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Due to the increased demand for electrical energy, many countries were
prompted nowadays to search for new sources. One important source is the
photovoltaic energy. However, despite the great benefits of this source, some
defects where observed when linking to distribution networks (negative
impact on the protection system). Hence, an approach of improving the
protection system in distribution networks integrated with photovoltaic cells
is presented in this paper. The protection system improvement is proposed
by changing the impedance to resistance ratio (X/R) values of the networks
cables, which leads to increasing the overcurrent relays' response speed
when a fault occurs. A comparative analysis with different cable reactance
values was conducted. The electrical transient analyzer program (ETAP)
software was used to investigate and validate the effects on the relay’s
response times. Amriya Fallujah power station, located in Irag, was
investigated as a case study. Simulation results show that it is possible to
increase the response speed of the overcurrent relay by reducing X/R of the
network cables. For more validation, the distance relay was used to compare
the best improvement results of changing the X/R ratio with the results of
changing the type of relay, which also shows the strength of the proposed
method.
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NOMENCLATURE

PV : Photovoltaic IDMT  : Inverse definite minimum time
MG : Micro-grid CTI : Coordination time interval
ETAP : Electrical transient analyzer program t : The operating time

DG . Distributed generation TDS : Time dial setting

GHG  : Greenhouse gas tp : The operating time

SCADA : Supervisory control and data acquisition Ig Minput/Ipickup

IEEE : The institute of electrical and electronics engineers X : Reactance

ROCOF : Rate of change of frequency R : Resistance

SFS . Security facility services
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1. INTRODUCTION

In recent years, a global demand for electrical energy has increased due to the significant
development in various areas [1]. This demand has led to an environmental pollution (along with other
issues) caused by the increased usage of traditional energy sources, one of which as most important is the
fossil fuel, which has different disadvantages. One is a negative environmental effect caused by the fossil fuel
combustion which is gradually causing a climate change. Another is the high cost associated with extracting
and transporting this type of fuel [2], [3]. These reasons have prompted many countries to search for new and
more economical renewable energy sources that may not be linked to other specific countries to eliminate the
dominance of some fossil fuel-producing countries [4], [5]. The most important sources were focused on are
the photovoltaic and wind energies [6], [7]. The percentage of using such types of energy has recently
increased significantly as shown in Figure 1 [8], [9].
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Figure 1. The increase of photovoltaic and wind energy utilization

Renewable energy systems in distribution network, especially photovoltaic (PV), creates excellent
opportunities but makes the grid operation more complicated. With many factors in mind, there was a
demand to provide a compelling connection between the distributed generation (DG) and the electrical
network [10]. These factors include higher power factor rate, lower reactive power value, lower losses, and
lower pollution as a result of higher greenhouse gas emissions (GH). In general, the electric energy
exported to the electric grid has a single power factor, but the increase in the number of DGs and their
penetration into the electric grid can cause some problems [11].

One of these problems is its impact on the protection system and the change in the energy flow.
Several methodologies have been widely used to maintain higher protection standards for the electrical
grid-connected DG system. These approaches include multilevel inverters, static variance compensators,
power control strategies (such as electric vehicle charging systems), artificial intelligence, power switching
electronics, and supervisory control systems and data acquisition (SCADA), which is used for distribution,
transmission, and power relays [12], [13].

In this paper, the impact of changing X/R ratio of the network cables on the network stability and
on enhancing the response speed of the overcurrent relay is discussed. The variation of the X/R ratio,
whether increasing or decreasing, exerts a notable effect on the overcurrent relay's response speed. This
impact is validated by the simulation results obtained by electrical transient analyzer program (ETAP).
Cable reactance values were deliberately modified, with selection and analysis based on values provided by
manufacturers, for the purpose of identifying the optimal value that accelerates the relay response to
faults [14], [15]. Furthermore, to explore the efficacy of using distance relays as an alternative to
overcurrent relays, investigating the potential and extent of their impact on expediting the response to faults
in distribution networks.

