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Abstract: - Increasing the short-circuit current magnitude and bidirectional flow in a multi-infeed DG-
connected grid have significant impacts on protection systems based on over-current relays (OCRs). An
adaptive protection scheme based on defining the optimal setting of a directional OCR (DOCR) has recently
been introduced as a solution for mis-coordination and false tripping issues associated with DG penetration
increase. In this paper, this approach is highlighted, and its performance in different operating modes of the
DG-connected grid is evaluated. Genetic algorithm (GA), and gray wolf optimization (GWO) have been used
to provide optimized values of the time multiplier setting (TMS) of the DOCR scheme. Different faults at
different locations with different DG locations and sizes are studied. The international electrotechnical
commission (IEC) micro-grid benchmark and different DG units are modeled with MATLAB Simulink and
ETAP software to carry out and test all these operating modes and evaluate this scheme. The ability of this
scheme to maintain the coordination between the forward and reverse main and backup relays for each fault
location is focused on in this study.
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1 Introduction investigated. From these impacts that are
Increasing the DG penetration is always highlightec_i by many works of literaturc? change in
accompanied not only by increasing the short-circuit the direction of fault current flow, increase or

decrease of fault current magnitude measured at the

current but also by an obvious change in the i ) -
relaying points, the blindness of backup relays when

relaying fault current either by increasing or

decreasing in magnitude or change in direction the high-size DG units are connected between the
according to the DG connection point relative to the main and backup relays, adjacent feeder mis-
relaying points. Since the OCR operation is based trapping 'for multi-parallel feeders, and the mis-
only on the fault current magnitude measured at the coordination between two or more cascaded pairs of
relaying points, the DG connection is strongly rela}{s depending on th; DG size, type, and location
affecting its performance and coordination. Any relative to the fault point, [1], [3], [4], [5], [6], [7].
changes in the fault current direction and magnitude Many attempts have been introduced in the
at any point within the distribution network would literature to mitigate the impacts of DG units on the
strongly affect the operation and coordination of the rela}ymg scheme of the distribution network to
relaying scheme. The coordination principle of which they are connectf:d; some a‘Ftempts are related
OCRs depends on the grading of the fault current to conventional protection strategies, and others are
from the upstream to the downstream points of the related to modified protection schemes, [8].
radial network. Due to the DG connection to the Disconnection of DG units, resizing of protective
distribution network, its radial nature has been lost, devices, directional protection, fault current limiter,
the challenges concerning short circuit capacity, and limiting DG size, rm'llt.lagent—based method, non-
protection coordination has been introduced and its slander'ed ' characteristics, .and the. . thlmal
impacts on the protection system have been determination of the relay settings to minimize the
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overall relay operating time for primary and backup
scenarios, all these methods were introduced in the
works of literature for DG impacts mitigations on
the OCR scheme coordination, [2], [9]. From these
suggested solutions, the optimization of the
directional OCR settings has been introduced by
many researchers recently to overcome the
protection  coordination  problems due to
bidirectional fault currents and to provide an
adaptive OVR setting, [10], [11], [12], [13], [14],
various optimization tools have been introduced in
the works of literature to formulating this method.
In [10], GA has been used as an optimization tool,
and the coordination between every pair of cascaded
relays is studied. In [11], Water Cycle Algorithm
(WCA), and Particle Swarm Optimization (PSO) are
used for comparative analysis, the authors just
focused on the main primary and backup relays for
each fault location, ignoring the overall backup
relays that the reverse fault current is passed
through. Adaptive Clonal selection algorithm of the
artificial immune system(AIS) is used in, [12], to
provide the optimized TMSs, and the novel
optimization solvers such as modified PSO,
teaching-learning, GWA, moth-flame, and PSO
algorithms were used in [13], GA, PSO, and
teaching—learning  based  optimization(TLBO)
algorithm were used in, [14].

Other several optimization tools are introduced
by the pieces of literature to provide the
optimization setting of relay scheme curves such as
the Nelder-Mead (NM) simplex search method and
(PSO) in, [15], Artificial bees colony (ABC) is
employed in, [16], Honey Bee algorithm is used in,
[17].

Most of this literature is concerned basically
with minimizing the overall operating time of the
relaying protection scheme without regard to the
performance of all the backup relays by which the
fault current was sensed. Reducing the overall
computational time by using a modern optimization
tool is not the main objective of this study, but the
evaluation of the wvalidity of the optimal
determination of the relay settings method at
different operation modes of DG-connected multi-
infeed grid, and different fault scenarios is the
objective. The effectiveness of the optimization
techniques in the resetting process of the DOCR
scheme to cover all the fault scenarios has been
highlighted in this paper using GA, and GWA.

