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ABSTRACT 

	Integrating photovoltaic energy into existing electricity grids has become a common practice in the recent decades. However this interconnection must be carefully planned in order to avoid their adverse impacts on the network operations. The aim of this study was to investigate the impacts photovoltaic (PV) integration may have on the protection of the Southern Interconnected Network (SIN) of Cameroon. In first time generalized fault study simulations were conducted for both three and single phase faults. Battery energy storage systems (BESS) were added to each of three PV plants connected to the network, and then monitors were used to identify contribution of each component to the network fault currents. Impacts of PV on fuse, relay, and recloser operations were also assessed. Simulation results showed both decreases and increases in fault currents at different buses during generalised faults studies, but the differences were more severe with the single line to ground faults. The above findings are useful when calculating protective devices ratings in case of PV integration. Contributions of 683.694 A and 259.498 A from both the PV plant and the BESS at B15NGOUS1 bus respectively were recorded. There were also contributions of 42.274 A and 23.428 A to the fault currents from PV plants at B15BASS21 and B10ALU buses respectively while their corresponding BESSs rather take 10.289 A and 6.448 A in that order. The simulations results also showed that PV integration increases the fault critical clearing time by 0.444 seconds and 13.728 seconds for fuse and relay respectively, while there was no impact on fault clearing time in the case of recloser. From the findings it is obvious that PV integration into the SIN may affect the network protection arrangements by changing both fault currents and clearing time. Therefore, it is highly recommended to consider protection upgrades especially fuses and relays when planning PV integration into existing grids in general and into the SIN particularly.
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1. INTRODUCTION 

“Network protection is one of operation aspects that is affected by PV integration. When a PV installation is located far away from a substation with loads between them, the power can flow in opposite directions from the two sources toward the loads. Power flow can change direction in distribution power systems when the PV generation is larger than local consumption” [1], [2]. “Back-feeding occurs when PV generation on a feeder exceeds feeder demand and losses and the excess power flows into parallel feeders through a substation bus or flows out of the substation. This can occur when PV penetration is high during low-load periods. As the penetration level increases, back-feeding occurs more often and at a higher loading level” [1]. “The major problem when integrating distributed generators into the distribution power grid is that the distribution systems are designed as radial networks, delivering the power in a unidirectional way. The coordinated operation of circuit breakers with overcurrent relays, reclosers, and fuses to protect this unidirectional radial power grid from both temporary and permanent faults has been well established. However, with a high penetration of distributed generators, new multisource network become active, and the conventional protection setup becomes unsuitable for such a scenario” [3]. “Modification in fault current level, reduction in reach of impedance relays, sympathetic tripping, islanding, and loss of protection coordination are the key protection issues introduced by PV integration” [2], [3], [4].
“Cameroon is looking forward to implementing a solar PV electrification of some cities under a program named Cameroon 2020 Photovoltaic Power Project. Cameroon 2020 Photovoltaic Power Project targets standalone rural villages as well as grid-connected urban underserved populations. In the Cameroon 2020 Photovoltaic Power Project initiative the government targets to develop 500 MW of installed PV capacity throughout the country in future” [5]. For a proper implementation technical feasibility studies are required including on the potential impacts and changes in protection systems. This research aim was to identify the impacts PV integration may have on the protection arrangements of the Southern Interconnected Network of Cameroon.  The research will provide the Cameroonian energy stakeholders with insights of necessary considerations to maintain sure network protection while bringing in PV systems. Although several current studies pay more attention on developed grids, this manuscript presents an insight from the Cameroonian Southern Interconnected Network, offering valuable background for similar systems in sub-Saharan Africa and other developing economies.