2.  EFFECT OF X/R RATIO IN DISTRIBUTION NETWORKS

As mentioned earlier, altering the X/R ratio can significantly impacts the response speed of the
relays, and hence influencing the network stability, particularly in distribution networks [16], [17]. The X/R
ratio is influenced by the impedance of the transformers and lines within these networks. Since the lines
design and the choice of conductor type hinge primarily on two factors, which are the current and voltage
drop, it is important to note that these factors differ between transmission and distribution lines. In
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transmission lines, current takes precedence due to its greater magnitude, whereas in distribution networks,
voltage drop is more significant owing to the comparatively lower current. Kim et al. [18], presented that the
lower the current density, the higher the inductor cross-sectional area, which leads to lower resistance values
in the distribution networks. The resistance value in distribution transformers is relatively high compared to
those used in transmission networks, and as a result, the total resistance value is increased in the point of
common coupling (PCC). Knowing that the reactance value of the line relies on the equivalent distance (Deq)
between the phases and the geometric mean radius (GMR) of the conductor [19], [20], it becomes important
to highlight the direct relationship between Deq and voltage [21]. Now, given lower voltage values in
distribution systems, Deq will tend to become minor, potentially decreasing the X/R ratio [22]. Hence, it is
our objective in this paper to demonstrate the impact of low X/R ratio on the relay response speed while
trying to achieve optimal responsiveness to network faults in the presence of integrated photovoltaic
cells [23], [24].

3. METHODOLOGY
3.1. Case study

Irag's Amriya Fallujah power station was selected as a case study to demonstrate the new approach
of improving the electrical protection system. The Amriya Fallujah network comprises numerous
transformers that provide electricity to residential buildings. The network is structured into secondary
substations interconnected by underground cables tied to a central station. The existing protection system
includes circuit breakers, overcurrent relays, and ground fault relays. The Al-Fallujah network was chosen to
analyze the effects of integrating a renewable solar photovoltaic (PV) energy generation system, since
connecting PV systems to electrical distribution grids can affect the protection system. Details of the various
components of the Al-Fallujah electrical network are provided in Table 1.

Table 1. Major components of the electrical network.

No. Content Specifications Quantity
1 Transformer 31.5 MVA, 33/11 KV 2

2 Transformer 2 MVA, 11/3.4 KV 2

3 Transformer 1 MVA, 11/0.4 KV 29

4 Bus 33KV 1

5 Buses 11 KV 16

6 Buses 0.4 KV 29

7 Buses 3.4 KV 2

8 Loades 0.4 KV, 3.4 KV 31

9 Over-current relays 48 44

10  Circuit breaker 33KV, 11 KV 33
11  Cables 11 KV, 240 mm 149000 m
12 PV units 1.2 MVA 10

3.2. Numerical simulation and methodology

The ETAP software package was used for numerical modeling and simulations of the overcurrent
and distance relays in this case study. In the analysis process, a comparative investigation was initiated for
calculating the response time of the distribution network protection relays associated with a photovoltaic
(PV) system employing two distinct relay types. The initial focus was on the overcurrent relay, and then the
distance relay. The study involves the introduction of three fault types in the electrical network in order to
assess the response time of these relays, which were as following: i) line-to-line fault, ii) line-to-ground fault,
and iii) three-phase fault. Subsequently, three different PV production ratios were applied to simulate these
faults: i) operating at 50% of the total PV power, ii) operating at 75% of the total PV power, and
iii) operating at 100% of the total PV power. Now, the overcurrent relay analysis comprises 27 cases, each
was based on three reactance values: (i) 0.12, (ii) 0.083, and (iii) 0.185. Following the implementation of
these values, coupled with the capabilities of the PV system and electrical faults, the distribution system's
least-performing response time was determined by comparing the overcurrent and distance relays.
Furthermore, several buses were selected to cause a range of faults to investigate the speed of responses of
the overcurrent relays when X/R ratio values were changed [25], [26]. Figure 2 shows a line diagram of the
Amriya Fallujah power station presented in the ETAP program.
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Figure 2. Single line diagram of Amriya Fallujah power station presented in ETAP program

