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Abstract: Integration of inverter-based resources (IBR) as a distributed generator (DG) in a microgrid has been a trend. 

Considering that DG integration transforms the short circuit behavior in terms of magnitude and direction in the system, 

the conventional protection scheme becomes no longer relevant. The major concern of the traditional protection 

scheme in a microgrid is the relay operating time to clear the fault in a coordinated manner. This paper presents a novel 

voltage-current model for directional over-current relay (DOCR) that gives the relay capability to reduce the overall 

relay time operation. The state-of-the-art of the proposed relay architecture relies on the adaptive pickup current 

threshold, which varies with the voltage magnitude, to anticipate the small fault current caused by the IBR. The 

improvement of relay sensitivity offers faster tripping time in a coordination scheme. The proposed method is assessed 

in the IEEE 13 bus distribution system with the integration of DG. The outcome of this study indicates that the total 

relay time operation using the proposed method is 2.363s. Compared to the conventional method based on the standard 

equation, the proposed technique significantly reduces the total relay operating time up to 47.67%. 

Keywords: Coordination protection, Microgrid, Over-current relay, Power system protection, Protective relaying 

control. 

 

 

Nomenclature 

𝑆𝑇𝐴 Over-current relay (OCR) state operation 
𝑃𝐼𝐶𝐾 Pickup state 
𝑇𝑅𝐼𝑃 Trip state 
𝑅𝐸𝑆𝑇 Restrain state 
𝐺 Sensed current by OCR 
𝐺𝑠 Preset current threshold value 
𝑡 Timer (clock) 

𝑡(𝐺) 
OCR time delay with respect to the sensed 

current 

𝑀 
Ratio between sensed current and threshold 

value 
𝑇𝑀𝑆 Time multiplier setting 
𝑇𝑀𝑆𝑚𝑖𝑛 Lowest value of 𝑇𝑀𝑆 

𝑇𝑀𝑆𝑚𝑎𝑥 Highest value of 𝑇𝑀𝑆 
𝑇 Operating torque in DOCR 

𝜙𝑖  Polarizing values proportional to the current 

𝜙𝑣 Polarizing values proportional to the voltage 

𝜑 Angle between 𝜙𝑖 and 𝜙𝑣 
𝑈 Voltage bus 

𝐺𝑠(𝑈) 
Function of current threshold associated with 

voltage bus 
𝑉𝐶𝑀 Voltage current multiplier 
𝑈𝑡ℎ Voltage threshold in 𝑉𝐶𝑀 
𝑂𝐹 Objective function 

𝑡𝑝 
Actual OCR time operation when acting as 

primary protection 
𝑡𝑝𝑚𝑖𝑛 Minimum 𝑡𝑝 
𝑡𝑝𝑓 𝑡𝑝 when DOCR operates in forward direction 
𝑡𝑝𝑟  𝑡𝑝 when DOCR operates in reverse direction 

𝑡𝑏  
Actual OCR time operation when acting as 

backup protection 
𝐶𝑇𝐼 Certain time interval 
𝐶𝑇𝐼𝑚𝑖𝑛 Minimum CTI 
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1. Introduction 

One of the main challenges in modern power 

distribution systems is the inevitable integration of 

renewable energy resources (RES) and microgrids 

[1]. Such subsystems are designed and implemented 

by the availability and location of power electronics-

based modules. Therefore, it is critical to understand 

how conventional over-current protection 

coordination may change its philosophy with the 

modern context of microgrids, constantly interacting 

with the existing infrastructure of distribution 

systems [2]. Certainly, the fault behavior will be 

subjected to the new components and physical 

limitations of RES, and it urges to re-think practical 

protection schemes avoiding the spread of a fault. 

The literature reports a wide range of approaches, 

and all of them aim to provide a fast and secure 

disconnection of the faulty section from the 

remaining healthy portion of the distribution power 

system [2]. This study is going to focus on directional 

over-current protection, one of the most critical relay 

functions that should be review carefully, which in 

most cases implemented as a backup for distance 

protection schemes. Within the context of microgrids 

with high penetration of inverter-based resources in 

distribution networks, certain challenges are 

expected: 

 

 Optimization of multiple time-inverse relays [3]. 

 Variation of fault current levels. 

 Bi-directional fault current. 

 Dynamic topologies [4]. 