2. LITERATURE REVIEW
2.1 Background
Considering the impacts of PV integration on the protection of the hosting network is a shared recommendation from many researchers that worked on different case studies. Studies show that a lot of issues regarding protection operations come with PV integration, among others we can mention; reverse power flow, islanding, protective devices failures etc.[6], [7]
2.2 Overview of protection issues related to PV integration 
As illustrated by [2][3] modifications in fault current occur when inverter interfaced DG units are used in a grid by limiting the fault current to a lower value. As fault current is not too high as compared to load current some of the relays do not trip, and those that respond to fault operate with time delay. The undetected fault spreads out in the system and can damage the equipment. Fault impedance also decreases when DG is connected into network in parallel with the other devices. When faults occurs downstream of the point of common coupling, both the main source and DG contribute to fault current. Relays placed at upstream of DG measure fault current supplied by upstream source. The authors also show the impact of DG integration on the reduction in reach of impedance relays, which is the maximum fault distance that triggers the relay in a certain impedance zone or in a certain time because of its configuration. It was proved that when faults occur downstream of the bus with DG connected to the utility network, impedance measured by the relay located in upstream is higher than real fault impedance. This affects grading of relays and causes delayed operation or sometimes relay does not operate at all. Another protection problem with DG as identified by authors [2], [4], is what is called sympathetic tripping which is defined as a condition which could occur when a protection breaker trips for faults in adjacent feeders. The authors show that the addition of distributed generators within a distribution network implies a protection problem, since it will cause higher fault levels and sympathetic tripping due to power flow and fault current now becoming bi-directional.
Islanding was identified by the authors [2] as another protection issue related to DG integration into the grid. Islanding occurs when PV generation continues to send power to a port of the power system that has been separated from the utility grid after a fault occurred. Typically, this is not desirable because an island can cause safety issues for maintenance crews. In addition, power quality can deteriorate because the system voltage and frequency are no longer available [1][3]. If a DG continues to supply power despite the disconnection of utility, the fault might persist as it is fed by DG. 
Another protection issue that was identified by the authors [4] is the loss of coordination between automatic re-closer and fuses. Re-closers are frequently used to clear transient faults, while fuses are used to clear permanent faults. This is typically used on medium voltage overhead lines where transient faults due to falling branches or lightning occurs frequently. The authors demonstrated that with the addition of PV between a re-closer and the fuse, during a fault F2, the fuse will see more fault current due to the additional fault current contributed by PV. The current seen by the re-closer will be I (fault-grid) and the current seen by the fuse will be I (fault-total). This will cause for a transient fault, the fuse to blow before even the fast curve of the re-closer could clear the fault and coordination between the re-closer and the fuse is lost.
The authors [8] used digital simulation and electrical network (DIgSILENT) and other software to analyse power system stability with different perspectives. Various scenarios of PV system integration into the grid were considered and simulations were successfully run for power system stability analysis. [8] for instance making use of a well-known IEEE-9 bus power system, that they modified by adding a PV plant in DIgSILENT Powerfactory environment, they performed an impact of PV integration analysis. Three different transient cases i.e. load and line disconnections, as well as a 3-phase short circuit fault were considered. In all cases, two sub-cases were considered to assess the impact of PV system location on the power system stability. Different Control Options (DCO) was considered for proper PV integration into the grid.  Among the obtained results of the studied cases the one concerning the impact on fault situation are summarized below. In 3-phase short circuit case, it was observed that DCO show similar responses according to the location of the fault. However, if the fault location is close to the PV plant, the voltage on Bus- 9 drops more. It was concluded that the reactive power generation of the PV plant is increased more in remote fault (Bus-5) case.
A. Saif in [9] used Simulink to model a multi-machine system for transient stability analysis. Power system modelling considerations were discussed in details and different simulations were performed for validation.  The system chosen for the study is a Three Machine, Nine nodes and Six lines system. The disturbance initiating the transient is a three phase fault occurring near bus 7 at the end of line 5–7. The fault is cleared by opening line 5–7. The report provides useful information about multi-machine power system modelling for stability purposes.
Studies on protection issues related to PV integration into existing grids as well as development of mitigation techniques have been worked on by researchers in the recent decades.[10], [11][12]

