Bulletin of Electrical Engineering and Informatics
Vol. 15, No. 2, April 2026, pp. 986~998
ISSN: 2302-9285, DOI: 10.11591/eei.v15i2.10045 a 986

Parameters affecting protection coordination of high voltage
distribution network with distributed energy resources

Ishan Desai'?, Nilesh Chothani?, Paul Jacob*
'Department of Electrical Engineering, Gujarat Technological University, Ahmedabad, India
“Department of Electrical Engineering, Faculty of Engineering and Technology, Parul University, Vadodara, India
SDepartment of Electrical Engineering, School of Energy Technology, Pandit Deendayal Energy University, Gandhinagar, India
“Engineering, Hamad Medical Corporation, Doha, Qatar

Article Info ABSTRACT

Article history: Distributed energy resources (DERs) have become favorable sources of
) power against conventional power sources at distribution level because of

Received Feb 9, 2025 their advantages like reduction in power loss and voltage drop, and

Revised Dec 9, 2025 environment friendliness. Integrating of DERs into high voltage distribution

Accepted Feb 22, 2026 networks (HVDNs) introduces significant challenges to protection relay

coordination because of their dynamic operational characteristics. This
comprehensive study investigates key parameters influencing effective
Keywords: protection relay coordination in distribution networks (DNs), including fault
current variability, DER penetration level, network topology, and relay
settings. Through comprehensive simulation conducted on modified IEEE 4-

Distributed energy resources

Distribution network bus HVDN with variable DER configurations through PSCAD/EMTDC 4.5
Fault software, the research analysis evaluates the impact of these parameters on
Protection coordination protection reliability and speed. Results indicate that high DER penetration
Renewable sources leads to fault current increment by 10-20%, grid current contribution

reduction by 10-15% as well as relay current setting alterations
approximately by 30-40% which necessitates adaptive protection schemes.
Network topology and relay coordination strategy significantly affect fault
detection and isolation process. The finding provides understanding of
parameters affecting protection coordination which helps in its optimization
and having reliable and secure operation of DN.

This is an open access article under the CC BY-SA license.

[Nole

Corresponding Author:

Nilesh Chothani

Department Electrical Engineering, Pandit Deendayal Energy University
Gandhinagar, Gujarat, India

Email: chothani_nilesh@rediffmail.com

1. INTRODUCTION

Integrating distributed energy resources (DERs) in high voltage distribution networks (HVDNs) has
transformed modern power systems, offering advantages like environment friendliness, and improved energy
efficiency. Because of dynamic nature of DERs which majorly includes renewable energy sources (RES) [1]
like solar PV, wind turbine, and energy storage units, significant challenges to protection relay coordination
of DNs are introduced. Relay coordination, which ensures selective and timely operation of protection
devices for isolating faults, is very much important for maintaining system stability and security. For India,
this analysis is important as in past few years, there is huge rise in integration of DERs in HVDN. As per
record of central electricity authority (CEA) [2], as on March-2002, power generation from RES was 1628
MW which as on October-2025 has been increased to 200295 MW (including generation from large hydro
power plants connected at transmission level, it is 250643 MW) as shown in Figure 1 showing nearly 94%
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rise in usage of RES. Currently, sharing of generation from RES is 45% of total generation which in future
will be more than 50%. Out of total generation from RES, ~85-90% generation is from solar PV and wind
energy system only. This increase in integration of RES in power system has big impact on protection relay
coordination of system because of dynamic power generation.

Installed Generation Capacity in India
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Figure 1. Total power generation capacity (MW) in India

Most of the DERs are integrated at load end, giving advantages like reduction in cost of constructing
new overhead power lines, reducing power loss and voltage drop and improving voltage regulation as well as
system reliability [3]-[8]. Key parameters affecting protection coordination in distribution networks (DNs)
[8]-[13] include type, capacity and location of DERs, fault characteristics (fault type and fault resistance),
system topology and settings of protection device like relay (Figures 2 and 3). Factors like bidirectional
power flow and continuous variable power generation [14]-[19] also influence the performance of protection
schemes. Continuous variable power generation will vary system parameters like voltage (should be within
+10% range) and frequency (should be within range of 49.5 Hz-50.2 Hz [20]). Optimization of these
parameters is very much important for mitigating issues such as miscoordination, nuisance tripping or failure
to detect faults, which can lead to equipment damage and power outages.
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Figure 2. Issues with integration of DERs in HVDNs

