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Abstract— A significant increase in EG connections on the
distribution network over the past decade in Ireland has
presented challenges to the Distribution System Operator (DSO).
The connection of EG can cause co-ordination of Distance
protection to be altered and has resulted in variations in short
circuit levels. Multidirectional power flow has been introduced
into a Distribution system that was not designed for the direction
change in current flow. The impact of connecting EG to a typical
38 kV Distribution Network was demonstrated as part of this
study. Increasing fault levels and protection co-ordination
selectivity problems were identified when the network was fed as
a closed network. The increase in short circuit fault levels was
evident when the fault contribution from the EG was considered.
This increase in short circuit fault current could be a concern if
EG is installed in an area where the maximum current rating of
the switchgear could be exceeded. The co-ordination of Distance
protection IEDs were also affected when EG was connected. Case
studies on a typical Distribution Network were presented as part
of this study. The impact that EG can have on the short circuit
fault levels and the co-ordination of Distance protection when the
network is feeding as a closed loop network was identified. When
incorporating EG to a typical 38 kV Distribution Network,
considerations must be made to ensure that the connection of the
EG does not inhibit the performance of the overall protection
system. A protection review of the network is required before any
EG is connected. The issues identified the miscoordination of
Distance protection IEDs. A revision of current IED settings in
the vicinity of the installed EG and the addition of duplicate
protection IEDs may be required.
Index Terms—Distribution Network, Embedded Generation,
Distance Protection co-ordination, Intelligent Electronic Device,
Short Circuit Fault.

I.

INTRODUCTION

The traditional components of a power system consist of a
Power Plant, Transmission Network, Distribution Network
and Customers. The power plant converts the energy from
coal, oil, gas, wind and solar to electrical energy. In Ireland,
the Transmission Network operates at 400 kV, 220 kV and 110
kV. The voltage of the Distribution Network in Ireland 38 kV.

Before the connection of EG to the electricity network in
Ireland, the network was operated radially with unidirectional
power flow. As more EG was connected to the Distribution
Network, the flow of electricity became increasingly
bidirectional. In 2017 alone Ireland installed 426 MW of new
wind turbines, the majority of which were connected to the
distribution network [1]. The bidirectional flow of electricity
has presented challenges to power system protection [2]. As
the operating principle has changed, this can cause issues such
as false tripping and maloperation of protection. The decrease
and increase in fault levels at specific locations on the grid
prompted [2] to look at a case study into how some protection
functions can be affected by EG connections to the distribution
network, it outlined issues surrounding the underreaching and
overreaching of relays. The primary form of protection applied
to the distribution network in Ireland is Distance Protection
[3]. Distance protection is the primary form of protection on
feeders on the Distribution Network in Ireland. A voltage and
current input measures the impedance on the feeder. If the
current and voltage calculate a difference in impedance, the
Distance protection IED will operate. The past 25 years have
seen Irelands connections of EG increasing. As EG on the Irish
distribution network is predominantly renewable, electricity
generation in the form of wind power has been utilised. This
increase in renewables is driven by the requirements from EU
(RES-E directive 2009/28/EC) to reduce fossil fuel use and
tackle the issue of climate change. Ireland has been set targets
of 40 % electricity production from renewables by 2020 [4].
Wind power will provide the majority of this 40 % [5]. EG can
assist in the reduction of Greenhouse Gas Emissions (GHG)
through wind power and solar power [6]. Traditional fuel types
used for centralised generation include oil and coal. Other EU
Countries are currently developing plans to develop a more decentralized system for power generation. Denmark has
recently changed its power system from a centralized system
to a de-centralized system, mainly with the use of wind power
[7]. There is currently 4,625 MW of wind capacity on the
island of Ireland [8].
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With the advent of EG, networks typically designed for radial
power flow have become looped networks with unidirectional
power flow [2][9][10][11][12]. Power distribution system
expansion is increasing as the population grows; therefore,
power system planners must ensure the increasing capacity
meets the required load. EG can assist with the required system
capacities [13]. The inclusion of EG to the distribution network
in Ireland has forced the network operators to investigate how
this bidirectional flow of power contributes to faults. This
Distribution Network voltages and currents are not just
dictated by loads but also EG. Rotating machines such as
synchronous generators and induction generators are used for
wind power and can cause an increase in fault levels to areas
of the network that the equipment would not have been
designed to withstand. In areas with large short circuit levels,
the switchgear rating would already be close to being exceeded
and the inclusion of EG would contribute to the rating being
exceeded. Solutions are available to reduce the fault levels
however this comes at a cost as expensive reactors can also
increase losses and contribute to voltage variations [14].
II.