 Coordination with distribution networks. 

 Multiple operation modes changing the microgrid. 

 The adaptability of protection schemes. 

 

Even though a large amount of research has been 

conducted with microgrid protection as the topic, 

most of the available protection relay in the market is 

not suitable for microgrid operation [5]. Particularly, 

directional over-current protection is one of the key 

schemes for feeders and distribution lines. 

Nevertheless, there could be a problem with 

implementing the same protection scheme for the 

high-penetration of inverter-based resources due to 

the low operating speed [6, 7]. Even more 

challenging when they are close to sub-transmission 

systems where traditional coordination between 

multiple devices (distance relays as primary 

protection and over current relay as back up) might 

no longer be sufficiently secure [8, 9]. 

The existing over-current relay (OCR) works 

with a conventional standard of the inverse-time 

equation as in ANSI/IEEE [10] or IEC [11]. The OCR 

work by comparing the pre-set current threshold to 

the actual current flows. Once the current pass the 

threshold, the OCR operates at a specific time. The 

inverse-time function determines the time operation of 

OCR. When the sensed current is significantly greater 

than the threshold, the relay operates swiftly. 

Conversely, when the sensed current slightly greater 

than the threshold, the relay produce a long-time 

delay. 

In the context of a distribution system with high 

penetration of power-electronics resources, the 

converter’s fault current is not as high as if it comes 

from a synchronous generator (to be discussed 

comprehensively in Section 2). Hence, conventional 

OCR requires a long-time delay before it practically 

isolates the fault. 

Owing to the fact that the short circuit in the 

power system is related to the voltage dip, several 

studies tried to include the voltage as the protection 

system’s parameter. The study in [12] proposed 

voltage reading as the main factor to determine the 

relay operation as a feeder protection solution to 

anticipate small fault current from the inverter in a 

microgrid. The relay time operation is in line with the 

voltage magnitude. To employ that kind of relay, an 

extensive study about the distribution system’s initial 

condition is required to set up the coordination scheme 

and avoid a false-trip. 

Another approach is proposed in [13]. The 

consideration of the voltage parameter is manifested in 

the conventional inverse-time equation. The study 

utilizes voltage as a factor to reduce the relay time 

operation. The study was improved in [14] by adding 

non-communication coordination and directional 

feature. The study was successful in reducing the relay 

total operating time. Although this may be true, the 

time reduction by voltage measurement contends only 

when the relay already in the pickup state. Thus, the 

relay is insensitive during the state transition from 

standby to the pickup state, which is considered a gap 

to fill in this work. 

This article proposes a new approach to the 

standard equation by considering the voltage 

magnitude as a factor to spontaneously adjust the 

current threshold of the OCR in feeder protection. The 

self-adjustment from the OCR current threshold as 

pickup value gives the relay ability to be more 

sensitive to the low fault current and selective in a 

coordinated manner. The proposed method inherits 

the device requirements of selectivity, sensitivity, 

and adequate protection coordination by modifying 

the traditional time current response with a voltage 

variable dependability. Such features overcome the 

harmonics-based directional methods for microgrids, 

which cannot be used for non-inverter-based 
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resources [15]. Simulation results demonstrate that the 

proposed method performed well with a microgrid. It 

executed safe protection and reduced the total time 

operations compared to the preceded literature in 

[10–14]. 

The paper is organized as follows: the brief 

review of the microgrid’s fault behavior is discussed 

in Section 2. The proposed method is described in 

Section 3. The test system based on the IEEE 13 bus 

test feeder and its scenario are presented in Section 4. 

The simulated results and extensive analysis in 

coordination and time response of the proposed 

method are presented in Section 5. At last, Section 6 

concludes the paper with a brief discussion and future 

implementation. 

2. Abnormal event in microgrid distribution 

network 

The microgrid concept in a power system is 

applied to a network that contains a source and sinks 

with local control and the ability to operate either 

islanded or connected to the grid [16]. A source in a 

microgrid is defined as a distributed energy resource 

(DER). The word “distributed” means the penetration 

points could be anywhere at various buses or nodes. 

Hence, at a certain point, the DER penetration could 

be very useful to minimize the losses in the system. 

However, the penetration might pose another 

distressing challenge to the conventional distribution 

network. 