This article is aiming to systematically analyses the parameters affecting protection coordination in
HVDNSs with DERs. By examining their impact through theoretical analysis and simulation studies, this work
seeks to provide insights into adaptive protection strategies and coordination techniques that enhance the
reliability of modern DNs. The findings are intended to help system designers in designing robust protection
schemes which accommodate increasing penetration of DER while ensuring efficient system operation.
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Figure 3. Types of DERs

2. FACTORS AFFECTING PROTECTION COORDINATION

Integrating DERs mainly affect protection coordination [21]-[42] provided for reliable protection of
HVDNSs. DER sources increase normal as well as fault current in DN which lead to undesired operation of
relay even though fault is not present and protection scheme may lose selectivity. Presence of these sources
also decrease fault current contribution from grid which may cause relay blinding. Fault impedance is also
one of the parameters result in protection miscoordination. Integrating DERs in DN increases number of
relays and switchgear devices increasing overall cost and complexity of protection scheme.

2.1. Distributed energy resource types

Various types of DER cause numerous effects on DN like voltage unbalance or flickering,
harmonics generation and insertion and other power quality related issues [43]-[50]. Voltage instability is
created when less number of large capacity or large number of less capacity wind power generators
(induction generator (IG)) are connected in DN because of their reactive power requirement. Majority of
DERs like solar PV generate DC power and to integrate them with AC system, converters are required to
convert generated DC power into AC. Rotating type DERs like wind power generation systems are also
connected to system through converter system. This process generates reactive power requirement which also
results in voltage unbalance as voltage and reactive power have direct proportionate relation. Voltage
unbalance also affects real power transfer in system as real power transfer is directly proportional to the
square of the voltage as in (1). Apart from this, variable generation from DERs and load demand also affect
power flows (both real and reactive as shown in (2) and (3) in DN.

VgV,
P= S VR
X

L

sin (D

where, VS, VR are sending and receiving end voltages (kV) respectively, XL is line reactance (Q2), and 6 is
load angle (°).

P=Pgia + XiPper;i - 2iProad;i (2)
Q = Qgrid + Zi QDER,i - Zi QLoad,i (3)
where, P, Q are real and reactive power in DN, Pgrid, Qgrid are real and reactive power supply from grid,

PDER,i, QDER,i are real and reactive power supply from DERs at bus I, and PLoad,i, QLoad,i are real and
reactive power demand at bus i.

It = i griq 4
I = Lt griat 2i lgpEr i Q)

where, It is fault current in DN in absence of DERs and I; is fault current in DN when DERs are present.
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where, I;yq is fault current contribution from grid, I¢pgg i is fault current contribution from DERs at bus I,
Vrid> Vper are grid and DER bus voltages respectively, Z,,4, Zpgg are source impedance (grid and DER),
Zjine s impedance of line between grid and fault location, Zj;,. per is impedance of line between DER and
fault location, and Zg,;; are fault impedance.

With wind power generation (IG) system, capacitor banks are connected for fulfilling reactive power
requirements. If cable is used for distribution of power, it increases capacitance further as well as chances of
resonance (with harmonic frequencies). As mentioned before, DERs increases fault current magnitude as in (4) and
(5). During fault in the DN, fault current contribution is different from various types of DERs. In faulty condition,
fault current contribution is the highest from synchronous generator (SG). Fault current contribution from IG
(simple IG<doubly fed induction generator (DFIQG)) is less than SG and it is the least for solar PV [51]-[54].

2.2. System operating modes

High HVDN with DERs is known as microgrid which can operate in two different modes viz; grid
connected and islanded. When microgrid is connected with main grid, power can either flow from main grid
to microgrid (when in microgrid, load demand is higher than power generation from DERs) or from
microgrid to main grid (when in microgrid, power generation from DERs is higher than load) as Figure 4 and
load demand is fulfilled from grid and DERs both as in (6). Because of any fault or abnormal condition in
main grid, microgrid will get disconnected from main grid and start working in islanded mode [12]-[14], [16]
as shown in Figure 5 and only DERs will fulfil load demand as in (7).

