the substation. The minimum plug-setting values of the relay must be
greater than the maximum value of load-current and less than the
minimum short-circuit current. The lower and upper limits of PS of
each OCRs are calculated based on the following equations:

2.3.3. Relay characteristics constraints
The limits for the minimum and maximum TMS values of the relays
are given in Egs. (17)-(19).

TMS/"™ < TMS; < TMS;™™ 17 pymin — OLFXni
oo E T a7 ' CTR (20)
TMS,,, < TMS["M (18) -
pS/max — -
TMS™* < TMSy 19) ’ 3CTR 1)
Here TMS;™" and TMS;"* are the minimum and maximum value of where I,,; is the nominal current rating of the circuit protected by the
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Fig. 4. Flow chart for the proposed forecast based OCR coordination (to de-
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relay R;. PS{™" and PS{"* are the lower limit and upper limit values of
PS respectively. OLF is the overload factor which is usually taken as
1.25 and If" is the minimum fault current that should be detected by
the i relay.

2.4. Hybrid DE-LP algorithm for OCR coordination

The following are the steps involved in the coordination of over
current relays using differential evolution algorithm. DE algorithm is an
efficient evolutionary algorithm for solving numerical optimization
problems based on natural selection of genes. For computation based on
DE algorithm, the probabilistic distribution is not needed for generation
of offspring and it takes less execution time.

2.4.1. Formulation of differential evolution algorithm

Initial population: In the first step, all parameter vector genes are
imitated in the feasible range of OCR settings. The population size can
be defined as (NP, D*NR), where NP represents the number of para-
meter vectors, D is the number of control variables and NR is the total
number of relays.

dial(l,l) dial(l,NR) k(l,NR+1) k(l,NR*Z)

dialinpy -+ dialivp NpykvpNR+D)

k(NP,NR*Z) (22)
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Trigonometric mutation: In this step, three different vector numbers
are randomly selected from the DE population for each target vector.

Consider, the selected population members are — - — for
Xrl,G, Xr2,G, Xr3,G

the i target vector —»  The indices r;, r» and r; are generated only
Xi,G.

once for each mutant vector and are mutually exclusive integers ran-

domly chosen from the range [1,NP], which is also different from the

index i. Based on Egs. (24)-(26), three weighting coefficients are

formed.

p = lf(;()rl)l + lf(:()rZ)l + lf(j()r3)| (23)
If (= )l
P = X’rl
op 24)
If (;rz)l
oy (25)
If (= )l
= X’r3
T (26)

where f () is the function to be minimized. The trigonometric mutation
rate I' is found within the interval (0, 1) and the trigonometric mutation
scheme is presented in Egs. (27) and (28).

- 4+ - + -

_ Xn Xr2 Xr3 _ _ _
Vien ™ 3 TR o ) e
— — - i d[o,1] <T
* (;)rz ¥r3) + (pl p3) * (;ﬂ ;)rl)lfran [ ] (27)
= +F - else
71’,G+1 X X ?m) (28)

where — is the donor vector and F is a scalar number typically found in

the intgrilal [0.4 to 1]. The parameters I' and F are selected as 0.5 and
0.8 respectively [19].

Binomial and exponential crossover: The crossover operation is
performed after creating the donor vector via mutation. This operation
enhances the diversity of the population by exchanging the components
of donor vector with the target vector Tie to generate the trial
vector-> =[=> + -2 4+ o .

UiG ULi,G  U2iG  U3iG U D,i,G

Binomial crossover scheme: The binomial crossover is performed
whenever a randomly generated number between 0 and 1 is less than or
equal to the crossover rate C, for each of the D variables. Under this
condition, there will be nearly uniform distribution of number of
parameters inherited from the donor vector. The binomial crossover
scheme is given in Eq. (29)

_).. if(rand,-J [0, 1] < Crorj :jrand)
N —1VjiG
U ji,G Xj,i,gotherwise (29)

where rand;; [0, 1] is a uniformly distributed random number. This
random function is executed for each j* component of the i® parameter
vector. Then a randomly chosen indexX jrquq € [1, 2, ...,D] ensures that
the trial vector e gets at least one component from the donor vector
Ji,G
7 . The crossover operation parameter, C, is selected as 0.5 [19].
i,G

Exponential crossover scheme: An integer nn and L are selected
randomly among the numbers [1, D]. The integer nn denotes the
starting point of the target vector from where the exchange of com-
ponents with the donor vector starts, L represents the number of com-
ponents of the donor vector which contributes to the target vector. The
exponential crossover scheme is presented in the Eq. (30).
— if(j > (nn)pandL > L.)
= lviic
UjiG X;,;,cforallotherj € [1, D] (30)



S.P. George and S. Ashok

Electrical Power and Energy Systems 118 (2020) 105834

@ Load

Load Load
Bus7
R1 R16 H R15
R18 ° R20
A® I Jeo
@
R19
R2 R17
Bus8 [ﬁ
R3 Busl  pr3 gy
Load
B® Le
L
R4 [OR5 C
Bus9

M
Load

Bus6 Bus5
R14 G R13 R12
P R22
K oF
L
R21 R11
Bus4
R10
—® Load
Gen.
[ 23
g |
D R8 OJ R9
Bus3
Load

Fig. 5. Modified IEEE 9-bus system with WGs at buses 2, 5, and 9.