Originally, the distribution system’s regular 

infrastructure is intended for a radial topology where 

the power comes from a single source [17]. Therefore, 

when the DER penetrates, the operation and the 

protection system of the conventional distribution 

network might be impacted [18]. Fig. 1 illustrates one 

of the impacts of DER penetration in the distribution 

network. When the system is supplied from a single 

source, the current flow direction is unidirectional 

from the grid. This condition only requires R1 to 

operates if there is a fault (illustrate as F in B-1). In 

contrast, when the distributed generator (DG) is 

included in the system, the presence of DG might 

reduce the transferred power from the grid. Another 

protection device is required to operate during fault 

conditions because two sources supply the faulted 

bus, in forward and reversed direction [19] of the R1 

and R2, respectively. Hence, R1 and R2 shall trip 

simultaneously to mitigate the fault which caused 

𝐼𝐹(𝐺𝑟𝑖𝑑) and 𝐼𝐹(𝐷𝐺), respectively. 

The DER covers all possible types of generators 

(e.g., fossil or biomass-fired power, photovoltaic 

module, wind turbines, hydropower, etc.) and storage 

 

Grid
B-1

DG

B-2

R1 R2 R3 R4

FIF( Gri d) IF( DG)

 
Figure. 1 Single line diagram for a distribution network 

with DG penetration. During fault, the fault current from 

DG (IF(DG)) has opposite direction than the grid fault 

current 

 

devices (e.g., batteries, flywheel, super-capacitor, 

etc.) [20–22]. Based on the type of connection, the 

DER in the microgrid could be categorized into an 

electrical machine, either induction or synchronous 

machine, and inverter-based resource (IBR). 

Accordingly, this type of DER has a different 

dynamic response to the short circuit event. The short 

circuit response of a machine-based source, such as a 

synchronous generator (SG), depends on the 

reactance value that changing during sub-transient, 

transient, and steady-state time-domain [23]. Hence, 

during short circuit analysis, the SG is modeled as a 

voltage source. On the other hand, the IBR has a 

completely different response to the SG. Most of the 

IBR is modeled as a voltage-controlled current source 

[24], which relies on the rotating reference frame 

control unit. During the operation, the short circuit 

response of the IBR is limited to 1.2 p.u. to prevent 

the destruction of the internal electronic component. 

The fault current magnitude of IBR is way smaller 

than the SG [25]. Thus, the small fault current from 

IBR might not be sensed by the conventional 

protection device or requires a longer time response.  

To illustrate the comparison of fault current from 

SG and IBR, the time-current curve is shown in Fig. 

2, concerning the same fault location as in Fig. 1, 

under different DG models. When the DG is modeled 

as the SG (DG=SG), the primary relay in reverse 

direction, R2, trips immediately and could be backed-

up by R4 at a specific interval time ( ∆𝑡 R4-R2 

(DG=SG)). However, when the DG is modeled as the 

IBR (DG=IBR), the response time of R2 and R4 is 

longer compared to the DG as SG. Correspondingly, 

the interval time (∆𝑡 R4-R2 (DG=IBR))  might be 

affected as well. 

3. The role of protection system in microgrid 

distribution network 

The distribution network’s protection system 

holds a big responsibility to isolate any abnormal 

event, in any condition, either with DG penetration or 

a single power source operation, with minimum 

damage and impacted zone. The protection system’s 
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Figure. 2 The time current curve shows the impact of 

varying fault current magnitude to the relay time response 

 

philosophy shall in a trade-off point between the 

power system reliability and stability [26]. Thus, the 

protection system shall be sensitive and selective at 

the same time to mitigate the unordinary condition. 

The protection system is constituted of several 

devices that work coordinately. Each device has 

different function but the same objective to secure the 

power system. 

3.1 The principle of over current protection 

According to IEC Standard 60255-151 [11], the 

operation of OCRs could be expressed by using a 

characteristic curve. There are two types of 

characteristics, which are independent and time-

dependent. Another standard, IEEE Std. C37.2 [27] 

specified the device number as ANSI 50 and 51 for 

independent and time-dependent, respectively. In this 

paper, the discussion is limited to the dependent time 

characteristic relay (ANSI 51). 