4. RESULTS AND DISCUSSION

4.1. Overcurrent relay (three phase faults)

In this subsection, several three-phase faults were made in various buses in the network with a
change in the ratio of X/R by choosing three values for the reactance of the cables connecting the electrical
network, which were at 0.083, 0.12, and 0.185 Ohms, respectively. These faults were in three percentages of
photovoltaic integration with the distribution network, where 50%, 75%, and 100% of the total power of
these units were selected to determine the best response speed for the overcurrent relays, as shown in

Tables 2, 3, and 4.

Table 2. 3-phase fault at bus 19

PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083
T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R28 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4
R26 17.4 174 174 17.4 17.4 174 174 17.4 17.4
R21 64.7 76.0 58.7 63.3 74.1 57.6 61.7 71.9 56.3
R14 159 189 144 154 182 140 148 174 135
R8 853 1011 771 833 985 754 799 940 725
R9 853 1011 771 833 985 754 799 940 725
R10 853 1011 771 833 985 754 799 940 725
Table 3. 3-phase fault at bus 14
PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083
T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R25 124 124 124 124 124 124 124 124 124
R21 57.5 65.0 53.5 56.5 63.6 52.6 55.2 61.9 51.6
R14 141 160 130 137 155 127 132 149 123
R8 750 856 694 735 835 681 708 801 658
R9 750 856 694 735 835 681 708 801 658
R10 750 856 694 735 835 681 708 801 658
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Table 4. 3-phase fault at bus 41

PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R46 124 12.4 124 12.4 124 12.4 12.4 12.4 12.4
R42 41.0 429 359 40.8 42.5 35.6 40.5 42.1 354
R36 182 190 157 179 186 154 174 181 151
R32 389 408 332 378 395 324 364 379 313
R11 4950 4950 4435 4950 4950 4485 4950 4950 4360
R12 4950 4950 4435 4950 4950 4485 4950 4950 4360
R13 4950 4950 4435 4950 4950 4485 4950 4950 4360

4.2. Overcurrent relay (line to line faults)

Here, we will work on several (L-L) faults in multiple areas of the electrical network by changing
the inductance values of the cable each time, as performed in the first case, as well as changing the rate of
penetration of the photovoltaic cells of the system. This step was performed in order to see to what extent the
response speeds of the relays can change and to find the best value of the inductance at which the relay
response can be as fast as possible. Tables 5, 6, and 7 show the response speed of the relays.

Table 5. Line-line fault at bus 19

PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R28 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4
R26 17.4 17.4 17.4 17.4 17.4 17.4 17.4 17.4 17.4
R21 59.7 70.5 54.8 59.5 69.9 54.6 59.1 69.1 54.2
R14 140 165 128 139 164 128 138 162 127
R8 744 877 684 748 881 686 742 872 679
R9 744 877 684 748 881 686 742 872 679
R10 744 877 684 748 881 686 742 872 679

Table 6. Line-line fault at bus 14

PV 100% PV 75% PV 50%
Relay No  X=0.12  X=0.185  X=0.083 X=0.12 X=0.185  X=0.083 X=0.12  X=0.185  X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R25 12.4 12.4 12.4 12.4 12.4 12.4 124 124 124
R21 53.5 59.6 50.3 53.4 59.4 50.1 53.1 59.1 49.8
R14 125 139 117 125 139 117 124 138 116
R8 661 734 621 665 741 624 661 738 619
R9 661 734 621 665 741 624 661 738 619
R10 661 734 621 665 741 624 661 738 619

Table 7. Line-line fault at bus 41

PV 100% PV 75% PV 50%
Relay No  X=0.12  X=0.185  X=0.083 X=0.12 X=0.185  X=0.083 X=0.12  X=0.185  X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R46 124 124 124 124 124 124 124 124 124
R42 40.1 41.8 35.2 40 41.7 35.1 40 41.6 35.1
R36 169 176 148 168 175 147 167 174 146
R32 343 355 300 343 355 299 340 353 296
R11 4555 4653 3875 4767 4908 4021 4811 4950 4040
R12 4555 4653 3875 4767 4908 4021 4811 4950 4040
R13 4555 4653 3875 4767 4908 4021 4811 4950 4040