N ®
h oo

-Without wind farms

&
N

bl

Fault Current (kA)
w A
SR R R

et N

e
N -

-Wind speed = 20 m/s and angular variations in wind flow = 10°

.Wind speed = 10 m/s and angular variations in wind flow = 5°

1 2 3 4 5 6 7 8 24

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Relay Nos.

Fig. 6. Variation in fault currents seen by the main relays for the modified IEEE 9-bus system with wind farms.

here (nn)p is the starting point of crossover and L. is the counter of L
which can be initially expressed as L, = 0, where L. = L. + 1 for every
evaluation of j component (L < D).

Selection: The selection operation determines whether the trial or
the target vector gets through to the following generation. An example
for the selection operation at generation G = G + 1 is stated below

- = 7iJW(?iJ)Sf(})"'G)
Yien |3 WG )>IG ) G1h)

where f(—) and f(—)is the fitness of the target vector and trail vector

respectively. If a lower or equal value of fitness is obtained from the
new trial vector, then the target vector will be replaced in the next

generation; otherwise the target vector is kept in the population. By
doing so, the population will never deteriorate since it either gets better
or remains the same in fitness quality.

The various steps for the protection coordination using differential
evolution optimization method is given below

1. Randomly generate the initial population in which each gene of the
parameter vectors is found within the feasible solution for the pro-
blem.

2. Perform the trigonometric mutation.

a. For each target vector, evaluate the fitness f(x) of the three selected
mutually exclusive parameter vectors.

b. According to the Eq. (23), calculate weighting coefficients.

c. For each target vector, create the donor vector according to Egs.



S.P. George and S. Ashok

Electrical Power and Energy Systems 118 (2020) 105834

o

12 13 14 15 16 17 18 19 20 21 22 23

Relay Nos.

Fig. 7. Variation in fault currents seen by the backup relays for the modified IEEE 9-bus system with wind farms.

3
-Wind speed = 20 m/s and angular variations in wind flow = 10
-Wind speed = 10 m/s and angular variations in wind flow = 5°
2.5 -Without wind farms
=
=
e
=
e
515
o
=
<
=~ 1
0 2 3 4 5 6 7 8 9 10
Table 1

Mal-functions in the conventional protection scheme for the mod-
ified IEEE 9-bus system.
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0
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(27) and (28).

3. Conduct crossover mutation.

d. To form trial vectors, perform binomial or exponential crossover
according to the Egs. (29) and (30).

4. Carryout selection process.

e. For both target and trial vectors, evaluate their fitness f(x) quality.

f. Perform selection according to the equation (31), in order to gen-
erate the new population.

5. For the new population, evaluate the fitness f(x) quality.

6. Execute the algorithm anew using the new population.

Repeat all the steps from 2 to 6 and terminate until the stopping
criteria is met.

The simplex method of linear programming is used for finding the
optimal setting for TMS values. The primary and backup relay pairs are
determined and the fault currents passing through the relays at the
selected points are calculated. The PS values of the over-current relays
are selected randomly within its limits and the non-linear coordination
problem is converted to a linear one. The PS values randomly chosen
are only for initialization in the first iteration and new PS values are
determined by the DE algorithm. The LP sub-problem is called
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repeatedly by the main DE algorithm. Convergence of the sub-problem
is checked, and a large penalty value is added to the objective function
in the case of no convergence. In the main problem, the process is re-
peated until the algorithm converges to the optimum solution. The flow
chart representation for the hybrid DE-LP algorithm for over current
relay coordination is shown in Fig. 3.

The Fig. 4 shows the flow chart representation of the forecast based
algorithm for avoiding the coordination problem in the OCRs. Details of
the wind speed, wind direction and meteorological information are ob-
tained over a week and these data were used for training the ANFIS for
wind prediction. Short-term forecasting of the wind is used in the study.
The fault current is predetermined from the predicted wind using Egs.
(10) and (11). The optimization technique used in this algorithm is hy-
brid DE-LP as it has better performance compared to other optimization
algorithms. The difference between the operating time of the main and
backup relays should be greater than CTI. If the difference is less than
CTI, the optimization is carried out by increasing the number of itera-
tions. The discrepancy between the actual and predicted fault current is
checked in each interval and TMS, PS values are modified accordingly.
The algorithm also compares the actual weather conditions, wind speed
and wind directions and modifies the predicted power output based on
the actual measurements if the error value is beyond the limit (2%). The
algorithm works in a cyclic manner by updating the wind profile of the
region and thereafter modifying the settings of the OCRs.

3. Case studies

An IEEE 9-bus system and a real wind-integrated substation have
been taken for implementing the proposed relay coordination algo-
rithm. The dynamic nature of wind speed and wind direction is taken
into consideration and the optimal relay settings, i.e., TMS and PS va-
lues, are predicted. The objective of the optimization problem is to
minimize the overall operating time of the primary and backup relays,
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Fig. 8. Forecasted and actual wind speed for a day with an interval of five minutes.
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Fig. 9. Forecasted and actual wind direction for a day with an interval of five minutes.