3. METHODOLOGY 
For the purpose of the study on the potential impacts PV and battery storage system integration may have on the SIN protection, the network was first modelled in OpenDSS software and three types of protective devices namely fuse, recloser, and relay were considered alternatively for simulations. Different fault scenarios were considered for dynamic simulations and the impacts of both PV and BESS identified. The following scenarios were taken into account during the simulations in OpenDSS software:
Scenario 1: Generalised three phases and single phase to ground faults are at different times automatically placed at each bus of the network without PV, and then dynamic simulations run to check all fault currents.
Scenario 2: Generalised three phases and single phase to ground faults are at different times automatically placed at each bus of the network with PV, and then dynamic simulations run to check all fault currents.
Scenario 3: a three phase fault was introduced at bus B15NGOUS1and a monitor (M1) at line B4 which links B15NGOUS1 and B15NGOUS2 buses to record fault current for this particular line without PV.
Scenario 4: a three phase fault was introduced at bus B15NGOUS1and a monitor (M1) at line B4 which links B15NGOUS1 and B15NGOUS2 buses to record fault current for this particular line with PV systems at B1OALU, B15BASS21, and B15NGOUS1 buses.
Scenario 5: Battery energy storage is added to each of the PV systems in scenario 4, and separate monitors for each PV system and each BESS was used to identify their respective contributions to the fault current.
Scenario 6: fuse, recloser, and relay were considered one by one at the B15NGOUS1 bus, and then dynamic simulations run for the network with PV but no fault, with fault but no PV, and with both fault and PV cases.
Figure 1 shows the flowchart of the simulations for PV impacts on the network protection.
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Fig. 1. Flowchart of the simulations
4. RESULTS AND DISCUSSION
4.1 Impact of PV on three phase fault currents at different buses of the SIN
The simulation results for fault currents at the various buses (scenario 1) are shown in Fig.2a and Fig. 2b, for both the transmission and distribution buses respectively. The significance of this generalized fault study was to know if PV interconnection may affect the fault current at each bus and therefore implying any upgrade of the protection devices there. As it can be seen from Fig. 1a and Fig. 1b, with PV plants at three locations in the distribution network the impacts on fault currents are diverse. From the results it is obvious that there are some increases in fault currents at certain buses and decreases at others. As shown by the figures fault currents increases appear mostly for transmission buses while most decreases are obtained at the distribution buses. Different factors justify diversity in PV impact on fault currents; among others PV locations in the distribution network supply opposite currents to the initial one mostly in distribution network therefore causing decreases in the fault currents. In some cases the impacts are not much noticeable and this may change with the amount of PV integrated into the network.

[bookmark: _Toc206592118]Fig. 2 a. Transmission buses fault currents with and without PV.

Fig. 2b. Distribution buses fault currents with and without PV.

4.2 Impact of PV on single phase to ground fault currents at different buses of the SIN
Figures 3a and 3b show the fault currents comparisons for both transmission and distribution buses for case scenario 2. 

[bookmark: _Toc206592119]
Fig. 3 a. Transmission buses single line to ground fault current with and without PV.


Fig. 3b. Distribution buses single line to ground fault current with and without PV.
Like for three-phase generalized fault study the impact of PV integration on fault currents at the various buses in diverse but with bigger differences. As shown in Fig. 3a and Fig. 3b there are some very big differences in fault currents levels with and without PV. Unlike the three phase faults that completely shut some network paths, in case of single phase to ground faults all the paths of the network remain in connections and therefore allowing very high fault currents to be supplied from different sources. From these generalized fault studies it is important to consider protection upgrade when planning PV integration.
4.3 Impact of PV on three phase fault current for the B4 line
The simulation results of scenario 3 and 4 for both no PV and with three 10 MW PV plants at different locations in distribution network are shown in Fig. 4a and Fig. 4b. 
This is an isolated case for deep evaluation of the impact of PV integration on fault current. From results presented in the figures the integration of PV at three locations in the distribution network caused some slight increase in the three-phase fault current. For the case of network without PV when the fault was introduced at 0.02 second the current changed from 62.5668 A to 6892.61 A, while for the network with PV the current passed from 418.535 A to 6893.98 A.
[image: ] [image: ]
[bookmark: _Toc206592120]Fig. 4 a. Fault current without PV.                 Fig. 4b. Line current with 30MW PV.
From the above figures we can see a slight difference of 1.37 A in fault currents for the two scenarios; and this is because the shorted bus accommodates one of the three PV plants which limits its contribution to fault current in line B4. The slight difference is mostly supplied by the other two PV plants to this line B4.
4.4 Fault currents contributions of the PV plants and the BESSs
Results for fault currents contribution (scenario 5) of each component are presented in Fig. 5 a to f. The monitors’ readings on the contributions of differents PV plants and the corresponding BESSs on different fault currents in the grid as presented in Fig. 5(a-f) show how much these components impact the currents during fault conditions.
From Fig. 5(a), when the fault occurs the PV plant at B15NGOUS1 current contribution passes from 347.306 A to 1031 A which means a total of 683.694 A contribution to fault currents in the network, while its battery current changes from 483.8 A to 743.298 A to fault currents with fault currents contribution of 259.498 A.
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(a) contribution by PV at B15NGOUS1             (b) contribution by BESS at B15NGOUS1
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(c) contribution by PV at B15BASS21            (d) contribution by BESS at B15BASS21
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(e) contribution by PV at B10ALU                      (f) contribution by BESS at B10ALU
[bookmark: _Toc206592121]Fig. 5 (a, b, c, d, e, f): Contributions to the fault currents by PV plants and BESSs.