Iioad = lgria + 2i Iper,i (6)
I oad = XiIpER;i @)

When unintentional islanding occurs, there is huge variation in system parameters like voltage and
frequency which can damage equipments. There are three condition that can be considered in case of
islanding viz; i) generation from DERs is less than load demand (frequency less than 50 Hz), ii) generation
from DERs is higher than load demand (frequency more than 50 Hz), and iii) generation from DERs is same
as load demand. Detection of islanding is one of the most important tasks for the protection of microgrid in
case of islanding. Islanding detection (ID) becomes little difficult when generation from DERs and load
demand are nearly the same.

DG
*Ppc < P

LOAD1 LOAD2 LOAD3 LOAD4

Figure 4. DN supplied through grid and DG source (grid connected mode)

ISOLATED ISLAND

GRID

Figure 5. DN supplied through DG source (islanded mode)
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2.3. High voltage distribution network with one source

In this section, effect of numerous parameters on protection coordination of DN fed through one
source is discussed. In first case, it is considered that radial distribution network (RDN) is fed through utility
grid only (Figure 6) and in other, effect of types of DER is analysed for standalone system supplied only
through DERs like wind (IG) and small hydro (SG) power generation (Figure 7). For DN, mainly overcurrent
protection is used. For analysing the effects, IEC-60255 standard [55] is followed with inverse definite
minimum time (IDMT) characteristic for overcurrent relays (OCR). In (8) is followed for relay operating time.

Tep= (o7—) TDS +B ®)

where, TDS is time dial setting or time multiplier setting (TMS), M is plug setting multiplier (PSM), and A,
B, P are constants according to IDMT characteristics as per IEC 60255 (Table 1).
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Figure 6. RDN fed at one end (through utility grid only)
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Figure 7. RDN fed at one end (through DG source only-standalone system)

Table 1. Constant for calculating relay operating time

Characteristics A P B
IDMT 0.14  0.02 0.00
Very inverse 13.5 1.00  0.00
Extremely inverse 80.0 2.00  0.00
Long inverse 120 1.00  0.00

For the protection of RDN with three sections, three non-directional type OCR are required as no
matter where fault occurs, curent flow is always unidirectional (forward or from source to load). Modified
IEEE 4-bus RDN is prepared using PSCAD/EMTDC 4.5 software (as shown in Figure 8) with system
voltage of 12.47 kV, each feeder section with 20 km length (with resistance 0.363 Q/km and inductive
reactance 1.323 Q/km) and load demand of 6 MW. Inverse time OCR (51) with IDMT characteristic is
coordinated for protection.
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Timed
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Figure 8. RDN fed at one end (through utility grid only-prepared in PSCAD 4.5)

Fault parameters: for analysing the effect of fault parameters on protection coordination, fault
resistances, fault types and fault locations are taken into account. Fault location affects protection
coordination of distribution network. The relay setting should be as such that wherever a fault occurs in the
system, the designated relay should operate. Fault locations are considered at midpoint (10 km (F1), 30 km
(F3), and 50 km (F5) from the source) and the end (20 km (F2), 40 km (F4), and 60 km (F6) from the source)
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of each line section as presented in Figures 6 and 8. LG and LL type of faults are considered for analysing the
effect of fault types on protection coordination. As fault resistance has considerable effect on protection
coordination, its effect as well is taken into account. Fault resistances of 0 Q, 4 Q, 8 Q, and 12 Q are
considered for analysing their effect on protection coordination.

System with different voltage levels (system with transformer): protection coordination is going to
be affected [56] if transformer is included in the DN (as shown in Figure 9) as the system is being operated at
two different voltages which changes current levels on both the sides of transformer. 6.3 MVA,
12.47/4.16 kV transformer is included in the system. For this case, 7 fault locations are considered as shown
in Figure 9.