Table 2
Error comparison of wind speed forecasting using the hybrid ANFIS-SARIMA method.
Parameters Hybrid ANFIS-SARIMA method
Without considering the meteorological conditions Considering the meteorological conditions
Error Standard Deviation 3.9218 3.8913
Mean Error 0.0640 0.0632
Mean Absolute Error (MAE) 0.9612 0.9534
Mean-Square Error (MSE) 10.4940 10.4312
Root Mean-Square Error (RMSE) 2.4523 2.3216
Table 3
Error comparison using different techniques for the wind speed prediction.
Parameters Error Standard Deviation Mean Error Mean Absolute Error (MAE) Mean-Square Error (MSE) Root-Mean-Square Error (RMSE)
Persistence method [29] 4.7609 0.0913 1.5832 17.3216 3.5679
Support vector machine method [30] 4.5754 0.0832 1.3412 15.5413 3.2314
Extreme learning machine method [31]  4.2345 0.0764 1.3087 14.2095 3.0732
MFNN-GA method [32] 4.0234 0.0658 1.2871 12.6715 2.5632
RBFNN-GA method [32] 3.9452 0.0647 1.1074 11. 5614 2.4342
Proposed ANFIS-SARIMA hybrid method 3.8913 0.0632 0.9534 10.4312 2.3216
Table 4 Table 6
Comparison of computation time required for different optimization algo- Optimal TMS and PS values for the OCRs using conventional method, CS-LP
rithms. hybrid method and the proposed DE-LP hybrid method (wind speed = 10 m/s
| and angular variation in wind flow = 5°)
Topologies GA-LP CS-LP DE [19] Proposed DE-LP
[23] [22] Relay No. Conventional relay Hybrid CS-LP Proposed hybrid DE-LP
settings method [22] method
Without WGs 85.64 75.95 80.98 71.02
Wind speed = 10 m/s 87.65 77.32 82.45 72.78 PS TMS PS TMS PS TMS
Angular variations in wind
flow = 5° 1 0.6 0.14 0.5 0.14 0.5 0.11
Wind speed = 20 m/s 88.87 78.15 83.67 72.86 2 1.1 0.19 0.6 0.17 0.7 0.14
Angular variations in wind 3 1.2 0.18 1.0 0.18 0.8 0.12
flow = 10° 4 0.7 0.19 0.9 0.15 0.8 0.11
5 0.7 0.17 0.8 0.17 0.6 0.12
6 1.1 0.17 1.1 0.14 0.5 0.14
7 1.0 0.16 0.7 0.14 0.7 0.12
Table 5 8 0.9 0.19 0.9 0.12 0.9 0.12
Comparison of objective function value (total operating time of the OCRS) for 9 0.8 0.18 0.7 0.12 0.5 0.11
different optimization algorithms. 10 07 0.18 07 0.15 0.8 0.11
11 0.6 0.15 0.5 0.14 0.5 0.12
Topologies GA-LP CS-LP DE [19] Proposed DE-LP 12 0.6 0.18 0.7 0.15 0.7 0.11
[23] [22] 13 1.2 0.17 1.0 0.17 0.8 0.12
14 1.2 0.19 0.8 0.19 0.9 0.11
Without WGs 35.74 34.55 36.37 27.86 15 0.9 0.17 0.7 0.16 0.5 0.15
Wind speed = 10 m/s 37.34 35.35 38.63 28.25 16 0.8 0.18 0.7 0.17 0.7 0.14
Angular variations in wind 17 0.8 0.19 0.6 0.15 0.5 0.12
flow = 5° 18 0.7 0.17 0.6 0.18 0.5 0.14
Wind speed = 20 m/s 38.17 36.39 40.72 29.65 19 0.8 0.18 0.7 0.16 0.7 0.16
Angular variations in wind 20 0.9 0.18 0.8 0.17 0.5 0.14
flow = 10° 21 0.7 0.18 0.6 0.15 0.6 0.13
22 0.9 0.19 0.9 0.18 0.5 0.17
23 1.0 0.18 0.8 0.17 0.6 0.15
24 0.8 0.19 0.8 0.17 0.8 0.16
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Table 7
Time of operation of the main and backup relays using conventional method, CS-LP hybrid method and the
proposed adaptive method (wind speed = 10 m/s and angular variation in wind flow = 5°).
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Time of operation of main (M) and backup (b; and b,) relays for IEEE 9-bus system (s)

Conventional Relay Settings Hybrid CS-LP method [22] Proposed hybrid DE-LP method