PV plant at B15BASS21 bus adds 42.274 A to the fault currents equivalent of variation from 307.714 A to 349.988 A of its current during fault. As for the PV plant at B10ALU, its current passed from 450.242 A to 473.67 A giving a contribution of 23.428 A to the network fault currents. As for the batteries at both B15BASS21 and B10ALU, they don’t give any significant contributions to the network fault currents as their currents are reduced by 10.289 A and 6.448 A respectively. The above results show high contributions to fault currents by both the PV palnt and BESS at B15NGOUS1, because this is the faulty bus and therefore these components see a very high demand there. For the BESSs at both B15BASS21 and B10ALU, they rather tend to charge during the fault conditions as they see high power supply from all over the network during the fault conditions.
4.5 Impact of PV on fuse operation
Simulations results of the impact of PV on the fuse fault clearing time are shown in Fig. 6a in comparison with those for no PV case in Fig. 6b.
The fuses were considered to carry up to 125% of the normal operation currents in line B4 for both the no PV and with PV scenarios. As shown in Fig. 6a, when a fault occurs at one second it took around 0.02 seconds for the fuse to clear the fault in the scenario of the network without PV.
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Fig. 6a. Fault clearing time without PV             Fig. 5b. Fault clearing time with PV
In the scenario when the network has three PV plants in the distribution, when the fault occurred at one second it took around 0.464 seconds for the fuse to clear the fault as illustrated in Fig. 6b. comparing the two scenarios it is easy to see that PV integration increases the fault critical clearing time by 0.444 seconds, and this enormous time for the fault to cause damages.
4.6 Impact of PV on relay operation
Results for relay operation in case of a three phase fault are illustrated in Fig. 6a and Fig. 6b for no PV and with PV scenarios respectively.
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Fig. 6 a. Fault clearing time without PV            Fig. 6 b. Fault clearing time with PV
Over-current relays were considered to operate at 125% of the normal operations currents in both no PV and with PV scenarios, and results are shown in Fig. 6a and Fig. 6b. the relays are set to perform three tripping tials before deciding whether to cut the current off if the fault persists. From relay tripping results for no PV case as presented in Fig. 6a, when a fault occurred at 0.002 second it took around 0.02 second for the relay to perform the first tripping trial followed by the other two separated by 2.044 seconds between them. The fault was completely cleared after 4.588 seconds. On the other side as shown in Fig. 6b, it took the relay around 11.212 seconds to perform the first tripping trial when the fault occurred in the network with three PV plants in distribution and a total of 15.772 seconds for the fault to completely cleared. The difference is too big between the two scenarios, and that is why relays must be looked at when planning PV integration into the network.
4.7 Impact of PV on recloser operation
The recloser three phase fault clearing operations in both no PV and with PV scenarios are shown in Fig. 7a and Fig. 7b respectively.
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[bookmark: _Toc206592124]Fig. 7 a. Fault clearing time without PV           Fig. 7b. Fault clearing time with PV
The results for reclosers operations in fault clearing for both no PV and with PV scenarios presented in Fig. 7a and Fig. 7b show that there are no differences in operation for the two cases. In both scenarios when a fault occurred at 0.002 seconds it took the reclosers that are set to perform three tripping trials a total of 2.754 seconds to clear the fault.  