4.3. Overcurrent relay (line to ground faults)

In this subsection, we will work on several (L-G) faults in several buses in the electrical network
while changing the inductance values of the cable each time, as well as changing the rate of penetration of the
photovoltaic cells of the system. Similarly, this step is performed to see how quickly the response of the
relays changes and to find the best value of inductance during which the response of the relay can be
obtained with a minimum time. Tables 8, 9, and 10 show the response speed of the relays at each value of X
in the different ratios of the photovoltaic production interference.
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Table 8. Line-ground fault at bus 19

PV 100% PV 75% c
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R28 16.8 18.7 15.7 16.9 18.8 15.8 17 18.9 15.9
R26 314 34.8 29.6 32.3 35.8 30.4 33.2 36.8 31.2
R21 116 128 110 123 135 116 130 143 122
R14 244 267 231 268 294 253 292 323 275
R8 1161 1261 1105 1325 1451 1255 1500 1660 1413
R9 1161 1261 1105 1325 1451 1255 1500 1660 1413
R10 1161 1261 1105 1325 1451 1255 1500 1660 1413

Table 9. Line-ground fault at bus 14

PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R25 225 24.4 21.5 22.6 24.5 21.6 22.7 24.6 21.7
R21 108 116 104 114 123 109 120 130 115
R14 227 242 218 248 266 238 270 291 258
R8 1082 1151 1043 1228 1314 1180 1384 1491 1325
R9 1082 1151 1043 1228 1314 1180 1384 1491 1325
R10 1082 1151 1043 1228 1314 1180 1384 1491 1325

Table 10. Line-ground fault at bus 41

PV 100% PV 75% PV 50%
Relay No  X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083 X=0.12 X=0.185 X=0.083

T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms) T(ms)
R46 16.4 16.9 14.9 16.4 17 15 16.6 17.1 15.1
R42 88.8 91.6 81.2 91.3 94 83.2 93.8 96.5 85.3
R36 341 351 312 361 372 329 382 393 347
R32 611 624 562 670 686 613 731 750 664
R11 4950 4950 4950 4950 4950 4950 4950 4950 4950
R12 4950 4950 4950 4950 4950 4950 4950 4950 4950
R13 4950 4950 4950 4950 4950 4950 4950 4950 4950

4.4. Distance relay

Here, a list of employed overcurrent relays and the corresponding distance relays employed in the
system is summarized in Table 11. Now, the following subsections will present the response speed of the
relays at each value of X in different ratios of photovoltaic production interferences. The following
subsections will also present different faults being placed on different busbars.

Table 11. Different overcurrent relays with the correspondent distance relays
Overcurrent relay  Correspondent distance relay

R-14 R-67
R-21 R-89
R-26 R-93
R-42 R-103
R-36 R-101
R-49 R-108
R-35 R-110
R-32 R-99

4.5. Distance relay (three phase faults)

As seen next, several faults were made on several busbars, as shown in Tables 12-14. The faults are
made with the presence of the distance relay on the network cables instead of the overcurrent relay. This step
is performed in the event of a change in the production rate of photovoltaic cells in order to compare the
results with the previous ones.
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Table 12. 3-phase fault at bus 14
Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)

R25 12.4 12.4 12.4

R89 40.6 39.6 38.8

R67 94.6 94.6 91.6

R8 186 187 181

R9 1861 1874 1810

R10 1861 1874 1810

Table 13. 3-phase fault at bus 19 Table 14. 3-phase fault at bus 41
Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms) Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)

R28 12.4 12.4 12.4 R46 12.4 12.4 12.4
R93 14 14 14 R103 31.6 314 31.2
R89 455 445 43.3 R101 140 137 134
R67 107 104 101 R99 297 289 278
R8 210 207 201 R11 4950 4950 4921
R9 2134 2096 2028 R12 4950 4950 4921
R10 2134 2096 2028 R13 4950 4950 4921

4.6. Distance relay (line to line faults)

In the followings, several faults were made on several buses. Again, the distance relay was placed
on the network cables instead of the overcurrent relay. This process was made in the event of changing the
production rate of the photovoltaic cells in order to compare the results with the previous ones. Results are as
presented in Tables 15-17.