M b b, M by b2 M by ba
R; 0.63 |Rys 1.14 [Ry7 1.55 | Ry 0.53 | Rys 1.12 |Ry7 1.23 | Ry 0.42 [R5 0.95 |Ry7 1.23
R, 0.87 | R4 1.66 - R, 0.75 | Ry 145 - R, 0.53 R4 1.24 -
R; 0.85 | Ry 1.21 - R; 0.53 | Ry 1.05 - R; 0.29 |R; 0.67 -
Ry 0.73 | Rs 0.58 - R4 0.64 |Rs 1.15 - R4 045 |Rs 1.10 -
Rs 0.52 |R3 0.96 - Rs 038 | Rz 0.87 - Rs 035 |R3 0.65 -
Re¢ 0.58 |Rs 0.94 |Rx; 1.37 |[Rs 0.51 |[Rs 0.74 |Rx; 1.37 | Re 0.40 |Rg 0.54 |Rx; 1.03
R; 057 |Rs 094 |Ry; 1.67 |R; 0.39 | Rs 0.65 |Ry; 1.64 | R; 0.23 |Rs 0.42 |Ry; 1.02
Rg 0.73 |Ryo 1.35 - Rg 0.62 | Ry 1.19 - Rg 0.43 [Ryo 0.83 -
Ro 046 |R; 0.95 - Ro 042 |R; 0.88 - Ro 0.31 |Rs 0.56 -
Rip 0.64 |Ryz 0.73 - Rio 0.52 |Riz 0.83 - Rio 0.45 [Ri2 0.67 -
Rii 0.82 | Ry 1.23 - Ry 0.71 |[Ry 1.12 - Rii 0.67 [Ro 1.08 -
Ri2 0.53 [Ris 097 |Rx; 1.63 |[Ri2 0.47 |Ris 0.96 | Ry 1.24 | Ry2 0.35 [Rys 0.67 | Ry 1.21
Riz 034 |[Ry; 045 [Ry 147 |Ri3 032 [Ryp 0.72 [Ry 1.25 |Ryz 0.24 Ry 0.60 | Ry 1.13
Ris 0.63 |Ris 095 |Rig 1.36 |Ri4 0.53 |Ris 0.85 |Ry91.27 |Ris 0.45 [Ris 0.76 |Ri9 0.85
Ris 0.88 |Ri3 1.47 |Ri9 1.77 |[Ris 0.76 |Ri3 1.23 |Ri9 1.56 |[Rys 0.66 |Ri31.14 [Ry9 1.55
Ris 0.78 |R, 1.27 [Ri71.57 |Ris 0.64 |R> 1.12 |Ry71.35 |Ris 0.52 |R; 0.93 [Ry7 1.19
Ri7 0.90 - - Rz 0.75 - - Ri7 0.53 - -
Rig 0.82 | Ry 1.26 |Ri51.62 |Riz 0.68 |[Ry 1.07 [R;51.42 |[Riz 0.60 R 0.92 |Rys1.20
Rip 0.92 - - Rio 0.73 - - Rio 0.55 - -
Ry 1.06 |Ri3 1.47 |Ris1.70 |Ra 1.03 |Ri3 1.25 |Ris 1.48 |Ry 0.83 Ryz 1.21 | Ry 1.44
Ry 0.82 - - R 0.68 - - Rai 035 - -
R»n 147 | Rii 135 |[Ris 1.97 R, 1.34 | Ri1 1.55 |Ris 1.78 | Ry 1.14 Ry 1.37 |Ris 1.35
Ry 0.89 - - Ry 0.57 - - Ry 0.35 - -
Ras 0.50 | Rs 0.85 | Rg1.47 |[Rys 042 | Rs 0.63 | Rg 1.05 |Ras 0.31 |Rs 0.53 | Rg 0.95

Table 8

Impact of fault resistance on total operating time of the relays in conventional
and proposed approaches (wind speed = 10 m/s and angular variation in wind
flow = 5°).

Fault resistance Hybrid GA-LP Hybrid CS-LP Proposed hybrid DE-

Ry method [23] method [22] LP method

0.00 36.45 34.64 27.58

0.10 37.34 35.35 28.25

0.25 37.78 36.19 28.91

0.50 38.21 36.76 29.43
Table 9

subjected to the coordination constraints. The proposed algorithm is
also validated through experimentation in the laboratory.

3.1. IEEE 9-Bus system

The IEEE 9-bus interconnected distribution system is taken for the
validation of the proposed algorithm. It has one single-end fed by a
power source of 33 kV, 100 MVA capacity at bus 1 with a source im-
pedance of (0 + jO.1) p.u. The lines have the same impedance and it is
equal to (0 + jO.2) p.u. The system has 3¢ fault which is inserted at the
midpoint of each line, as shown in Fig. 5. The nodes are added at the
midway point of the lines (A-L) which represent the fault location
where the three phase short-circuit analysis is carried out. The fault

Overall operating time of relays considering different WG sizes and location (wind speed = 10 m/s and angular variation in wind flow = 5°).

Wind Generator size and location Hybrid GA-LP method [23]

Hybrid CS-LP method [22] Proposed hybrid DE-LP method

WGs of 5 MVA at bus 5 only 36.15
WGs of 3MVA at buses 5 and 2 36.49
WGs of 3 MVA at bus 5 and 5 MVA at bus 9 36.86
WGs of 5 MVA at buses 2, 5 and 9 37.34

30.02 23.19
30.98 24.24
31.45 25.03
35.35 28.25
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Table 10

Faulty operation of OCRs reported in the substation.

Fig. 11. Typical wind integrated substation.

Fault details

Tripping status

Fault location

Feeder breaker

Main feeder breaker

SL. No. Date

1 29/06/18
2 03/07/18
3 07/07/18

Feeder 1 fault
Feeder 5 fault
Feeder 9 fault

Not tripped
Not tripped
Not tripped

Tripped
Not tripped
Tripped

analysis is carried out using electrical transient analysis program
(ETAP) software. All the OCRs have the same CT ratio of 500:1 and are
considered to be numerical, in which both PS and TMS are continuous.
The minimum operating time of each relay is taken as 0.2 s.