In this study, the efficacy of the optimized
standard and non-standard curves of directional and
non-directional OCR schemes that were introduced
by several pieces of literature are tested for different
operation modes of DG-connected multi-infeed
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grids with different fault scenarios and different DG
types, locations, and sizes to evaluate their
capabilities of mitigating the selectivity problems
associated with DG high penetration. To validate the
efficacy of the optimized relaying setting, the
standard IEC micro-grid structure with DG
interfacing is simulated by the MATLAB Simulink
package and verified by ETAP software.

The paper is organized as follows. Section II
describes the IEC and different DG units that are
simulated with MATLAB and ETAP simulators.
The problem formulation and DG impacts are
summarized in section IIl. IV. Operating
modes and optimized curve settings are briefly
described in section III. Optimal settings of non-
directional and DOCR are tested in sections V and
VI. Non-slandered OCR characteristics and
islanding mode operation are discussed in sections
VII and VIII. And the study is concluded in section
IX.

2 Simulation Model

To test and evaluate the coordination of the relaying
scheme, the International  Electrotechnical
Commission (IEC) micro-grid shown in Fig. 1 is
modeled. IEC micro-grid is a 25 kV distribution
network connected to the utility of 120 kV, through
a 120/25 kV step-down transformer rated at 1000
MVA. Six loads with 3.273MVA at the six buses of
the network, [18]. Four DG units (DGlto DG4)
with different sizes (9 - 9 - 6 - 9MVA), DGI and
DG?2 are synchronous generator-based types, DG3,
and DG4 are type 4 and DFIG based wind farms
respectively are modeled and connected at different
locations on the IEC network to investigate the DG
impacts, see Appendix for model data. Six-inverse
over current relays (Ri-Rg) are set and coordinated
for different modes of operation (DG at different
locations, islanding mode).

Load flow analysis, fault analysis studies, and
the optimization of the TMS values of OCRs are
carried out using MATLAB/Simulink package, then
the obtained results are tested by using ETAB
software, by inserting the obtained values of TMS
as an input to the relay parameters settings and carry
out the faults at different locations and test the
operation of the related relays for each fault
location.
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Fig. 1: IEC 6-bus radial network arrangement
3 DG Impacts and Problem
Formulation

DG impacts on the distribution network relaying

system as concluded in the pieces of literature can

be summarized as:

1) Mis-coordination between the cascaded relays.

2) Delaying the backup relays, with DG
penetration increase may lead to blinding.

3) Mis-tripping due to the multi-infeed topology
and reversing of power flow.

4) Islanding condition.

In addition to DG size, the location of DG units
with respect to the relaying point is the main factor
for the emergence of one or more of the problems
mentioned above as follow: -

1) DG units located at the upstream point of the
two primary and backup relays may cause mis-
coordination and mis-tripping in the case of
high penetration of DG units. Also, if the DG
connection point is located upstream of the
primary relay and downstream of the backup
one, mis-coordination due to delaying of the
backup relays or blinding may occur.

2) DG connection point is located at the far end of
the feeder or the adjacent feeder, the mis-
tripping due to reverse was strongly predicted.

The adaptive protection based on the optimal
determination of the directional relay settings for
standard and non-standard characteristics (the
approach that is relied on the hypothesis that the
loss of the relay’s selectivity if the fault current
level is increased behind the value at which the
maximum current multiplier setting CMSpmax s
reached) has been introduced as a solution for the
mis-coordination problem. A detailed study of this
approach will be carried out and verified with ETAP
and MATLAB, and GA is used as an optimization
tool.
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The optimization algorithms are used to provide
the optimized values of TMS to restore the relay
setting curves selectivity by minimizing the total
operating time of the relays, ensuring coordination
between the main and backup relays. The OC
coordination problem is formulated as an objective
function with several constraints related to
coordination time between main and backup relays,
the minimum operating time of relays, and the
minimum values of coordination time interval
(CTD). GA is used to achieve the optimal settings for
the OC relays by minimizing the relay's total
operating time by solving the objective function.

According to the typical IDMT characteristic
equation, the operating time is directly proportional
to the values of TMS, on the other hand, it is
inversely proportional to the value of CMS as in
Equation (1).

_ 0.14+TMS
oP T (cMS)002—1

e

Where TMS is the time multiplier setting and CMS
is the current multiplier setting of the relay.
Equation (1) could be rearranged as:

0.14+«TMS
top =ax*xTMS Where a= W
cMS = —1F

Ipick up*CTR

and
(2

Where Iris denoted as the fault current, CTR is the
CT ratio and Iyick up is the pickup current of the relay.
In GA, the objective function (OF) is given by
equation (3).
min(top) = Ny Xy aif TMSyy 3)
Where m corresponds to the number of relays.