The operation of OCR is determined by its state 

( 𝑆𝑇𝐴 ), either pickup ( 𝑃𝐼𝐶𝐾 ), trip ( 𝑇𝑅𝐼𝑃 ), or 

restrained (𝑅𝐸𝑆𝑇) condition. The OCR operates in a 

restrained state under normal conditions. When the 

sensed current ( 𝐺 ) exceeds the preset current 

threshold value (𝐺𝑆), the relay goes to the pickup state. 

Once the timer (𝑡) passed the time delay (𝑡(𝐺)), the 

relay shall send a trip signal to the circuit breaker. 

Thus, the relay goes to trip state. 𝑇𝑅𝐼𝑃 also known as 

time-out state. This operation might be described by 

the following equation: 

 

 𝑆𝑇𝐴(𝑂𝐶𝑅) = {

𝑃𝐼𝐶𝐾 ,   𝐺 > 𝐺𝑆 
𝑇𝑅𝐼𝑃 ,   𝐺 > 𝐺𝑠  𝑎𝑛𝑑 𝑡 ≥ 𝑡(𝐺)
𝑅𝐸𝑆𝑇,   𝐺 ≤ 𝐺𝑆

 (1) 

 

The 𝑡(𝐺)  in inverse-time characteristics varies 

with the sensed current. Given this context, the time 

delay shall form a function, where the increasing 

magnitude of 𝐺  shall be followed by decreasing 

value of time delay. To give a certain limit to the 𝑡(𝐺), 

the magnitude of 𝐺  shall be compared to the 𝐺𝑠 , 

which form a ratio called 𝑀 . This ratio might be 

formulated as: 

 

 𝑀 =
𝐺

𝐺𝑠

 (2) 

 

The ratio of 𝑀 could be used to update the status 

of OCR in Eq. (1). Later, the relation between 𝑀 and 

OCR operation could be written as: 

 

 𝑆𝑇𝐴(𝑂𝐶𝑅) = {
𝑃𝐼𝐶𝐾 ,   𝑀 > 1 
𝑇𝑅𝐼𝑃 ,   𝑀 > 1 𝑎𝑛𝑑 𝑡 ≥ 𝑡(𝐺)
𝑅𝐸𝑆𝑇 ,   𝑀 ≤ 1

 (3) 

 

in which 𝑘 , 𝛼 , and 𝑐  are the standards’ constant 

characterizing the selected curve (e.g., inverse, very 

inverse, extremely inverse). The selection of the 

curve substantially affects the time-current response.  

In order to distinguish the current direction due to 

multiple injection point of the DER, a directional 

element become a basic prerequisite of OCR 

operation. One of the methods to detect the current 

direction is by using the voltage reference, which is 

commonly used in the relay available in the market 

[28–30]. In a simple word, the power direction is 

determined by the angle between current and voltage 

[31]. By considering the current and voltage as 

magnetic fluxes, the induced current form a rotating 

torque, which could be defined as [32]: 

 

 𝑇 = 𝐾 × 𝜙𝑖 × 𝜙𝑣 × sin 𝜑 (4) 

 

where 𝐾  is the constant. The torque direction is 

determined by the value of 𝜑, which is positive when 

0° < 𝜑 < 180°  and negative when 180° < 𝜑 <
360° . The positive and negative torque could be 

deciphered as forward or reverse current direction. In 

a normal condition, the relay usually works in a 

forward direction, i.e., when the relay is positioned in 

a downstream power system. 

3.2 Formulation of the proposed method 

The time response of an inverse OCR is mainly 

subject to the current flow. Based on Eq. (3), the OCR 
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starts to respond when 𝐺  greater than 𝐺𝑆 , in other 

words, 𝑀 > 1 . Aforementioned in section II, the 

insignificant fault current from IBR, presumed as 𝐺, 

might not trigger ( 𝑀 ≤ 1 ) and creating a huge 

amount of time delay for the OCR because the 𝐺 is 

just slightly greater than 𝐺𝑆. To overcome the issue, 

this paper proposed the inclusion of voltage 

measurement as a factor in 𝑡(𝐺). The basic idea is to 

increase the value of 𝑀  by reducing the 𝐺𝑠  during 

fault condition. The trigger to reduce 𝐺𝑠 comes from 

the voltage suppression events during fault. In the 

following subsection, the relation between 𝐺𝑠 and the 

bus voltage is discussed. 