10

The 24 OCRs are numbered as R;, Ry, ..., Ro4 and the settings of all
the relays are to be optimized for coordination. Consequently, there are
48 decision variables, i.e., TMS; to TMS,4 and PS; to PS,4. The OCRs
have PS values varying from 0.5 to 2 and the range of TMS is from 0.05
to 1.1. The network shown in Fig. 5 is analyzed to identify the primary
and backup relay pairs using graph theory analysis. The relays R17,
R19, R21 and R23 have no back up protection. In the next step, short-
circuit currents measured by the main and backup relays are calculated.
The pickup currents are fixed after the selection of transformer currents
based on the obtained data for load flow analysis and fault currents.
Then, the coordination problem is solved using optimization technique
where the objective function given in Egs. (14) and (15) is minimized
by optimizing the relay parameters PS and TMS.

The variation of the fault current observed by the main and backup
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Fig. 13. The response of wind speed, wind direction and air density for a day in summer season (12/04/19).
relays in line with the dynamic nature of wind farms is given in Figs. 6 and two cases (wind speed of 10 m/s and 20 m/s, with the angular
and 7. The IEEE 9-bus system is modified with an induction generator variation of 5° and 10° respectively) have been taken into consideration.
based WG unit, rated at 5 MVA and is added to buses 5, 7 and 10. It is The conventional relay settings for the IEEE 9-bus system are based
noted that the fault current increases with an increase in wind speed without the integration of any DG sources to it. If the same settings are

11
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Table 11
PS and TMS values for the OCRs in a typical wind integrated substation (wind
speed = 10 m/s and angular variation in wind flow = 5°).

OCR No. Existing settings Hybrid CS-LP method Proposed DE-LP method
[22]

PS TMS PS TMS PS TMS
1 0.6 0.12 0.4 0.12 0.4 0.10
2 1.2 0.19 0.6 0.16 0.9 0.13
3 1.0 0.17 0.8 0.19 0.7 0.14
4 0.6 0.19 0.6 0.13 0.8 0.13
5 0.7 0.17 0.9 0.18 0.7 0.11
6 1.2 0.16 1.1 0.14 0.5 0.10
7 0.9 0.14 0.8 0.15 0.8 0.14
8 0.7 0.19 0.7 0.12 0.7 0.11
9 0.6 0.18 0.5 0.11 0.6 0.12
10 0.8 0.15 0.6 0.13 0.8 0.10
11 0.6 0.15 0.5 0.18 0.5 0.12
12 0.8 0.19 0.6 0.15 0.6 0.11
13 1.3 0.17 0.9 0.16 0.8 0.10

used for the system with the wind farm, miscoordination between main
and backup relays will occur, which results in the faulty operation of
the relays.

The wind speed is varied between 5 m/s and 25 m/s which results in
the change of fault current from wind farm. So, the CTI is not always
maintained between primary and secondary relays. The number of
violations in CTI with the wind turbine generators working under dif-
ferent speed conditions is given in Table 1. Therefore, the settings of the
relay need to be modified according to fault level which in turn depends
on the wind power output. This ensures the operation of the OCRs in
the system without any time delay when a fault occurs in the system.
The azimuthal angular variation in the wind flow is taken as 5° for all
the cases given in the Table 1.

The prediction of the wind speed and wind direction is carried out
using the hybrid ANFIS-SARIMA method. In most of the WGs, the cut-in
speed is taken as 5 m/s and the cut-out speed is taken as 25 m/s. The
wind speed at the wind farm is varied between 5 m/s and 25 m/s and
the azimuthal angular variations in the wind flow are taken in the range
of 0° to 25°. The data set of 2016 samples is used for training the hybrid
ANFIS-SARIMA method for both wind speed and wind direction. The

Table 12
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short-term forecasting for the wind is performed at five-minute inter-
vals. The following graph (Figs. 8 and 9) shows the predicted wind
speed and wind direction for one day at five-minute intervals. Thus, the
wind-farm current is calculated using the predicted wind speed and
wind direction and the relay settings are fixed using the DE-LP hybrid
optimization algorithm. The following table (Table 2) gives the com-
parison of wind speed forecasting with and without taking the me-
teorological conditions. Table 3 shows the comparison of wind speed
predictions using the persistence method [29], support vector machine
method [30], extreme learning machine method [31], hybrid multi
feedforward neural network (MFNN) - GA method [32], hybrid radial
basis function neural network (RBFNN)- GA method [32], with the
proposed hybrid ANFIS-SARIMA method. The results show that the
proposed hybrid method has less error compared to the methods which
are already reported.

The optimization method selected in this study is the hybrid DE-LP
method, and the simulation parameters for the DE-LP algorithm are
given in Appendix. A comparison between the different algorithms is
given in Tables 4 and 5. The computation time required for the hybrid
DE-LP algorithm is less than the hybrid GA-LP, CS-LP and DE algo-
rithms. The proposed hybrid DE-LP algorithm gives better objective
function value or the reduced operating time for the relays compared to
other optimization techniques.