While n is the number of fault locations, and ¢tjf is

the operating time of relay i during a fault at

location f.

e For the IEC six-bus network, there are six relays
(Rito R¢] and five fault locations (F; to Fs).

e Six constraints through the bounds of the relay
operating time. The minimum operating time of
each relay is taken as 0.2 sec. top(min) St <
top(max) ~ Where  topemin) is the minimum
operating time and t,pmax) the maximum
operating time.

e Five constraints through the coordination
between the six relays. The CTI is set to its
typical value of 0.3 sec. The constraint for the
coordination time interval is given by tyqckup —

tprimary = 0.3.
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e The constraints related to the suitable margin of
the relays TMS to provide proper coordination
are stated as TMSpi, <t < TMSp,4,. Where
TMSin 1s taken as 0.1 and TMS,;,4,1s taken as
1.2.

4 Operating Modes and Optimized

Curves Setting
Adjustment of the relay settings to track the changes
in the network topologies resulting from DG
connection using optimization tool can be detected
by an external control signal, this control signal may
be one of the electrical variables (voltage- current-
direction flow ....) or may be a switch status. A lot
of calculations and well-defined control signals are
required to implement an adaptive protection scheme
that tracks the topology changes of the network with
high penetrations level of DGs.

All the possibilities for IEC six-bus network in
Fig. 1 could be summarized in the following points:
e There are six different locations for DG

connection. so, for a defined DG size there are

six-group optimized setting curves and six
control signals would be needed.

e [fthe DG size is changed due to the switch of or
switches on of some units, there are another six
optimized setting curves are needed.

e [f the network is expanding, and the bus
numbers increase, the available possibilities of
optimized setting curves will be increased.

e Due to the relatively long calculation time of the
optimization algorithms, the adaptive relaying
based on these algorithms should be offline. So,
a lot of pre-calculated setting curves will be
needed to cover all the available possibilities.

e Control signals should be defined accurately to
enable the selection of the correct stored setting;
it is a very difficult issue without an accurate
communication channel.

e [f the fault location, resistance, and type are
involved, other relay settings should be
available.
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Fig. 2: IEC 6-bus radial network with DG connected
at Bus2

It is very difficult to carry out all these
calculations on -line, so the pre-calculated setting
should be available. The settings of different cases
(network without DG, with DG at different locations,
different DG penetration levels) are calculated and
stored in the memories of the OCRs, and an external
signal for each case is defined and stored. The non-
directional and directional OCR-optimized settings
are tested and evaluated in the next section for
different DG-connected scenarios.

5 Optimal Setting of Non-Directional
OCR

Due to changes in the fault current magnitude

measured at the relaying points if the DG connected

at Bus 2 as in Fig. 2, the weights of the OF are
changed, so, the new optimized values of TMSs

(with both GA and GWO) are achieved as in Table

1. The new setting curves are achieved to track the

changes in the network topology as in Fig.3. From

Fig. 3, fault cases at the ends of linel, line 2, line 3,

and line 4 respectively are carried out and the fault

current magnitudes are recorded at the relaying
points. The 4- bold vertical lines indicate the values

of fault current magnitudes recorded at Ri, Ry, R,

and R4, and the red one indicates the reverse fault

current magnitude sharing by DG for fault at Line 4

(recorded at R»).

It is noticed that:

e The fault at line 3 could be detected and the
coordination between R4 and R; will be satisfied
for fault cases at Line 3 (the intersection points
between the fault current at line 3 and the
setting curves of R; and R4) the main and
backup relay are forward of DG location.

e The fault case at Line 2 could be detected and
the coordination margin (0.3sec) between R;
and R, could not be achieved accurately due to
the DG penetration of the fault current flows
only at Rs.
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e The fault at line 4 could be detected
accurately by Rs, but the coordination with
R could not be achieved due to the fault infeed
from DG (the margin between Rgand R;is
0.7sec which is greater than 0.3). Moreover,
false tripping due to reverse current does not
occur in this case but if the DG size increases a
false trip may be occurred (see the red vertical
line resemble the reverse fault current infeed
from DG and its intersection point with R»
setting curve).