5. CONCLUSION AND RECOMMENDATIONS

An impact study of PV integration on the protection of the Southern Interconnected Network of Cameroon was successfully carried out. In first time generalized fault study simulations were conducted for both three and single phase faults. The aim of the above simulations was to evaluate how PV integration may affect the fault currents at different buses in the network which is important for protection planning in case of these interconnections. Both decreases and increases in fault currents at different buses were recorded but the differences were more severe with the single line to ground faults. The above findings are useful when calculating protective devices ratings in case of PV integration. Battery energy storage systems were added to each of three PV plants connected to the network, and then monitors were used to identify contribution of each component to the network fault currents. The results showed more contributions of 683.694 A and 259.498 A from both the PV plant at B15NGOUS1 bus and the BESS at the same bus respectively. These high contributions were justified by the fact that the bus in concern was the faulty one which makes a high demand from the two components there. There were also contributions of 42.274 A and 23.428 A to the fault currents from PV plants at B15BASS21 and B10ALU buses respectively while their corresponding BESSs rather take 10.289 A and 6.448 A in that order. During fault case high currents are drawn from different generators around the network, which make the BESSs tend to charge as if there is over production. Impacts of PV on fuse, relay, and recloser operations were also assessed. The simulations results showed that PV integration increases the fault critical clearing time by 0.444 seconds and 13.728 seconds for fuse and relay respectively, while there was no impact on fault clearing time in the case of recloser. From the findings of this research and in the framework of Cameroon 2020 initiative, it is recommended to the Cameroonian energy planners to consider upgrading the network protection arrangements especially fuses and relays before executing the PV integration projects. Considering other PV penetration level and considering advanced technologies such as Internet of Things for protection analysis are the areas for future research exploration.
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CURRENT (A)


Three phase faults current without PV	"B90MANG",	"B90LOGBA",	"B225-KRIBI",	"B225MANG",	"B90NJOCK",	"B90EDEA3",	"B90BASSA",	"B90DEIDO",	"B90PIQDAN",	"B90NKONG",	"B90BAFOU",	"B90-PIQNSIMA",	"B90MBAL",	"B225LOGB",	"B90BONA",	"B90CIMENCAM",	"B90LIMBE",	"B90BEKO",	"B90ALUCA",	"B90ALU",	"B90BAMEN",	"B90HFO",	"B90DIBAMBA",	"B90NGODI",	"B90PIQNJO",	"B90NGOUS",	"B90KONDENGUI",	"B90NJO",	"B90OYOM2",	"B90BRGM",	"B90LOG2",	"B90LOG-KOUM",	"B90MAKEP",	"B225BEKO",	"B90AHALLA",	"B225SONGL",	"B225OYOM",	"B90OYOM1",	"B90NSIMA",	"B90KOUMA",	"B90EDEA1",	15126	17720	8736	11848	5646	14799	17045	15059	14630	5809	2728	6127	4223	9952	14180	13821	5990	12267	14422	14370	2038	5481	14203	14996	5858	5324	4452	5840	8192	7912	17277	13232	13809	7395	6773	13233	4435	8220	5755	12713	14563	Three phase faults current with PV	"B90MANG",	"B90LOGBA",	"B225-KRIBI",	"B225MANG",	"B90NJOCK",	"B90EDEA3",	"B90BASSA",	"B90DEIDO",	"B90PIQDAN",	"B90NKONG",	"B90BAFOU",	"B90-PIQNSIMA",	"B90MBAL",	"B225LOGB",	"B90BONA",	"B90CIMENCAM",	"B90LIMBE",	"B90BEKO",	"B90ALUCA",	"B90ALU",	"B90BAMEN",	"B90HFO",	"B90DIBAMBA",	"B90NGODI",	"B90PIQNJO",	"B90NGOUS",	"B90KONDENGUI",	"B90NJO",	"B90OYOM2",	"B90BRGM",	"B90LOG2",	"B90LOG-KOUM",	"B90MAKEP",	"B225BEKO",	"B90AHALLA",	"B225SONGL",	"B225OYOM",	"B90OYOM1",	"B90NSIMA",	"B90KOUMA",	"B90EDEA1",	15155	17780	8748	11883	5659	14827	17107	15101	14668	5812	2728	6159	4236	9980	14215	13854	5992	12286	14448	14395	2038	5482	14231	15030	5861	5386	4496	5843	8253	7968	17332	13262	13847	7411	6813	13259	4465	8283	5783	12739	14590	TRANSMISSION BUSES

CURRENT (A)