3.2.1. Mathematical model 

As mentioned in some research [22], [33–35], the 

voltage becomes very vulnerable when the fault 

occurs in a highly penetrated IBR microgrid network. 

The bus which is closer to the fault location will 

experience a severe voltage drop compared to other 

buses. Given this context, it might be anticipated by 

opening the feeder linked to the provoked bus to 

contain the fault. This paper proposed an idea to treat 

the voltage drop due to fault to lower the 𝐺𝑠, current 

threshold or relay pickup value, which increase the 

ratio of 𝑀. To conjoin the voltage parameter (𝑈) into 

the OCR time response, Eq. (2) might be updated to 

be: 

 

 𝑀 =
𝐺

𝐺𝑆(𝑈)
 (5) 

 

Employing Eq. (6) to replace (2) means the OCR 

response is no longer hinge on a 𝐺𝑆 as a constant, but 

𝐺𝑆(𝑈) as a function. The mathematical expression of 

𝐺𝑆(𝑈) is formed as: 

 

 𝐺𝑆(𝑈) = 𝐺𝑆 × 𝑉𝐶𝑀 (6) 

 

The voltage-current multiplier, 𝑉𝐶𝑀, is a factor 

that varies along with the measured voltage bus. The 

𝑉𝐶𝑀 ranges from 0.1 to 1 and become unity when the 

bus operates at the normal voltage condition, simply 

said Eq. (6) equal with Eq. (2). Thus, the relays’ 

sensitivity remains unchanged in normal condition. 

However, when the voltage drops due to a short 

circuit in the system, the 𝑉𝐶𝑀 value decreased. To 

have a specific trigger on when the 𝑉𝐶𝑀 have to start 

decrease, a voltage threshold (𝑈𝑡ℎ) is introduced. The 

decreasing value of 𝑉𝐶𝑀  leads to a decrement of 

𝐺𝑠(𝑈) in Eq. (7) and increment of 𝑀 in Eq. (6). The 

rising value of 𝑀 urges a short OCR time operation 

in Eq. (4). On the other hand, when the bus 

experiencing an overvoltage phenomenon, the value 

of 𝑉𝐶𝑀 shall remain at the unity point. Considering 

this boundary, the following expression limits the 

value of 𝑉𝐶𝑀: 

 

 𝑉𝐶𝑀 = {
𝑉𝐶𝑀, 0.1 < 𝑈 ≤ 𝑈𝑡ℎ

1       ,          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (7) 

 

To construct the 𝑉𝐶𝑀, a specific equation is used 

as follows: 

 

 𝑉𝐶𝑀 = (
𝑈

𝑛𝑎

)
𝑛𝑏

+ 𝑛𝑐 (8) 

 

where 𝑛𝑎, 𝑛𝑏, and 𝑛𝑐 are a constant that forming the 

contour of 𝑉𝐶𝑀. 𝑛𝑎, 𝑛𝑏, and 𝑛𝑐 are self-tuned. The 

default value of 𝑛𝑎 shall be equal to one. 𝑛𝑎 affects 

the linear sensitivity of the 𝑉𝐶𝑀. When 𝑛𝑎 less than 

one, the 𝑉𝐶𝑀 become more sensitive. In contrast, to 

make 𝑉𝐶𝑀  less sensitive, the 𝑛𝑎  shall greater than 

one. The value of 𝑛𝑏 gives an exponential influence 

to the 𝑉𝐶𝑀 , such a feature which essential when 

deals with significant voltage suppression. In default, 

the 𝑛𝑏  shall be greater than zero. The 𝑛𝑐  could be 

denoted as a positive offset for the 𝑉𝐶𝑀. Hence, 𝑛𝑐 

is limited between 0.1 and 1 to comply with Eq. (8).  

To control the sensitivity of the 𝑉𝐶𝑀 , an 

appropriate tuning between 𝑛𝑎  and 𝑛𝑏  becomes 

compulsory. If the OCR shall respond in linear with 

the voltage drop, then the value of 𝑛𝑎 and 𝑛𝑏 shall be 

one. On the other hand, if the OCR response should 

not be too sensitive to the voltage drop, then the value 

of 𝑛𝑎 shall be greater than 𝑛𝑏. To put it differently, 

when the OCR shall be susceptible to the voltage 

drop, then the value of 𝑛𝑎 shall be less than 𝑛𝑏 . The 

combination of 𝑛𝑎 , 𝑛𝑏 , and 𝑛𝑐  formed a 

𝑉𝐶𝑀 solution that obeys the rule in Eq. (8). Fig. 3 

gives an illustration of several forms of Eq. (9). 