Table 1. The optimized values of TMS in the case of
DG connection at Bus 2

Relay Number (Tcl}\is) ( g\l\;(s))
R, 2866 | 0.2876
R, 0.3949 | 0.3962
R; 0.2515 | 0.2523
R4 0.1257 0.1261
Rs 0.1432 | 0.1551
Re 0.1658 | 0.2092

Fitness value | 6.40391 | 6.52662
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Fig. 3: Optimal relays setting curves for DG
connection at Bus 2 scenario

Although the reverse current is not effective in
this case, its influence is strong in the case of DG
connection at Bus4 (see Fig. 4), and the selectivity
of the relaying scheme is completely lost as in Fig.
5. For example, R3;, and Rslead the main and
backup relays R, and R; for isolating the fault at
Line 1 (see the vertical axis of F3 at Line 1 and the
vertical dash red line for the reverse fault current for
Fs at line 1).
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Fig. 4: IEC 6-bus radial network with DG connected
at Bus4
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Fig. 5: Optimal relays setting curves for DG
connection at Bus 4 scenario

Also, the relay R4 leads R; for isolating F, at
line 2. The same situation has been detected when
the DG location is transferred to Bus 5 or Bus 6.
From these results, it appears that: -

e The adaptive OCR scheme based on the
optimal definition of the setting is valid only
for a single branch radial feeder with small
penetrated DGs connected as near as possible
from the PCC of the utility.

e There is an urgent need for a directional OC
relay to prevent a false trip due to reverse fault

current that is recommended in many scientific
literature, [19], [20], [21].

6 Optimal Setting of DOCR Scheme

For meshed systems, DOCRs become an attractive
option due to the bi-directionality of fault currents.
Recently, the directional discrimination principle is
strongly recommended for DG-connected multi-
infeed networks. As mentioned in, [10], [11], [12],
[13], [14], for the IEC six bus network with different
DG connected at different locations along the
network, the authors have introduced an adaptive
relaying scheme based on inserting an additional
DOCR at the far end of each feeder-section to be
concerned with the reverse current infeed. In this
section, this scheme has been investigated and
highlighted to show its effectiveness. As seen in Fig.
6, four DGs with different types are connected at

Volume 18, 2023



WSEAS TRANSACTIONS on POWER SYSTEMS
DOI: 10.37394/232016.2023.18.9

different buses of the IEC network. To provide a
selective relaying scheme, 15 relays (Ri-Rs) are
used to cover the new network topology and it
should be coordinated as in Table 2. The
coordination between relays must be updated to
meet the expected changes in the fault current
magnitude and direction based on DG location. The
updating process comprises updating TMS values
for the forward existing relays (R;-R¢) and the new
installation relays (R7-R;s). The optimized values of
TMS are achieved with GA and GWA. The
constraints equations should be rearranged to
guarantee the CIT between the main and backup
relays according to the new relaying scheme design,
the CTI value is taken as 0.3sec. The optimized
TMS values of the DOC relaying scheme are
achieved as in Table 3.

i

B o
. I
T
HuEr - .-II I.:_,- M: o - ,I"”_. JEE]
. JL R | h
-] h":.; LT kada
Ll i &
LT ouss L,iJ Hus
L
'_L s
s ]
W ia ooy
::i::
>

(-2 1!

Fig. 6: IEC modified model with connecting 4-DGs
and directional overcurrent relay.

Table 2. Primary and backup relays for different
fault locations of the IEC network

IFault Line 1 Line 2 Line 3 Line4 | Line 5

location

IPrimary R2 | R7 | R3 [Rs| R4 | Ro |Re| Ri1 [Rs| Rio

relays

Backup Ri | Rs | R2 R3 Ri R

relays Ri1 | Rio| Rio [Ro | Rlo | Ri3 [R7| Ris | Rg| Ria
Riz | Ri2 Rz

6.1 The Fault at The End of Line 1

For a 3-phase short circuit at the end of Line 1 of the
network in Fig. 6, from the utility side, R, and its
backup group (R; and R;;) are concerned with
isolating the line 1 fault from the BUS 1 side as a
result to the forward fault current. From the far
endpoint, R7 and its backup group (Rg - Rio - Ri2)
are concerned with isolating the line 1 fault from the
BUS 2 side as a result of the reverse fault current.
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Table 3. TMS values for stander and non-standard
characteristics of IDMT using GA

T™MS ;';/Ins_ T™MS T™MS
stander stander stander Nonstandard

Relay GA GA GWO GWO
1.1«CMS« 1.1«CMS¢ 1.1«CMS¢

20 1.1«CMS« 20 100

100

R1 0.338 0.283 0.3401 0.2855
Rz 0.397 0.340 0.3988 0.4027
Rs 0.256 0.2358 0.2357 0.2795
Ra 0.132 0.1391 0.1328 0.1397
Rs 0.122 0.141 0.1431 0.1560
Re 0.132 0.150 0.1932 0.1778
R; 0.142 0.172 0.2107 0.1778
Rs 0.11 0.086 0.0888 0.0899
Ro 0.13 0.1739 0.1788 0.1777
R1o 0.069 0.0695 0.1055 0.1109
R11 0.235 0.2226 0.2672 0.2247
R12 0.186 0.1704 0.1767 0.1712
Ri3 0.230 0.2437 0.2353 0.2051
Ria 0.116 0.1159 0.1468 0.1615
Ris 0.194 0.1936 0.2849 0.2491
T(s) 16.98 17.48 18.22 18.1735