Table 15. L-L fault at bus 14 Table 16. L-L fault at bus 19
Relay PV 100% T(ms) PV 75% T(ms) PV 50% T(ms) Relay PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)
R25 124 124 124 R28 124 124 124
R89 38 37.8 375 R93 14 14 14
R67 88.3 88 87.2 R89 42.3 421 41.7
R8 173 174 172 R67 98.8 98.3 97.3
R9 1720 1726 1711 R8 194 194 193
R10 1720 1726 1711 R9 1950 1955 1933
R10 1950 1955 1933

Table 17. L-L fault at bus 41
Relay PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)

R46 12.4 12.4 12.4
R103 31 30.9 30.9
R101 130 130 129

R99 264 264 261

R11 4265 4458 4502

R12 4265 4458 4502

R13 4265 4458 4502

4.7. Distance relay (line to ground faults)

For the distance relay line-to-ground faults, different faults were made on several buses. This step is
illustrated as shown in Tables 18-20. The distance relay was placed on the network cables instead of the
overcurrent relay while changing the production rate of the photovoltaic cells. This step is performed in order
to compare these results with the previous ones.

Table 18. L-G fault at bus 14 Table 19. L-G fault at bus 19
Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms) Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)

R25 14.3 14.3 14.4 R28 221 22.2 22.3
R89 80.5 84.6 88.6 R93 28.8 29.5 30.2
R67 170 184 199 R89 86.4 90.9 95.4
R8 295 330 367 R67 182 198 214
R9 3157 3617 4119 R8 315 354 395
R10 3157 3617 4119 R9 3419 3942 4517

R10 3419 3942 4517
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Table 20. L-G fault at bus 41
Relay No PV 100% T(ms) PV 75% T(ms) PV 50% T(ms)

R46 15.9 15.9 16
R103 69.6 71.4 73.3
R101 267 283 298

R99 479 524 571

R11 4950 4950 4950

R12 4950 4950 4950

R13 4950 4950 4950

4.8. Results and illustrations

In investigating the impact of changing the X/R ratio on the relay response speed, comparing results
are presented in Tables 2-10. For instance, analyzing the response of relay 14 in Table 2 to a three-phase fault
with varying reactance (values: 0.083, 0.12, and 0.185 Ohms) produce corresponding response times (ms):
144, 159, and 189, respectively, under 100% photovoltaic integration. This indicates that the relay response
time increases with higher cable reactance, while noting that the optimum response time is observed at 144ms
for a reactance value of 0.083 Ohms. Similarly, examining relay 8 in a three-phase fault at bus 14 with a 50%
PV integration ratio and reactance values of: 0.083, 0.12, and 0.185 Ohms yields response times (ms) of: 658,
708, and 801, respectively, highlighting the fastest response time is when the cable reactance is minimized.

Considering the effect of varying the photovoltaic integration rates on the relay response time,
results in Table 4 indicate a clear trend: an increase in integration rate leads to an increase in response time.
For instance, the response speed (in ms) of relay 36 with a reactance of 0.083 Ohms is 151, 154, and 157
under 50%, 75%, and 100% PV output rates, respectively. This indicates that higher power production by the
modules results in longer relay response times during three-phase and phase-to-phase failures. However, in
the case of phase-to-ground faults, the response time increases with a decrease in the PV module production
rate. The fault type does not alter this trend, as consistent results across various fault types indicate that relay
response speed improves with lower cable reactance values.