Figure 9. RDN fed at one end (operating at two different voltage levels)

Different cases as shown in Table 2 are considered for analysing effect on protection coordination of
HVDN with DERs. Fault current contribution from different types of sources is presented in Figure 10
(cossidering fault location F1) and effect on protection coordination (considering LL fault because of seviour
effect compared to LG fault) is represented in terms of change in relay current setting (in Ampere) (keeping
relay operating time nearly same) in Table 3.

Table 2. Cases for analysis of effect on protection coordination (system with one source)

Case no. Description
1 Radial feeder without transformer (system fed at one end (grid only))
2 Radial feeder with transformer (system fed at one end (grid only))
3 Radial feeder without transformer (system fed at one end (SG only))
4 Radial feeder without transformer (system fed at one end (IG only))

Fault Current Contribution
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Fault Resistance (RF) and Type of Fault
RF=0 RF=4 mRF=8 mRF=12

Figure 10. Fault current contribution from different types of sources (system with one source)

2.4. High voltage distribution network with more than one source

Fault parameters: to analyse the effect of fault parameters on protection coordination of HVDN with
more than one source (grid+DERs), fault resistances (Rf) of 4 Q, and 12 Q are considered. Fault locations
(considering LG fault) are considered at 10 km (F1), 20 km (F2), 30 km (F3), 40 km (F4), and 50 km (F5)
from source-1 (Figures 11 and 12). Radial distribution fed at two ends is prepared in PSCAD 4.5 as shown in
Figure 13.
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Table 3. Relay current settings (Ip) for different cases (system with one source)

Fault Rela Relay current settings (Ip) (A)
resistance Y Case-l Case-2  Case-3  Case-4
RF=0 R1 0.25 0.06 0.22 0.17

R2 0.2 0.11 0.2 0.11
R3 0.15 0.07 0.17 0.09
RF=4 R1 0.24 0.05 0.21 0.14
R2 0.19 0.08 0.19 0.09
R3 0.15 0.06 0.16 0.08
RF=8 R1 0.185 0.04 0.17 0.13
R2 0.18 0.07 0.17 0.09
R3 0.15 0.06 0.15 0.08
RF=12 R1 0.16 0.03 0.15 0.12
R2 0.16 0.07 0.15 0.085
R3 0.14 0.06 0.14 0.08

CT3 CB3 CB4 CT4 CT5 CBS CB6 CT6
A e R e

F1 F2 F3 F5

Figure 11. Radial DN fed at two ends (through utility grid only)
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Figure 12. Radial DN fed from more than two sources (one utility grid and three DG source) with load
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Figure 13. Radial DN fed at two ends (through utility grid only-PSCAD 4.5)

Multiple sources: effect of implementing DERs is analysed with DER sources of either different or
same types (SG, IG, and solar PV) and capacity. As mentioned before, fault current contribution is different
from SG, IG, and solar PV which affects protection coordination. Effect will be more prone when
distribution network is having only wind power generation or solar PV or both as DERs.

Various cases for analysing the effects on relay coordination are discribed in Table 4. Effect on
protection coordination (in terms of change in relay current setting) is presented in Table 5 considering
different fault resistances.

System topology: protection coordination varies with different distribution system topologies. For
radial distribution systems with branches or ring main distribution networks, protection coordination is
different. For ring main distribution network, power flow in various branch is different. These systems
demand more relays and switchgear devices that make the task of protection coordination a little complex.
Because of fault, change in system topology may also happen that modifies protection coordination. A
modified IEEE 9-bus ring main distribution network is shown in Figure 14, where it is represented that if
fault occurs at location F, circuit breakers 7 and 8 will be open and whole system will get converted into
radial. Protection coordination should be able to adopt system changes and protect the reminder of healthy
part of the system.
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Table 4. Cases for analysis of effect on protection coordination (system with more than one sources)

Case no. Description SG and IG

1 Radial feeder (system fed at two ends (grid only)

Radial feeder (system fed at two ends (grid only) with load increment by 1 MW)