Table 4. The operating time and fault current
measured at the related relays for a fault at the end

of line 1
Fault current measurements (KA), and operating time to, in
Fault (sec)
locatio : :
n Main |Backup |Backup [Main |Backup |Backup |Backup
RZ Rl Rl] R7 RX R]O RIZ
[=5.44 |1=4.925 1=0.543 I3‘=3’29 I=1.465 1=0.923 |1=0.92
Line 1 |3 top=1.65 |t,=1.54 =04 top=0.27 [te;=0.31 [t,,=0.86
tep=0.9 |7 8 2‘“’ 6 5 8

H ]

a. R2 and its backup relay characteristic curves.

b. R7 and its backup relay characteristic curves.
Fig. 7: Characteristics curves of the main and
backup relays for Line 1 protection.

From Table 4, According to the relays operating
time, the relays could be arranged according to the
fast-tripping ones as Rs, Rio, R7, and finally R,. As
a result, unneeded tripping of DG3 and DG4 has
occurred. According to the tripping sequence of
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relays, the backup relays Rs, and Riohave tripped
faster than the main one Rypreventing the DG
penetration in the reverse fault current, then the fault
current measured at R; will be decreased and its
tripping time will be increased, and the coordination
problem could be aggravated. This problem is
brightly indicated in the intersection of the main and
backup relays setting curves at high fault current
rating as in Fig. 7. Moreover, the problem of
coordination between relays is strongly manifested
when the same fault has occurred at the other end of
Line 1 (near Bus 1), the fault current and its
associated operating time for all relays are recorded
in Table 5. Due to the fault location shifting from
the location that is defined in the optimization
process, the fault currents recorded at the relaying
points are changed and its operation time is shifted
on its setting curve as a result the pre-setting CIT
could not be achieved for the forward and reverse
direction relays.

Table 5. The operating time and fault current
measured at the related relays for a fault at the
beginning of line 1

Fault current measurements (KA), and operating time to, in
Fault (sec)
locatio : :
n Main |Backup |Backup [Main |Backup |Backup |Backup
R2 RI Rll R7 RS RIO RIZ
1=9.29 |1:=8.375 |1=0.92 15‘= 2:63 1121173 17073 {10373
Line 1 |5 top=1.19 |3 _ tp=0.31 | _ tep=0.97
=09 |8 =10 | 04 1 =703 12

6.2 Fault at the End of Line 2

Although the false tripping due to the reverse current
in thecase study in the previous section, the
optimized setting could keep the coordination
between the main and backup relays for the same
fault at the end of Line 2 as indicated in Table.
6. From Table 6 and the characteristic curves for
each group that is indicated in Fig. 8§, the main
relays Rs, and Rg have the lowest tripping time, and
the CTI between the forward current relays and the
reverse current relays has been achieved.

Table 6. The operating time and fault current
measured at the related relays for a fault at the end
of line 2

Fault current measurements (KA), and operating time t,, in (sec)

Fault
locatio|Main
n

Backu [Backu |Backu

Backup [Main
p p

Backup [Backup

R3 RZ R12 R14 RS R‘) R13

1=4.68 ﬁF”

Line 1|3 5

1=0.59]1=0.59 |I=1.64|1=1.64 |1=1.64
4 5 8 8 8

0.6 |1 0"

t5=1.0 |t=0.9 |t0y=0.2 |tsy=0.5 |to,=0.8
9 8

72 5 52 79
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6.3Fault at the End of Line 3
For the 3-phase fault at the end of Line 3, it can be
noticed that from Table 7, despite the coordination
margin (0.3) could not be exactly achieved for the
reverse current relays (Ro and its backup relay), the
forward current relays could maintain the CTI
constraints. The fault could be successfully cleared
from each side by R4 and Ry without any unwanted
tripping, but the whole relaying scheme failed to be
compatible with the CTI constraints.

a) R3 and its backup relay characteristic curves.

b) RS and its backup relay characteristic curves.
Fig. 8: Characteristics curves of the main and
backup relays for Line 2 protection.