Three phase faults current without PV	"B30MBAL",	"B15LOGBA",	"B15BASS2",	"B30MBYOEBO",	"B30EBOLOWA",	"B10EDEA2",	"B10ALU",	"B2LPP",	"B11HFO",	"B11G13EDEA3",	"B15OYO1",	"B15OYO2",	"CTOYO",	"B15NGOUS1",	"B15NGOUS2",	"B11G10EDEA3",	"B11G11EDEA3",	"B11G12EDEA3",	"B9AHALLA",	"BCT-MBYO",	"B04EPP",	"B111KPP",	"B112KPP",	"B113KPP",	"B114KPP",	"B10LOGBA",	"B04AHALLA",	"B04BAMEN1",	"B30BAMEN",	"B5G3EDEA1",	"B7/8SONGL",	"B5/6SONGL",	"B5G2EDEA1",	"B5G1EDEA1",	"B30LIMBE",	"B15DEIDO2",	"B30NKONG",	"B15NKONG",	"B15KOUMA2",	"B15KOUMA1",	"B15BONA1",	"B30BAFOU",	"B15BAFOU",	"B15KONDENGUI",	"B30NJO",	"B15DEIDO1",	"B15NGODI",	"B15KV-BON-CI",	"B15BRGM2",	"B15BRGM1",	"B15NSIMA",	"B30KVKRIBI",	"B15MAKEP1",	"B15SONAR",	"B15BASS21",	"B23BAS15",	"B30NGOUS",	"B15EDEA3",	"B30BEKOKO",	"B30NJOCK",	"B11DIBAMBA",	"B15AHALLA1",	"B15BEKO",	"B15TFO2",	"B15MANG1",	"B15LOGB1",	4250	25057	26048	4237	1401	35205	25764	22699	34192	34096	22995	19901	8032	15238	15235	15172	20249	20249	35162	209297	98836	88060	88060	88060	87808	23376	544406	295558	4595	16640	86421	86421	16640	16631	5880	18780	3769	4143	18104	18124	14133	4258	8487	10006	5815	8536	14379	8490	11966	12007	3870	7648	24278	7429	19236	21583	3416	12251	6968	3614	60497	11506	11874	12404	12204	12446	Three phase faults current with PV	"B30MBAL",	"B15LOGBA",	"B15BASS2",	"B30MBYOEBO",	"B30EBOLOWA",	"B10EDEA2",	"B10ALU",	"B2LPP",	"B11HFO",	"B11G13EDEA3",	"B15OYO1",	"B15OYO2",	"CTOYO",	"B15NGOUS1",	"B15NGOUS2",	"B11G10EDEA3",	"B11G11EDEA3",	"B11G12EDEA3",	"B9AHALLA",	"BCT-MBYO",	"B04EPP",	"B111KPP",	"B112KPP",	"B113KPP",	"B114KPP",	"B10LOGBA",	"B04AHALLA",	"B04BAMEN1",	"B30BAMEN",	"B5G3EDEA1",	"B7/8SONGL",	"B5/6SONGL",	"B5G2EDEA1",	"B5G1EDEA1",	"B30LIMBE",	"B15DEIDO2",	"B30NKONG",	"B15NKONG",	"B15KOUMA2",	"B15KOUMA1",	"B15BONA1",	"B30BAFOU",	"B15BAFOU",	"B15KONDENGUI",	"B30NJO",	"B15DEIDO1",	"B15NGODI",	"B15KV-BON-CI",	"B15BRGM2",	"B15BRGM1",	"B15NSIMA",	"B30KVKRIBI",	"B15MAKEP1",	"B15SONAR",	"B15BASS21",	"B23BAS15",	"B30NGOUS",	"B15EDEA3",	"B30BEKOKO",	"B30NJOCK",	"B11DIBAMBA",	"B15AHALLA1",	"B15BEKO",	"B15TFO2",	"B15MANG1",	"B15LOGB1",	4256	25079	26079	4244	1402	35631	26286	22701	34202	34205	23090	19972	8092	15352	15301	15177	20259	20259	35293	209564	98880	88095	88095	88095	87841	23391	545840	295647	4595	16647	86464	86464	16647	16638	5881	18796	3769	4143	18117	18137	14141	4258	8487	10051	5816	8539	14387	8493	11992	12033	3872	7650	24307	7428	19269	21605	3426	12255	6971	3616	60564	11528	11878	12411	12209	12453	DISTRIBUTION BUSES
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