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ABSTRACT 
The use of distributed generation (DG) with the medium 
voltage networks a multifaceted modern is used these days 
in the electric power networks of multiple advantages in 
providing electrical energy and increase energy reserves 
for the network as a whole. The industrial and commercial 
electrical power sources as sources of backup in case of 
an interruption of the main energy sources from the public 
network. Recent studies have emerged about the possibility 
of interconnecting this with the electric power network and 
the extent of protection difficulties when interconnecting 
those DGs and how to overcome them. For this target, a 
typical 11 kV underground distribution feeder is modeled 
while a considerable DG unit is inserted. An experimental 
work is done to verify the proposed relay setting and to 
evaluate the FCL performance. Using Digital Signal 
Processing (DSP) board, overcurrent inverse 
characteristic is implemented experimentally. A scale 
down of the distribution network is designed and 
implemented in the laboratory.  
1. INTRODUCTION 
Connecting Distributed Generator (DG) into conventional distribution systems leads the protection design assumptions to become incorrect. As a result, mis-coordination or improper operation of overcurrent relays in distribution networks can be expected. The maximum capacity of DG connected to the distribution system can be considered 200% of the maximum feeder load [1].  Most distribution systems are operated in radial configuration consisting of several radial feeders extended from the source. Such a radial configuration is accomplished in order to simplify the network operation. In case of inserting the DG into the feeder, there are multiple sources, the system becomes more complicated and new protection technique may be applied. The DG interconnection with the network can be effectively based on the system and DG characteristics. Such an interconnection increases short circuit levels of the network busbars. The contribution current from the DG and substation depends on distributed generation capacity and the distance between DG and substation.  Normally, in the power system when the generation level increases, the short circuit level increases. Inserting of the distributed generator into the distribution system increases short circuit levels in the network that is connected with the distributed generation. Even if the current will still only flow in one direction, DG may reduce the sensitivity of the  

 relays which needs to be investigated for minimum tripping or coordination problems [3]. Another problem introduced by adding DG is an increase in fault current levels [4], [5], this can increase coordination margins between feeder relay and feeder fuses [6].  The DG may prevent the operation of feeder protection relay [7]. This happens when the fault current is measured by feeder relay decreases due to DG highly participating in the fault current. This may occur with a fault case behind big DG inserted into the feeder at a point far from the main substation. Often the problem found can be solved by reducing the current setting of the relay. However, it can lead to lose of reliability.     For a circumstance concerning two feeders supplied from the same substation, one of these Feeders is connected with the DG unit while a fault occurred in the other feeder. This fault is fed from the main substation and distributed generator. Here the fault current measured by the relay of feeder including DG may be big enough to cause its tripping [7]. Accordingly, the relay operation of the un-faulted feeder can produce a decision in order to disconnect the feeder. Such unnecessary disconnection may occur especially when the fault point is close to the head of faulted feeder. This problem can be solved using directional relay on the feeder including distributed generator [8]. It may also be avoided by increasing the relay time setting when the DG is connected.   In [1] N. F. Sherbilla studied, the impact of DG on the measured currents during the fault is evaluated and ideas for enhancing the protection are discussed. An Egyptian underground distribution system is used as a practical example. It is for Damanhur city (Medasha Feeder) connected by 11KV distributor (Hedaya) supplied from 66/11 KV substation [1]. This part of study assists to realize better protection coordination, lower fault clearing times as well as optimized selectivity for overcurrent relays with the existence of DG units.  In this study evaluates the fault current limiter (FCL) performance when it is used to avoid the impact DG interconnection on the distribution network fault currents. Fault current limiter (FCL) is a device that is connected in series with DG to limit the fault current to an acceptable level during the fault, while it gives very small impedance and power losses under normal operations [13,14]. Such a series connection of FCL with the DG can solve the mis-coordination of relays and therefore, the relays can correctly operate without any modification in their setting [5,14,15]. FCL minimizes the peak fault current contributed from the DG while the DG circuit breaker disconnecting.  
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An experimental work is done to verify the proposed relay setting and to evaluate the FCL performance. Using Digital Signal Processing (DSP) board, overcurrent inverse characteristic is implemented experimentally. A scale down of the distribution network is designed and implemented in the laboratory. Accordingly, this experimental setup facilitates the verification of the simulated test cases and the discussed solutions.   
2. SELECTED UNDERGROUND 
DISTRIBUTION SYSTEM 
An Egyptian underground distribution system is used as a 
practical example. It is for Damanhur city (Medasha 
Feeder) connected by 11 kV distributor (Hedaya) supplied 
from 66/11 kV substation (Khairy Substation). Fig. (1) 
shows an Egyptian distribution system where there are 
distributed loads L1-L22 along Medasha feeder equal to 
110 A. Selected fuses are to protect each load transformer. 
The feeder supplies the loads through XLPE cable (3×150 
Alu). The feeder is connected with Hedaya distributer that 
is supplied from Khairy substation through two parallel 
circuits of XLPE cable (3×240 Alu). Each circuit is loaded 
by 140 A [1].  
 