Table 7. The operating time and fault current
measured at the related relays for a fault at the end

of line 3
Fault current measurements (KA), and operating time to, in
Fault |(sec)
location|Main Backup (Backup |Backup [Main Backup
Rs R; Rio Ry, Ry Ris
Line 1 1=3.456 |1=3.456 [1=0.439 |1=0.438 [[=1.884 |[I=1.884
top=0.315 [t5p=0.63 [to,=1.5 [te;=1.88 [tep=0.519 |t,,=0.808

6.4 Case 4 Fault at the End of Line 4

Referring to Table 8 which indicates the fault
current measured at the related relays for a fault at
the end of line 4, the coordination margin (0.3)
could not be exactly achieved between the main
forward relay Rs and its backup relay R;. On the
other hand, the reverse current relays could be able
to hold the CTI constraints.

Table 8. The operating time and fault current
measured at the related relays for a fault at the end

of line 4
Fault current measurements (KA), and operating time to, in
Fault  |(sec)
location |Main Backup Backup Main Backup
R R, R; Ry Ris
Line 1 1=5.998 [I=4.572 |[=1.439 |[1=0.991 1=0.991
tp=0.299 |ty=1.75  [t;;=0.591 |[t,=0.96 top=1.26
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6.5 Fault at the End of Line 5

From Table 9, it can be noticed that Rs and R, could
keep the CTI constraints, but unfortunately, Rs
could not, so the coordination could not be achieved
for all relays. In contrast, the selectivity between the
reverse current relays has been completely lost since
the backup relay has a lower operating time than the
main one.

Table 9. The operating time and fault current
measured at the related relays for a fault at the end
of line 5

Fault current measurements (KA), and operating time top in
Fault |(sec)
location|Main Backup  |Backup Main Backup
RS R2 RS R10 R14
Line 1 If=4913 |If=3.416 |If=0.92 If=0.991 1f=0.991
top=0.295 |top=0.952 [top=0.361 |top=0.732 |top=0.599

7 Results Discussions

Checking the constraints equations for each relay to
test if the constraints are achieved or not for all fault
locations. Faults [ Fi-F»-F3-F4-Fs] at feeder sections
[ Line 1-Line 2- Line 3- Line 4- Line 5]
respectively.

It can be noticed that the opportunity of
forward current relays to keep the preset CTI is
larger than the reverse current relays (R», Rs, and
R4 are satisfied the coordination constraints), the
other forward relays Rs and Re are satisfied with the
backup forward relays and are not satisfied for the
reverse backup ones. The reverse current relays
Riiand Ri» completely satisfy the coordination
constraints. R7 and Rg are the most violated relays to
the constraints since their locations between the
DGs connection points. The other relays satisfy the
constraints sometimes and are violated at other
times. It can be concluded that the reverse relays
that are located between the DGs connection points
are the ones violating coordination constraints.
From equation 3, it can be noticed that each relay is
coordinated multi-times with the main relay for
different fault locations, this is the main cause of the
confusion of DOCR scheme selectivity. So, this
method could not provide a complete solution for
selectivity problems if the DG location and size are
demonstrated.
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8 Increasing the Maximum Limit of
CMS as a Solution of Mis-

coordination

The researchers have introduced a non-standard
characteristic of the DOCRs as a solution for mis-
coordination associated with high fault current
levels due to DG connection, [12], [22]. All the
TMS optimization procedures are carried out with
the new coordination constraints related to the
overcurrent relay stander equation by considering
the new limits of CMS values to be a fixed value
(100 times the pickup current instead of 20 times in
the standard equation) to enlarge the inverse region
of the curve. This method has been tested for the
network arrangement indicated in Fig. 9 considering
new constraints related to the nonstandard curves.

lnad§

Fig. 9: IEC 6-bus network with two DGs at Bus 2
and Bus 5

From the optimized TMS values of the standard
and non-standard equations of IDMT based relaying
scheme, the characteristic curve of Ry is plotted for
each case as in Fig. 10. When a 3-phase short
circuit occurred at the utility side end of Line 1, for
conventional IDMT characteristic, the relay Ro will
operate within 0.807 sec, by the new non-standard
curve the relay will trip the fault within 0.6358
sec. From the non-standard curve (dash line), the
inverse region of the curve is stretching and hence
the selectivity between the relays and the relay
sensitivity are enhanced (the operating time of the
relay is reduced from 0.807 to 0.6358). Although
the relaying scheme based on non-standard
characteristics has a good opportunity to maintain
the coordination margin for high fault current, it
could not resolve the coordination process
accurately due to the relay participation in more
than one coordination constraint not being resolved.
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Fig. 10: R, characteristic curves for standard and
non-standard IDMT equation.
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9 Islanding Mode Operation

For any reason such as maintenance, or fault cases,
the utility infeed will be lost, and the IEC micro-grid
will be transferred into islanding mode and all its
loads are fed from the DG only as shown in Fig. 11.
Three phase short circuit at the ends of all the
network lines are carried out, the fault current of the
related relays for each fault location are recorded in
the Table. 10. For this operation mode, the optimized
values of TMS for standard curves of the IDMT
relaying scheme are tabulated in Table. 11 With the
obtained values of TMS, the relay characteristic
curves are plotted, all the fault cases are tested, and
relaying scheme performances are examined.