DISTANCE PROTECTION

A. Distance Protection Performance
Distance protection provides an economic and simple
approach to protecting overhead lines and cable feeders. They
operate on the principle of measuring the phase relationship
between the operating and polarising quantity. Distance
protection is a quick and dependable source of protection for
the clearance of faults and provides selective tripping decisions
[15]. A current transformer and voltage transformer input to
the IED will provide necessary measurement quantities for the
determination of a fault. Distance protection, if not correctly
designed can be affected by various system conditions such as
instrument transformer mis operation, changes in load, power
swings and mutual coupling of transmission lines. These
factors can be worsened by the introduction of EG [12].
Distance protection is used worldwide as a method of primary
and back up protection on 38 kV, 110 kV and 220 kV
Transmission lines [16]. Distance protection is the most
utilised form of protecting feeders on Irelands 38 kV
distribution network [2].
B. Protection and Embedded Generation
The inclusion of EG to the distribution network can increase
reliability of power networks. However, power system
protection can be severely impacted with this inclusion [17].
EG contributes to a higher fault current seen by protection
relays [8][14]. The inclusion of EG can affect the grading
margin between protection relays on a feeder. In [10] the
penetration of EG resulted in the slower operation of protection
relays which lead to protection blinding. Protection blinding
was identified on studies of the distribution network in [9] and
[10].
In [10] it was described how a large penetration of EG affected
the protection systems on the distribution network in Malaysia.
By connecting EG, lower grid infeed and larger currents during
fault conditions were identified. IDMT elements of the

overcurrent relay became less sensitive. Grading margins were
affected resulting in non-operation in some recorded cases.
Classic protection schemes have been identified as inadequate
in providing protection for systems originally designed for
passive and radial networks. [19] introduced a solution for
improving protection reliability with the increase in EG
through flexible network configurations and islanding.
Advanced and adaptive protection for distribution networks
have been identified as a method to improve protection
reliability [20]. Proposed solutions utilise IED’s with
appropriate communication systems. Proposals include using
line sensors for the fast interruption of faults with
communication, phase measurement units and the use of
measurement capable devices for zone protection [19][21].
Connecting EG to the Distribution network can introduce
problems with selectivity and coordination of protection
devices and to ensure correct safety and operation of the
network, a full protection analysis is recommended by [9]
before installing EG on a Distribution network. In [22][23] it
was recommended to upgrade protection devices in the event
that fuses are still in operation and to ensure a protection study
is undertaken to analyse the impact of short circuit currents on
the protection devices and the power system equipment. It may
be the case that IED protection settings are to be revised and
upgraded to account for the inclusion of EG [12][24].
Networks previously configured for radial flow can be
changed to open loop or closed loop to account for further
integration of EG. This change in configuration increases the
reliability of the network [25] [26].
III.

POWER SYSTEM MODEL

The network illustrated in figure 1 is a typical distribution
network feeding arrangement and topology. There is a total of
5 buses connected in a closed loop arrangement. Typically, the
buses would be in a substation and would consist of measuring
and protection equipment. The network configuration
incorporates the following:
• 1 x 110/38 kV Transformer
•

1 x Embedded Generator

•

4 x Transmission Lines

•

2 x Loads

•

5 Buses

•

12 Circuit Breakers

•

4 x Protection IEDs

Figure 1: Power System Model

Authorized licensed use limited to: Technological University Dublin. Downloaded on December 01,2021 at 09:17:09 UTC from IEEE Xplore. Restrictions apply.

A CB protects each line connected to each bus; the CB will
open in the event of a fault detected by a protection IED. The
network shown in figure 1 is a 38 kV network, similar in
topology to a section of the distribution network in Ireland. The
38 kV network is connected to the transmission network via a
110/38 kV Transformer. The 110/38 kV transformer is
connected between bus 1 and bus 2. This is the Bulk Supply
Point (BSP) that services Load 1 and Load 2 connected to Bus
3 and Bus 5 respectively. The supply is transferred through
overhead lines connected between each bus. EG was
positioned on bus 3 to show how this connection of EG on the
distribution network might have an effect of the fault levels
and Distance protection in this section of the network in a
closed loop configuration.
IV.

B. Impedance Protection co-ordination
The power system protection was modelled in a software
called CAPE (Computer Aided Protection Engineering) to
analyse the effect on protection co-ordination of the protection
relays when EG is connected to a typical Distribution Network.
The impedance protection co-ordination section investigates
how the IED operates in the event of a fault. It shows the
coverage each zone has on a feeder for each IED and the time
it will operate if a fault occurs on the line. The system feeds
the Load connected to Bus 3 and Bus 5 from the BSP via line
1 and line 2. In this case the EG at bus 3 is modelled as
connected and not connected. This is a closed loop feeding
arrangement.

RESULTS

A. Short Circuit Fault Analysis
The power system was modelled in a power system
modelling software called DigSilent Power factory to analyse
the fault current on each bus when EG is connected to a typical
Distribution Network. Transmission lines, generators,
transformers and loads were modelled with their positive,
negative and zero sequence impedances. The fault analysis
section investigates the effect of short circuit fault levels in a
closed loop feeding arrangement. The results are for a LineLine-Line fault in kA. The symmetrical current Ik” was the
value considered for this study. The system feeds the Load
connected to Bus 3 and Bus 5 from the BSP via line 1 and line
2. In this case the EG at bus 3 is modelled as connected and
not connected. This is a closed loop feeding arrangement.
1)
Short Circuit Fault Analysis Results
In the event of a short circuit between three phases it can be
observed that there is a clear increase in the current magnitude.
recorded on the buses when EG is connected. As shown from
figure 1 above, adding EG to the network can result in increases
to the fault current. All buses show increases in fault currents
when EG is connected on bus 3 for all fault types. A Line-Line
fault on bus 3 has a 43 % increase in fault current when the
generation is connected. Bus 2, 4 & 5 have increases in fault
current above 39 % of the fault current with EG connected.