3 Radial feeder fed at two ends (grid and SG (1 MW)

4 Radial feeder fed at three ends (grid and two SG (1 MW) with load increment by 1 MW)

5 Radial feeder fed at three ends (grid and two SG (1 MW and 0.7 MW) with load increment by 1 MW)
6 Radial feeder fed at three ends (grid, one SG (1 MW) and one IG (1 MW) with load increment by 1 MW)
7
8

Radial feeder fed at three ends (grid, one SG (1 MW) and one solar PV (1 MW) with load increment by 1 MW)
Radial feeder fed at four ends (grid, one SG (1 MW), one IG (1 MW) and one solar PV (1 MW)) with load
increment by 1 MW)

9 Radial feeder fed at four ends (grid, three SG (1 MW) with load increment by 1 MW)

10 Radial feeder fed at four ends (grid, two SG (1 MW), one IG (1 MW) with load increment by 1 MW)

Table 5. Relay current settings (Ip) for different cases (system with more than one sources)

Fault Rela Relay current settings (Ip) (A)
resistance Y Case-1  Case-2 Case-3 Case-4 Case-5 Case-6 Case-7 Case-8 Case9 Case-10

RF=0 R1 0.45 0.40 0.42 0.38 0.40 0.28 0.28 0.28 0.32 0.30
R2 0.07 0.12 0.12 0.08 0.40 0.12 0.17 0.16 0.14 0.17
R3 0.20 0.225 0.19 0.26 0.24 0.18 0.18 0.13 0.28 0.20
R4 0.22 0.225 0.16 0.20 0.16 0.14 0.16 0.16 0.22 0.22
RS 0.09 0.21 0.18 0.135 0.20 0.16 0.18 0.195 0.16 0.15
R6 0.45 0.45 0.26 0.26 0.26 0.22 0.24 0.20 0.32 0.20

RF=4 R1 0.42 0.38 0.36 0.34 0.38 0.24 0.26 0.24 0.30 0.28
R2 0.05 0.11 0.12 0.07 0.30 0.11 0.15 0.16 0.12 0.16
R3 0.19 0.19 0.18 0.22 0.20 0.14 0.14 0.12 0.24 0.16
R4 0.20 0.22 0.16 0.16 0.14 0.14 0.15 0.145 0.20 0.22
RS 0.085 0.19 0.16 0.13 0.18 0.16 0.15 0.16 0.16 0.15
R6 041 0.35 0.23 0.20 0.22 0.18 0.20 0.17 0.26 0.17

RF=8 R1 0.35 0.30 0.30 0.28 0.32 0.15 0.22 0.18 0.26 0.20
R2 0.018 0.10 0.08 0.06 0.26 0.10 0.12 0.16 0.10 0.15
R3 0.165 0.16 0.17 0.20 0.16 0.12 0.13 0.10 0.16 0.12
R4 0.14 0.15 0.15 0.12 0.12 0.12 0.14 0.135 0.16 0.16
RS 0.082 0.18 0.14 0.12 0.16 0.14 0.14 0.15 0.14 0.15
R6 0.32 0.28 0.18 0.16 0.18 0.13 0.14 0.14 0.17 0.14

RF=12 R1 0.30 0.25 0.24 0.18 0.20 0.13 0.20 0.16 0.22 0.14
R2 0.012 0.10 0.04 0.05 0.24 0.10 0.08 0.14 0.08 0.15
R3 0.16 0.14 0.165 0.15 0.135 0.105 0.12 0.09 0.12 0.10
R4 0.12 0.13 0.13 0.09 0.105 0.11 0.13 0.13 0.12 0.132
R5 0.08 0.15 0.12 0.10 0.14 0.125 0.13 0.12 0.10 0.15
R6 0.22 0.22 0.16 0.15 0.16 0.10 0.12 0.12 0.12 0.12
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Figure 14. Modified IEEE 9-bus system with DG sources
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3. DISCUSSION

This article represents comprehensive analysis of different variables influencing protection
coordination of HVDN while integrating DERs. In absence of DERs, only utility grid will supply fault but in
presence of DERs, both utility grid as well as DERs will supply fault. In later case, fault current contribution
from utility grid will reduce which leads to protection blinding. Fault current contribution from different
types of sources is presented in Figure 10 (for distribution network supplied through one source and
cossidering fault location F1) and Table 6 (for distribution network supplied through more than one sources
including grid and DERs and considering fault location F3). It is observed that current contribution from
various types of sources is different (ISG>IIG>IPV) which also has impact on protection coordination as fault
current level will be different with various combination of DERs.