The main transformer in Khairy substation is 25 MVA, 
66/11 kV delta / star earthed and impedance 10%. 
Mubarak feeder is an adjacent feeder of XLPE cable 
(3×150 Alu) and with distributed loads L1-L9 equal to 70 
A. The distributed generator is connected to the system 
using transformer rating equal to the DG rating and with 
transformation 11/0.4 kV delta / star earthed. Local load 
equal to 2.6 MVA is equivalent to the other connected 
feeders at the Hedaya distributer [1]. 
 

 Fig. 1. Egyptian distribution system (Hedaya Distributer) 
3. THE PROPOSED OVERCURRENT PROTECTION FOR THE UNDERGROUND 
FEEDER  
Towards correct coordination between the feeder’s relay 
R1 and the directional relay R3, the new curve R1' is 
considered for the Medasha feeder relay as shown in Fig. 
2. The new protection scheme can be applied using the 
multi-functions available in the Medasha feeder relay R1 
for more reliable protection of the discussed Egyptian 
system. It can be achieved using two functions; the definite 
time characteristic stage at the low fault currents and 

inverse characteristics at high currents as the curve R1' 
shown in Fig. 2 [1].  
 
For more enhancing this point of good coordination, the 
time setting of the directional relay R3 is reduced from 0.3 
sec to the new setting R3' of 0.2 sec and its current setting 
is reduced from 150 A to 120 A to avoid the over lapping 
of R1' and R3 as shown in Fig. 10. This smart solution 
avoids the conflict associated with the mentioned 
conventional coordination [1]. 
 

 Fig. 2. Proposed Overcurrent Protection for the Underground Feeder  
All the start and trip signals of the protection stages can be 
freely routed to output relay according to the requirement 
of application. The functions can also be blocked, for this 
purpose both internal relay signals and externals relay 
signal are used.  The internal signal to allow the relay is 
controlled by external signal.  The operation of protection 
stages can be blocked. The blocking signals are originated 
from the digital input of the feeder relay which received 
from DG station (external signal). The communication 
method is used to receive signals from DG station and send 
it to the Medasha feeder relay [1].  
4. EXPERIMENTAL SETUP 
Experimental test is used to present the effect of DG on the 
performance of protection scheme of distribution system 
and minimize this impact using FCL. In this work, 
Medasha feeder and incoming feeders is experimentally 
implemented as shown in Fig. 3. 

 Fig. 3. Interface of distribution model and bench test system 
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Fig. 3 demonstrates a schematic of the developed 
protection and control schemes. The input signal was 
connected to the DS1003 DSP-board via its slave Multi 
Input/output board (DS2201). This consequently facilitates 
to measure all required phase currents on the Line model. 
All relaying and signal processing computations are 
implemented with the DS1003 DSP-board. The fault 
currents are captured with hall effect current transducers 
interfaced with the DSP sub-system. 
 
Fig. 3 presented experimentally with the suitable setting of 
the protection scheme for the same protection function of 
the relays R1 and R2. Time multiplier setting of the inverse 
setting was 0.05 and phase current setting was 0.1 A for 
the relay R1. The phase current setting of the relay R2 was 
adjusted to 0.15 A with definite time characteristics with 
0.6 sec. The measured model current implements the fault 
current with neglecting the distributed loads 
experimentally. 
 
To avoid the synchronization problems of DG, the same 
source was used as a DG and is connected to the feeder. 
FCL was connected in series with DG and implemented 
experimentally by controlled switching operation using 
AC contactor in parallel with resistance of 145 Ω which 
equivalent to 28.9 Ω of real value. The switching operation 
was controlled by the same software in protection scheme 
with definite current characteristics. 
4.1 Experimental Results 
In the test case, the system is configured and implemented 
as shown in Fig. 3 and the phase fault through impedance 
is considered at the end of feeder. Measure the fault 
current, follow-up to the sequence operation of relays and 
record the event. Then repeat again with inserting the DG 
without and then with FCL. The result can display 
instantaneously on the PC screen as shown in Fig. 4. The 
recorded test cases are discussed as follows. 
 