-1
- w0
=01
Buss RI3
Ladad
£
[
El

Fig. 11: IEC network without grid connection
(islanding mode)

Table 10. Fault current measured at the relaying
points for different fault locations of the network in
Fig. 11

Fault Fault current measurements (KA)

locati

on Ry | R3[| Rs| Rs| Rs | R7| Rg | Ro [Rigo|Rit|Riz|Riz|Ris|Riys
Line (0.9 2.6 1.1 0.7 10.9 {0.3 0.9
1 23 35 |73 39 |23 |73 23
Line (0.8 [2.6 1.4 (14 (0.9 0.9

2 64 (93 65 (65 (23 2

Line 22122 1.6 1.6

3 39 (39 48 48

Line 2.6 2.6 0.9 0.9
4 35 35 23 23
Line (0.8 32 1.4 0.9 0.9 0.9

5 64 36 65 23 2 23
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Table 11. TMS Values for isolating mode

Relay TMS (stander curve)
R> 0.181
R3 0.21
R4 0.105
Rs 0.105
Re 0.112
R7 0.209
Rs 0.086
Ro 0.173
Rio 0.069
Rui 0.247
Ri2 0.177
Ri3 0.193
Rig 0.115
Ris 0.264
T(s) 19.18

9.1 Fault at The Utility End of Line 1

For a 3-phase short circuit at the utility end of Line
lin Fig. 11, the measured fault current at the related
relays and its operating time is tabulated in Table
12. It can be noticed that the forward current relay
Rz and its backup one R;; failed to keep the
presetting value of CTI (CTI value is 0.294 sec). In
contrast, the coordination between the reverse fault
current relays (R7 and its backup relays Rg, and Rjo)
has been completely lost, since Rg and Rjo provide
an operating time less than that of the main relay R,
and the unneeded isolation of DG3 and DG4 has
resulted. The coordination of directional over the
current relay based on GA failed in this case.

Table 12. The operating time and fault current
measured at the related relays for a fault at the
utility end of line 1

Fault current measurements (KA), and operating time
Fault |y in (sec)
locatio
n Main Backup ([Main  |Backup |Backup |Backup
Ro R R7 Rs Rio Ri2
1=0.923 1=0.92 (I=2.635 |I=1.173 |1=0.739 =037
. t0p=0.81 3 top=0.55 top=0.33 top=0.35 =
Line 11¢ top=1.1 |3 4 6 3
lop ’ top:2.0

9.2 Fault at Utility-End of Line 2

As in Table 13, for the fault case at the utility end of
Line 2, the coordination between the forward
current relays Rsand R, and Rj;has been
accurately achieved. However, the coordination
with Ry failed to be obtained as a result undesired
tripping of DG3 has resulted. Also, the reverse
current main relay Rg and its backup relays Ro could
keep the CTI constraints accurately, see Fig. 12.
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Table 13. The operating time and fault current
measured at the related relays for a fault at the
utility end of line 2.

Fault current measurements (KA), and operating time
Fault :
" ~ |top 1n (sec)
nocatlo Main  |Backup |Backup |Backup |Main  [Backup
Rs R2 Rio Riz Rs Ro
[72.693 |1=0.864 |1=0.923 |1=0.92  |I=1.465 |1=1.465
Line 1 |top=0.55 |top=0.85 |top=0.31 |top=0.85 |top=0.29 |top=0.59
1 3 1 3 6 6

9.3 Fault at the Utility End of Line 4

For the fault at line 4, the coordination is completely
lost between the reverse current relays Ri1 and Ris,
and nearly maintain with CTI value (0.275) for the
forward fault relays Rs and R7, see Fig. 13 in which
the intersection between the curves of Ri; and Rj5 is
remarkable from the low fault current level region.
In this fault case, the directional over current relay
with optimized TMS failed to provide selective
protection.

1 B
a) Rjand its backup relay characteristic curves.
b) Rsgand its backup relay characteristic curves.
Fig. 12: Characteristics curves of the main and

backup relays for Line 2 protection

e ]

L3 i D RO
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] b}
a) RS and its backup relay characteristic curves.
b) Ry and its backup relay characteristic curves.