The PS and TMS values for all the OCRs are optimized using DE-LP
hybrid method and the results are given in Table 6. The optimal op-
erating time of the primary and backup relays using the conventional
method, CS-LP hybrid method and the proposed adaptive method is
shown in Table 7. The selected wind speed is 10 m/s. In the conven-
tional approach, there are some cases where the primary and back up
relays did not maintain the CTI of 0.2 s which are highlighted in
Table 7. For a fault at location B, R4 is the main relay and R6 is the
backup relay with operating time of 0.73 s and 0.58 s respectively (with
CTI of —0.15 s). In this condition, R6 operates faster than R4. Using the
conventional strategy, the operating time of the primary relays are
17.94 s and that of the secondary relays are 21.73 s. The Table 7 also
gives the operating time of the main and backup relays after im-
plementing the hybrid CS-LP overcurrent relay coordination method.
The sum of the primary relay operating time is 14.92 s and that of the
secondary relay operating time is 20.43 s with minimum CTI for all
fault conditions [22]. However, by adopting the proposed optimization

Operating time of the main and backup relays in a typical wind integrated substation (wind speed = 10 m/s

and angular variation in wind flow = 5°).

Time of operation for the main (M) and backup (b; and b») relays in a typical wind integrated
system (s)
Conventional relay Settings Hybrid CS-LP method [22] | Proposed hybrid DE-LP method
M by b2 M b b2 M by by
Ri 0.74 |Rio 1.08 |Ri3 1.37 |R; 0.68 |R100.93 |Riz 1.35 |Ri 0.58 | R190.82 |Ri3 1.02
R> 0.94 Rio 1.28 |Ri3 1.70 |Ry 0.88 |Ri91.27 |Ri3 1.62 |R» 0.72 | Rjp 0.99 | Ri3 1.35
R3 0.85 |Rio 0.67 |Ri3 1.63 |R30.75 |Ri00.96 [Ri31.37 |Rs 0.65 | Rio 0.91 | Ri31.26
R4 0.73 |Rir 1.04 [Ri3 1.31 [R4 0.66 |Ri;1 0.88 |Ri31.17 | R4 0.51 | Ri1 0.88 | Ri31.35
Rs 0.69 |Ri1 092 R;3 1.41 |[Rs 0.49 |R;;1 0.82 |Ri31.12 |Rs 0.38 | Ry 0.67 | Ri30.95
Res 0.75 |Ryp 1.14 |Ri3 1.34 |R6 0.69 | Ri11.10 [Ri31.52 |Re 0.59 |Ry; 0.89 | Rz 1.17
R7 0.57 |Ris 0.92 [Ry 1.32 |R9 0.58 |Ri60.88 |R»1.34 |R7 0.52 | Ris0.74 | R»20.99
Rg 0.59 [Riz 0.61 |Ri3 1.35 {Rs 0.57 | R120.82 |Riz 1.15 |Rg 0.52 | Ri20.83 | Riz 1.21
Ry 0.64 |Ri2 0.89 |Riz 1.28 |Ro 0.43 | R120.80 |Ri31.13 |Ro 043 | Ri2 0.72 | Ri30.95
Rio 0.62 |R19.9898 - R100.50 |Ri3 0.94 - Rio 0.43 |Ryz 0.72 -
Rii 092 Riz 1.37 - Ri1 0.45 |Ri3 0.73 - Rii 0.35 |Riz 0.70 -
Rz 0.63 |Ri3 0.53 - R120.38 |Ri3 0.70 - Ri2 042 |Riz 0.74 -

13
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Fig. 16. CTI between the relay pairs for the typical wind integrated system.

Fig. 17. Feeder protection unit.

algorithm the operating time of the main and the backup relay are
further reduced to 11.41 s and 16.84 s respectively.

The Table 8 shows the sum of the operating time of the main relay
and backup relays according to the variation in the fault resistance. The
results show that the proposed GA-LP approach has better performance
compared to the conventional, CS-LP hybrid and GA-LP methods. The
proposed algorithm was also tested using WGs of different capacities,
placed at different locations. The results (Table 9) show that the

CT, 500/1 A CT, 500/1 A

AANNAA

ower Supply

proposed algorithm can be applied with any wind farms of different
capacities at various locations.

The CTI for the OCRs after connecting wind farm to the grid is
shown in Fig. 10. The minimum value of the CTI to be maintained is
0.2 s and this is represented as the threshold line. There are 20 co-
ordination pairs in IEEE 9-bus system and results show that the CTI is
not maintained for some of the relay pairs using the conventional
method. This causes malfunctions in the relay operations and the al-
gorithm was modified according to the varying wind speed conditions.
The CTI is maintained and the results are found to be satisfactory.

3.2. Wind integrated substation

A typical wind farm-connected substation is also used for the case
study and details are given in [33,34]. The substation has 9 feeders to
which WGs are connected. Each WG is associated with a step up
transformer of 1 MVA capacity which step up the generated voltage of
400 V to 22 kV. The feeders are connected to the 220 kV side using a
transformer of 25 MVA and three transformers of 5 MVA which step up
the 22 kV voltage to 110 kV. The fault level for 110 kV, 220 kV side of
the substation is 2806 MVA and 4708 MVA. The layout of the substa-
tion is shown in Fig. 11.

The WG units significantly contribute to short-circuit currents and
the connections or disconnections of WG units have considerable short-
term impacts on the fault current magnitude. Large-scale wind turbine
units are usually equipped with asynchronous generators that tran-
siently draw high currents at the time of connection to the system. In
case study, the generation of electric power from the wind is more
dominant during the months July to November, i.e., the monsoon
season. Many faulty operations of OCRs were reported during this
period [33], and details of these are given in Table 10. The OCR in the

415V, 50 Hz

Three Phase Short

CT,500/1 A CT,5001 A Circuit Fault

m ( Y \ Wind

I | | | Generator,
1KW, 415V
Resistive
load 415V,
1KW,15A

Fig. 18. Radial feeder connected to wind generator.
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Table 13
TMS for the OCRs in the radial feeder protection unit.