Table 6. Fault current contribution from different types of sources (system with more than one sources)
Current contribution from Case- Case- Case- Case- Case- Case- Case- Case- Case- Case-

different sources (A) 1 2 3 4 5 6 7 8 9 10
1Gridl 616 643 625 468 501 657 627 646 478 462
1Grid2 1517 1563 - - - - - - - -
ISG1 - - 993 976 981 963 980 943 888 939
ISG2 - - - 918 667 - - - 908 878
ISG3 - - - - - 207 - - 979 -
G - - - - - - - 207 - 178
1PV - - - - - - 151 149 -

For investigating effect on protection coordination, OCR and directional overcurrent relays (DOCR)
with standard IEC 60255 are considered as they are mainly used for distribution network protection. With
integration of DERs in distribution network, fault current is increased by 10-20% and grid current
contribution reduced by 10-15%. These results are variable subjected to different points like type of source,
capacity of source and combination of different sources. This demands modification in relay settings
(Tables 3 and 5). For more than two sources, it is also observed that protection will be affected more if 1G
and solar PV are used as DERs because of their constantly variable power generation and lesser fault current
contribution compared to SG. In case of fault when three different DERs along with grid (Figure 13 and
considering Case-8) are integrated, contribution from SG, IG, and solar PV are 48%, 11%, and 8%
respectively (subjected to vary with capacity and other parameters). If transformer is added in distribution
network, there is huge variation in current of different sections and relay current settings (referring Table 3).
Location of DERs in distribution network also play pivotal role in alteration of relay coordination.

Network topology also proved instrumental, with ring main configuration which exhibits better system
reliability compared to radial system. However, this benefit is offset by increment in number of relays required
for its protection and complexity in its setting, where improper DOCR adjustments result in nuisance tripping
during higher DER penetration. Apart from this, change in system topology is one of the major issues. In ring
main system, if fault occurs in one of the section, respective relays will sense it, send trip command to breakers
and isolate the faulty section which will convert ring main system into radial system. There will be drastic
change in system parameters and relay should be able to adopt changes in the system. All these discussions
above align with observations that increased DER integration causes redistribution of power flow, change in
direction of power flow and increment in faulty as well as current, necessitating adaptive protection strategy (as
proposed algorithm shown in Figure 15 (in Appendix)) to maintain protection selectivity and reliability.

4. CONCLUSION

Integration of DERs in HVDN brings both opportunities and challenges. The literature review and
simulational analysis highlights key factors like fault current contribution from DERs, network topology,
DER penetration level and dynamic behaviour of DERs significantly impact the efficacy of protection
coordination. When DERs are integrated, protection coordination is also affected by DER location, fault
types, fault location, and fault resistance. Increased penetration level of DERs also intriduces challanges like
bidirectional power flow which results in altration of protection coordination settings.

With detail simulational analysis performed through PSCAD/EMTDC 4.5 software, effect of these
parameters on protection reliability and speed is evaluated. Analysis demonstrated in this article along with
understanding of parameters which affects protection coordination will be helpful in its optimization and
having reliable and secure operation of DN. Results shows that integrating DERs in distribution system can
lead to change in normal as well as fault currents and alteration of protection parameters which necessitates
adaptive and robust protection scheme. This analysis will also be hepful in preparing advanced fault detection

Bulletin of Electr Eng & Inf, Vol. 15, No. 2, April 2026: 986-998



Bulletin of Electr Eng & Inf ISSN: 2302-9285 a 995

and classification algorithm which can increase the reliability of developed protection scheme further.
Researchers should focus on developing dynamic protection strategies with machine learning techniques to
enhance protection coordination in DER-integrated DN that ensures robustness of distribution systems.
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Figure 15. Proposed algorithm for protection of distribution network with DERs
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