Figure 2: Short Circuit Fault Current on each bus of the Power System
Model

Figure 3: Comparison of TDD's with EG and without EG

1)
Protecion coordination Results
Figure 3 shows the differences in zone reach when the
network is feeding as a closed looped system with and without
EG connected. The upper TDD is when EG is not connected
and the lower TDD is when EG is connected. Figure 3
illustrates how the connection of EG affects the coordination of
the protection IEDS in this configuration. Zone 2 and Zone 3 of
the IEDs are underreaching when the EG is connected resulting
in a deficit of coverage caused by the introduction of EG on the
network. The zone 2 of IED 1 covers as far as 60 % of the line
from Bus 3 to Bus 4 with no EG. However, when EG is
connected zone 2 of IED 1 only covers 48 % of the line. The
zone 3 of IED 1 covers as far as 85 % of the line from Bus 3 to
Bus 4 with no EG. However, when EG is connected zone 3 of
IED 1 only covers 58% of the line. There is clear underreaching
present caused by the introduction of EG. The upper TDD has
coordination, as each zone of one IED stops as another zone of
the other IED starts, 300 ms later. When EG is connected the
zones do not coordinate and there is a section of the network
where there is no back up protection available in the event of a
fault.
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V.

DISCUSSION

The inclusion of EG generation in this network
configuration demonstrated an increase in fault current
magnitude. The fault contribution of the EG increased the fault
current up to 40 %. The sample 38 kV distribution network
configuration shown in this study can be operated as a closed
loop or a radial feeding network depending on the current
requirements of the network. A normally fed closed loop
system can be fed as a radial network in the event of a planned
or unplanned outage on one of the Transmission lines.
Increasing fault levels can introduce problems if the maximum
short circuit strength of the switchgear is not rated to withstand
the increase in fault current. When planning the inclusion of
EG to a network, an overall short circuit study must be
completed to ensure that under maximum loading conditions
the switchgear on the network can withstand the increases. If
it’s the case that the switchgear is not rated for the increase in
fault current, it can be expensive replacing the equipment,
therefore a short circuit study would be implemented in the
planning stages.
An increase in fault levels can affect the selectivity and
reliability of the system protection in the area. IEDs
downstream of a fault will provide backup protection in the
event the primary protection fails. This back up protection is
severely affected by the inclusion of EG on this network. It was
discovered that if the EG is operating at full when a fault occurs
and the primary protection failed, the backup protection relay
would be unable to pick up and operate the CB on parts of the
line. This maloperation can cause serious damage to equipment
and could result in a significant portion of the network being
affected with an unplanned outage. To counter act this affect
the settings of the IEDs could be revised and a protection coordination study could be undertaken to plan for this issue.
Revised settings can have knock on affect to the coordination
of other IEDs on the network, resulting in a requirement of IED
setting changes for multiple IEDs. A full protection review
would be undertaken to see how this issue could be mitigated;
however, a full review would not completely eradicate the
issue. Selectivity, reliability and speed can all be affected by
this change in IED settings.
The cases presented showed underreaching and overreaching
issues of protection zones affecting the speed and reliability of
the protection system. When EG was connected the correct
coordination of the protection was not fulfilled.
VI.

CONCLUSION

The objective was to identify issues surrounding short
circuit fault levels and issues with the co-ordination of
Distance protection on a typical distribution network when EG
was incorporated into the network. The impact of connecting
EG to a typical 38 kV Distribution Network was demonstrated
as part of this study. Increasing fault levels and protection coordination selectivity problems were identified when the
network was fed as a closed network and as a radial fed
network. The increase in short circuit fault levels was evident
when the fault contribution from the EG was considered. This
increase in short circuit fault current could be a concern if EG

is installed in an area where the maximum current rating of the
switchgear could be exceeded. The co-ordination of Distance
protection relays was also affected when EG was connected.
Underreaching was evident, which resulted in feeders not
having the required back up protection. Not having the
required backup protection breaks the rules set out by the
utility in Ireland, ESB Networks. This underreaching of
protection IEDs can be mitigated by changing the settings of
the IED or by installing duplicate protection on the protected
feeder. When incorporating EG to a typical 38 kV Distribution
Network, considerations must be made to ensure that the
connection of the EG does not inhibit the performance of the
overall protection system. A protection review of the network
is required before any EG is connected. A revision of current
IED settings and the addition of new protection IEDs’ may be
required to be installed.
The issues demonstrated in this paper are in line with current
literature. Adding EG to the proposed Distribution Network
will affect the following:
•
Coordination of protection IEDs
•
Will introduce bidirectional power flows
•
Increase in short circuit fault levels
•
Selectivity, reliability, speed and stability issues of
Distance protection IEDs
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