Electrical Power and Energy Systems 118 (2020) 105834

Time interval
(2:00-3:00 pm)

Wind speed
predicted (m/s)

Angular variations in
wind flow predicted

Wind speed
measured (m/s)

Angular variations in
wind flow measured

Simulated/Predicted results transferred ~ Actual results
to the relay module

(deg) (deg)
Relay No. Relay No.
R4 Rs R, Ry R4 Rs R, Ry
2:00 6.5 5 6.9 4 0.25 0.57 0.89 0.95 0.29 0.62 095 0.98
2:05 8.3 7 7.9 8 0.35 0.63 0.92 1.02 0.35 0.83 095 1.03
2:10 9.4 10 9.7 12 0.27 0.82 0.93 1.04 0.43 0.63 0.98 1.04
2:15 10.2 8 9.6 9 0.34 0.62 0.93 0.96 0.30 0.33 0.89 0.99
2:20 11.5 7 11.0 6 0.36 0.34 1.02 0.97 0.29 0.35 095 1.16
2:25 14.6 12 14.3 11 0.43 0.45 0.99 1.15 0.42 0.42 099 1.14
2:30 12.5 14 12.1 12 0.30 0.42 0.98 1.12 0.33 0.46 0.87 1.03
2:35 9.9 11 9.1 11 0.25 0.40 0.92 0.97 0.42 0.54 0.84 1.07
2:40 13.5 12 12.9 11 0.35 0.49 0.88 1.03 0.32 0.60 0.83 1.15
2:45 14.4 8 15.0 8 0.40 0.44 0.83 1.10 0.34 0.64 0.85 1.06
2:50 5.4 6 5.1 5 0.38 0.60 0.89 1.16 0.36 0.70 0.86 1.18
2:55 7.7 6 8.2 5 0.25 0.72 0.78 1.14 0.32 0.72 0.84 0.99
3:00 11.6 2 12.0 3 0.29 0.64 0.79 1.20 0.27 0.77 0.79 1.20
Table 14
PS for the OCRs in the radial feeder protection unit.
Time interval Wind speed Angular variations in Wind speed Angular variations in Simulated/Predicted results Actual results
(2:00-3:00 pm) predicted (m/s)  wind flow predicted measured (m/s) wind flow measured
(deg) (deg) Relay No. Relay No.
R4 Rs R, R R4 Rs R, Ry
2:00 6.5 5 6.9 4 0.72 0.65 0.62 0.57 0.73 0.62 0.64 0.53
2:05 8.3 7 7.9 8 0.77 0.72 0.68 0.62 0.75 0.62 0.58 0.33
2:10 9.4 10 9.7 12 0.78 0.67 0.63 0.58 0.75 0.64 0.62 0.35
2:15 10.2 8 9.6 9 0.77 0.72 0.66 0.62 0.77 0.64 0.53 0.33
2:20 11.5 7 11.0 6 0.66 0.62 0.56 0.52 0.82 0.69 0.53 0.56
2:25 14.6 12 14.3 11 0.72 0.62 0.57 0.52 0.75 0.72 0.56 0.62
2:30 12.5 14 121 12 0.71 0.66 0.63 0.56 0.77 0.63 0.56 0.53
2:35 9.9 11 9.1 11 0.73 0.68 0.62 0.57 0.78 0.62 0.57 0.51
2:40 13.5 12 12.9 11 0.72 0.65 0.59 0.56 0.69 0.63 0.58 0.53
2:45 14.4 8 15.0 8 0.69 0.64 0.56 0.55 0.68 0.62 0.55 0.53
2:50 5.4 6 5.1 5 0.68 0.62 0.54 0.53 0.66 0.59 0.55 0.53
2:55 7.7 6 8.2 5 0.66 0.59 0.55 0.52 0.65 0.58 0.53 0.52
3:00 11.6 2 12.0 3 0.65 0.57 0.53 0.50 0.64 0.57 0.53 0.52
Table 15
Operating time of the main and back up relays in the radial feeder protection unit.
Time interval Wind speed Wind direction Wind speed Wind direction Simulated/Predicted results Actual results
(2:00-3:00 pm) predicted (m/s) predicted (deg) measured (m/s) measured (deg)
Relay No. Relay No.
R4 Rs Ry Ry R4 R3 Rz Ry
2:00 6.5 5 6.9 4 1.46 1.68 1.92 2.15 1.47 168 192 213
2:05 8.3 7 7.9 8 1.52 1.74 1.96 2.15 1.55 1.76 197 218
2:10 9.4 10 9.7 12 1.52 1.73 1.95 2.15 1.54 1.75 1.97 218
2:15 10.2 8 9.6 9 1.52 1.78 1.99 2.20 1.53 1.79 2.02 224
2:20 11.5 7 11.0 6 1.71 1.92 2.15 2.42 1.72 197 220 2.46
2:25 14.6 12 14.3 11 1.91 2.12 2.32 2.54 1.93 2.17 242 250
2:30 12.5 14 12.1 12 1.85 2.04 2.27 2.47 1.80 198 221 2.50
2:35 9.9 11 9.1 11 1.52 1.75 2.07 2.27 1.48 1.78 2.09 2.32
2:40 13.5 12 129 11 1.48 1.69 1.89 2.23 1.52 1.67 1.86 219
2:45 14.4 8 15.0 8 1.57 1.80 1.94 2.35 1.56 1.80 1.83 2.52
2:50 5.4 6 5.1 5 1.67 1.87 2.16 2.45 1.62 1.83 214 2.42
2:55 7.7 6 8.2 5 1.74 1.97 2.25 2.47 1.73 2.02 227 248
3:00 11.6 2 12.0 3 1.56 1.75 1.97 2.22 1.54 1.78 1.97 223