Fig. 13: Characteristics curves of the main and
backup relays for Line 4 protection
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10 Conclusion

The optimized setting of the DOCR scheme has
been recently introduced as a solution to the mis-
coordination problem of multi-infeed DG-grid
connected. Different optimization tools such as
GA, PSO, WCA...etc. are competed to provide the
lowest calculation time to provide an optimized
DOCR-scheme setting. In this paper, the
performance of this scheme for different fault
locations and different operating modes for multi-in-
feed DG-connected grids is evaluated. Most of the
works of literature are concerned with only one case
with a fixed size, and location of the DG units to
provide an efficient coordination, and the primary
and backup relay pairs are only demonstrated. In
this paper, all the backup relays that the reverse fault
current passes through are concerned to test the
relaying scheme selectivity. The results showed that
the CTI value that has been constrained in the
training process (CTI = 0.3) may not be obtained
elsewhere since the relay is forced to be coordinated
with different relays and keeps the CTI constraints.
Actually, each relay is required to coordinate with
more than one relay and maintain the CTI
constraints (each relay is required to be trained in
multi-constraints equations in GA calculations), it is
a difficult issue to guarantee a selective relaying
scheme. Moreover, the results based on the
optimization tools are restricted by the input data
that are being trained on, if any deviation occurs on
this data, the output variables of the optimization
tools may provide unexpected or completely false
results. Due to unequal fault current detected at the
two line terminals, and mismatched curves of the
main relays, the fault is not isolated from the two
ends at the same time. One end trip first and the
other end will follow it, so there is a need for a
communication network. However, the optimized
setting of the DOCR scheme could reduce the
number of relays that provides false tripping, there
are still unwanted tripping sections due to mis-
coordination resulting from the architecture of the
OF, in which the relay is sharing multi-constraint
equations. Finally, this method is not a sufficient
solution for selectivity problems as demonstrated in
the literature, and the resetting of the traditional
equation curve of OCR should be reconsidered.
Also, DG location, size, types, obedience to grid
codes, and its local control and protection system
should be involved in any future study. However,
limits DG output current according to DG terminal
voltage, Optimal DG size and location, and another
innovative technical solutions are introduced to
solve this problem, it is still needed an adaptive
smart protection system independent of traditional
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OCR setting curves. In our future work, a wavelet
scattering network-based machine learning is used
to implement a smart protection system for a multi-
infeed DG-connected grid.
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Appendix

The details of the studied system are given as

follows:

Utility: rated short-circuit MVA=1000, =60 Hz,

rated kV=120, Vbase =120kV.

Distributed Generations (DGs):

= DGI, DG2: Synchronous generator with rated
MVA=9, f=60Hz, rated kV=2.4, Inertia constant
H=1.07 s, friction factor F=0.1 pu, Rs=0.0036
pu, X¢=1.56 pu, X4"=0.296 pu, X4 =0.177 pu,
X=1.06 pu, X;'=0.177 pu, X1=0.052 pu, Tq
=3.7s, T4"=0.05 s, Tqo =0.05 s.

= DG3: Wind farm consisting of three 2 MVA
wind turbines (6 MW, pf=0.9), f=60 Hz, rated
kV =575V, inertia constant H = 0.62 s, friction
factor F = 0.1 pu, Rs = 0.006 pu, X4 = 1.305 pu,
X4g= 0.296 pu, X4'= 0.252 pu, Xq = 0.474 pu,
Xq=0.243 pu, X;= 0.18 pu, Tao' = 4.49 s, Tyo" =
0.0681 s, Tq"=0.0513 5. 575 V, 60 Hz. (Type-4
detailed model in MATLAB/SIMULINK).
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DG4: DFIG based wind farm consisting of six
1.5 MVA wind turbines (9 MVA, pf=0.9), f=
60 Hz, rated kV = 575 V, Inertia constant H =
0.685 s, frictionfactor F = 0.01 pu, Ry = 0.023
pu, Lis = 0.18 pu, R, = 0.016 pu, L = 0.16 pu,
Ln=2.9pu.

Transformers (TRs):

TR;: Rated MVA = 50, f = 60 Hz, rated kV =
120 kV/ 25 kV, Viase = 25 kV, R; = 0.00375 pu,
X1 =0.1 pu, Rn =500 pu, Xm =500 pu.

TR, and TR4: Rated MVA = 12, f = 60 Hz, rated
kV =2.4kV/ 25 kV, Viase= 25 kV, R; = 0.00375
pu, Xi=0.1 pu, R =500 pu, Xm =500 pu.

TR; and TRs: Rated MVA = 10, f = 60 Hz, rated
kV =575 V/25kV, Viase =25 kV, R; =0.00375
pu, X1 =0.1 pu, Ry =500 pu, Xin= 500 pu
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