 Fig. 4. Sample of instantaneous test case result 

4.2. Phase Fault at The End of Feeder Without DG 
The recorded fault current of main relay R2 and feeder 
relay R1 during the phase fault at end of the feeder without 
DG are shown in Fig. 5. In the figure, the current setting 
of the relays was presented by the dash curves while the 
recorded current presented by solid curve. After fault 
instant the recorded current for relays R1 and R2 were 
higher than their current setting and therefore the relay R1 
was triggered the corresponding breaker that were opened 
at the cleaning instant as shown in Fig. 5.  
 
The setting of protection relays plays an important role to 
discriminate the fault zone which defined as selectivity 
term. Although the fault current is significant to trigger 
both relays R1 and R2, the operating time is the controller 
of releasing the relays trip decision. The priority of trip 
operation is achieved with the relay which has smaller 
setting time of R1 and R2. 
 

 (a) Feeder relay Current 

 (b) Main relay current 
Fig. 5 Measured and setting current of protection scheme without DG 
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The main relay R2 has definite time characteristic with 
delay time of 0.6 sec. The feeder relay has normal inverse 
characteristic (the settings as mentioned previous) which 
the operating time depends on the measured current as 
shown in Fig. 6. The operating time of the main relay R2 
was 0.6 sec and presented by the gray curve. The operating 
time of feeder relay R1 is approximately 0.38 sec and 
presented by black curve a function of the RMS measured 
current. The operating time of the feeder relay R1 is lower 
than the operating time of main relay R2 and therefore 
successful operation of protection scheme occurred with 
suitable coordination margin of 0.22 sec. 

 

 Fig. 6. Operating time of protection scheme without DG 
 
4.3. Experimental Phase Fault at the End of 
Feeder with DG and FCL With considering the dynamic interaction of the FCL, the 
change of measured current by R1 and R2 due to DG 
interconnection during the fault is minimized to lower 
value as shown in Fig. 7. The effect of FCL is obtained by 
switching off the contactor paralleled with the resistor and 
this action produces a series resistance with DG. 
Accordingly, the DG contributed current is reduced while 
measured currents of R1 and R2 is increased after one 
power cycle as shown in Fig. 7. 
 
Fig.8. shows the experimental operating time of relay R1 
and R2. At the fault beginning and the FCL action is not 
shared yet, the feeder relay current low and the operating 
time increased to around 0.7 sec. During this period the 
contributed DG current is high before the switching of 
contactor (the contactor still switched on). This duration is 
similar to the case of DG without FCL and the operating 
time of the feeder relay equals to 0.7 sec. This action is 
active for 2.5 power cycle (0.05 sec). After the decision of 
the switching (the contactor is turned off) and the FCL 
resistance is inserted in series with DG, the feeder relay 
current increases and relay R1 operating time changed to 

0.38 sec as shown in Fig. 8. where this value was less than 
the relay R2 time (0.6 sec). Accordingly, the fault is 
correctly cleared. 
 

 (a) Feeder relay Current 
 

 (b) Main relay current 
Fig. 7 Measured and setting current of protection scheme with DG and 
FCL. 
 
FCL decreases the operating time of the feeder relay from 
0.7 sec to 0.38 sec during fast transient interval did not 
exceed 0.05 sec. It is worth mentioning the contactor 
switching time added into the transient interval and SCR 
was very faster than the contactor.  
 
Experimentally, with using FCL, the protection scheme of 
distribution system including DG is improved with the 
preliminary setting. The successful application of FCL in 
typical distribution system with DG is allowing to more 
penetration of DG. 
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Fig. 8 operating time of protection scheme with DG and FCL  

5. CONCLUSIONS  
The FCL has helped to overcome the impact of DG on the 
overcurrent protection without setting modification or 
using extra communication features. The other practical 
improvement of the FCL usage with DG is to limit the fault 
current increasing as it depends on the DG capacity. 
Accordingly, there is no need to replace the breaker with 
higher ratings. Theoretical study has been done to propose 
a practical value of the FCL resistance. 
 
As concluded from the preceding contributions, inserting 
DGs into distribution networks raises different impacts on 
the associated relaying schemes in the network. Further 
investigations are suggested in the future including the 
following suggestions:  

 Considering the existence of renewable 
energy resources as a DG system  

 Considering the real implementation 
issues for realizing a real FCL system 
for DG interconnection.  

 Considering superconducting FCL for 
DG interconnection.  
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