main feeder, i.e., the backup relay, is tripped by faults in the wind farm
feeders and thus the reliability of the system is affected. The time series
graph for the actual and predicted wind speed, wind direction and air
density for a typical day in winter, summer, monsoon and autumn
seasons with an interval of five minutes are shown in Figs. 12-15.
The proposed algorithm is implemented in the system and the

15

modified relay settings according to the variation in the wind power
output are determined. The TMS and PS values for all the relays using
the existing method, hybrid CS-LP [22], proposed DE-LP method for a
particular interval is given in Table 11 and the operating time of the
relays are given in Table 12. The result shows that the proposed algo-
rithm has reduced time of operation of the relays by maintaining the
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CTI and also avoids the computational time required for the algorithm
by the earlier prediction of the relay settings.

The computation time for running the forecasting algorithm is 70 s
and that for the optimization algorithm is 80 s. The computation time
for the optimization is reduced in the proposed methodology by the
earlier prediction of the relay settings. The proposed optimization al-
gorithm needs to run in the current interval only if the difference be-
tween the predicted and the actual wind farm currents are above 2%.
This happens very rare and the time required for optimization in the
existing algorithms is reduced by the earlier setting of the relays, at the
starting of each five minutes interval.

The CTI results for the different optimization techniques are shown
in Fig. 16. The minimum value of the CTI to be maintained is 0.2 s and
this is represented as the threshold line. There are 12 coordination pairs
and results show that the CTI is not maintained for some of the relay
pairs by using the existing relay settings in the substation. This causes
mal-functions in the OCRs and the relay settings are modified according
to the varying wind speed conditions. The CTI is maintained by using
the proposed algorithm and the results are found to be acceptable.

4. Validation of the proposed algorithm in the laboratory

The proposed algorithm for OCR relay coordination is tested and
verified through experimentation in the laboratory (Fig. 17). The ex-
perimental setup consists of a radial feeder protection unit with four
OCRs. The type of the relays used is MC31A manufactured by L&T [35]
with normal inverse characteristics. The configuration of the feeder and
the OCRs is shown in Fig. 18. The main relay is denoted by R; and the
backup relays are R,, R3, R4. A WG and a loading rheostat with rated
capacity of 1 kW each is connected as the load. The proposed algorithm
is coded into a Raspberry Pi chip [36] and wind speed is predicted at
intervals of five minutes. In the next step, the optimal settings for the
TMS and PS are calculated for various wind speed conditions. In order
to avoid coordination problems in the OCRs, the modified settings are
updated in the relay modules. The experiment is carried out under
various wind speed and wind direction conditions under constant
temperature and pressure. The operating time of the relays are found to
be satisfactory by maintaining a CTI of 0.2 s.

The TMS and the PS values are predetermined for a particular day
(03/05/2019 from 2:00 pm to 3:00 pm) and the results are given in
Tables 13 and 14 respectively. The time of operation of the OCRs is also
calculated and the results are given in Table 15. The predicted results
are also compared with the actual results and it is found to be sa-
tisfactory avoiding the faulty operation of OCRs.

Appendix A
See Table Al

Table Al
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5. Conclusion

A forecast based optimization algorithm for deciding the accurate
settings of the OCRs and its coordination with other OCRs in the wind
integrated system is the main theme of this research work. The pro-
posed technique calculates PS and TMS values of OCRs from the pre-
dicted wind farm current under the dynamic conditions of wind farms
including the variation in wind speed and its direction. The proposed
ANFIS-SARIMA hybrid algorithm for forecasting the wind parameters
has less error in the output compared to the existing algorithms. The
relay coordination is carried out via hybrid DE-LP optimization tech-
nique, which has better performance than conventional algorithms. The
relay settings are predicted at intervals of five minutes each, which can
reduce the time delay in calculating and updating the settings in the
present interval for which protection is required. This can avoid the
faulty relay operations reported in the substations. The algorithm was
tested on the modified IEEE 9-bus system with wind farms and also in a
typical wind-integrated substation. The results show that the proposed
algorithm selects the optimal relay settings according to the various
wind power conditions within a definite period of time. The method is
also verified through experimentation in the laboratory and the results
are found to be satisfactory.
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Simulation parameters for the proposed hybrid DE-LP algo-

rithm.

Differential evolution algorithm

Maximum number of iterations
Population size

Lower bound of scaling factor
Upper bound of scaling factor
Cross over probability

Linear programming

2000
100
0.2
0.8

Maximum iterations
Function tolerance

100
le-6

16
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