Simulation results additionally reveal that employing distance relays instead of overcurrent relays on
cables enhances response time. A comparison between the distance relay 89 and the overcurrent relay 21 in
Tables 11-12 for a three-phase fault at 100% energy production with a reactance of 0.083 Ohms demonstrates
a response time of 40.6 milliseconds for the distance relay, outperforming the overcurrent relay's 58.7
milliseconds. This improvement, achieved by adjusting cable reactance values, underscores the superiority of
distance relays regarding response time, as consistently indicated in Tables 12-20. With all such
observations, it is important now to say that the motivation behind selecting the proposed method, which is
using the distance relay instead of the overcurrent relay and changing the reactance, maybe illustrated by the
following points:

- Detection principle and measurement: Distance relays use voltage and current signals to calculate an
apparent fault impedance, which helps in locating the fault geographically. This makes the distance relay
inherently faster and more accurate (for detecting faults in distribution lines) than the overcurrent relays
which only measure high currents.

- Load flows and renewable integration: Distance relays are directional and thus can differentiate between
forward and reverse flows. This makes them better suited for distribution grids with high renewable
penetration while fault current directions may vary.

- Adaptability: Distance relays are numerically calibrated where settings can be easily adapted as the
distribution network configuration changes over time with the additions of distributed generation sources.

- Reliability: Distance relays are less prone to problems such as protection blinding and sympathy tripping,
which overcurrent relays often suffer from due to intermittent faults and power swings.

- Coordination complexity: Although the initial installation requires comprehensive modeling and
simulation, distance relays ease the overall protection coordination burden for the ever-evolving
distribution grid compared with other alternatives.

Furthermore, based on an economic feasibility approach aimed at achieving better response time at
the lowest cost, comparison results are presented in Table 21. The comparison, as an example shown in this
table, demonstrates that replacing cables with lower reactance is substantially more expensive than changing
the overcurrent relay and adopting distance relays. The total cost of cables is calculated by multiplying the
price per meter ($31.24) by 147,000m, resulting in $4,592,280, with an additional 20% for installation costs,
yielding $5,510,736. Now, the total cost of installing 22 distance relays is approximately $484,000.
Therefore, replacing the overcurrent relay with distance relays not only achieves a faster response time but
also cost saving. That is, $5,510,736-$484,000 = $5,026,736 of saved money while using distance relays
instead of replacing all cables. The alternative of replacing all cables is deemed impractical due to the
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associated challenges, such as time, effort, and cost, especially in inaccessible locations like tunnels and
remote areas. On the other hand, for the overcurrent relay replacement, it is noted that with each relay priced
at approximately $3,000, a total cost of $66,000, offering a more budget-friendly option that can be allocated
to other areas of the network.

Table 21. Elements cost comparisons

Iltem Cross-section (mm?  Number of cores  Unit cost (USD/km) Quantity Total price (USD)
Cables 240 1 31.24 147,000 meters 5,510,736
Distance relay 20,000 22 484,000
Overcurrent relay 3000 22 66000

5. CONCLUSION

In this paper, an investigation of protection system improvement in distribution networks integrated
with photovoltaic cells is presented. The protection system improvement is achieved by changing the
impedance to resistance ratio values of the network cables. Simulation results show that the response speed
of the overcurrent relay can be enhanced by utilizing cables with relatively low X/R ratios, notably a decrease
in cable reactance correlates with an increase in relay response speed. This relationship remains consistent
regardless of the type of failure, as results show that the fastest response time is consistently associated with
the lowest cable reactance value. Furthermore, the investigation reveals that an increase in energy production
from renewable energy units can be extended to the response time of the relay in the case of three-phase or
phase-to-phase failures. However, in cases of phase-to-ground failures, results indicate a contrary trend
where higher energy production leads to a reduction in relay response time. Moreover, simulation results
affirm the feasibility of employing a distance relay as a viable alternative to the overcurrent relay, providing
improved fault response times. These discoveries offer valuable insights into optimizing relay performance
within the framework of renewable energy integration.
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