To sum up, Eq. (4) could be amended to be a final 

form of time-current response with regard to the 

voltage function as: 

 

 𝑡(𝐺) = 𝑇𝑀𝑆 × (
𝑘

(
𝐺

𝐺𝑆(𝑈)
)

𝛼

− 1
+ 𝑐) (9) 

 

3.2.2. Relay architecture 

Fig. 4 (a) shows the relay connection with the 

measuring apparatus. The relay measures the current 

flows and bus voltage and sends the tripping signal to 

the circuit breaker. The architecture of the relay is 
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shown in Fig. 4 (b). The relay employs the voltage 

and current input altogether, as explained in the 

previous subsection. Compared to the conventional 

relay, the presence of 𝑉𝐶𝑀  affects the 𝐺𝑠  to be 

𝐺𝑠(𝑈), whichimproves the time operation, 𝑡(𝐺), and 

offers faster tripping time. 

3.2.3. Obtaining Relay Setting for Coordination 

This subsection presents the coordination setup of 

the proposed method. The relay coordination 

objective is to minimize the total relay operating time 

in the system without violating the conditions. Hence, 

the objective function (𝑂𝐹) could be written as: 

 

 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒: 𝑂𝐹 = ∑ ∑(𝑡𝑝𝑓,𝑥𝑦 + 𝑡𝑝𝑟,𝑥𝑦)

𝑅

𝑦=1

𝑄

𝑥=1

 (10) 

 

where 𝑄  is the total fault point considered in the 

system, with 𝑥  being the identifier. 𝑅  is the total 

number of relays in the system, with 𝑦  being the 

identifier. Simply said, the 𝑂𝐹 is the summation of 

the relay time operation when acting as primary 

protection (𝑡𝑝), either in forward or reverse direction, 

in various fault point considered in the test system. 

When acting as the backup, the relay time operation 

is denoted as 𝑡𝑏 . The value of 𝑡𝑝  and 𝑡𝑏  is 

determined using the time-current function as in Eq. 

(4) for the conventional method or Eq. (10) for the 

proposed method. 

The 𝑂𝐹  in Eq. (11) is followed by several 

constraints in forming the coordination scheme in the 

protection system. The protection relay in a 

distribution system shall operate in a chronological 

and sequence manner [36]. Hence, a certain time 

interval, 𝐶𝑇𝐼 , becomes compulsory to manage the 

grading time. In a same fault point, the time 

separation between backup and primary relay can be 

expressed as: 

 

 𝑡𝑏𝑥 − 𝑡𝑝𝑥 ≥ 𝐶𝑇𝐼, 𝐶𝑇𝐼 ≥ 𝐶𝑇𝐼𝑚𝑖𝑛 (11) 

 

A note to be taken is that there could be multiple 

relays that role as primary protection in a specific 

fault point. Also, more than one relay that role as a 

backup to the primary role relay The 𝐶𝑇𝐼  applied 

only to the specific primary and backup relay pair to 

mitigate a certain fault point. The IEEE Std. 242 [37] 

suggest 0.2s as the 𝐶𝑇𝐼𝑚𝑖𝑛  for coordination of 

electronic protection apparatus.  

Another constraint to comply is the prevention to 

relay operation during the temporary fault or sub-

transient condition. Hence, the minimum time 

operation of primary role protection ( 𝑡𝑝𝑚𝑖𝑛 ) is 

applied and can be expressed as follows: 

 

 𝑡𝑝 ≥ 𝑡𝑝𝑚𝑖𝑛  (12) 

 

The reference in [38] suggest the value of 0.1s for 

the 𝑡𝑝𝑚𝑖𝑛 with assumption that the temporary fault or 

sub-transient does not occurs more than five cycles. 

Inside the relay setting, as in Eq. (4) and (10), the 

𝑇𝑀𝑆 plays an important role to adjust the relay time 

response. The 𝑇𝑀𝑆 has the minimum and maximum 

 
Figure. 3 𝑉𝐶𝑀 response to the drop under some 

combination of coefficient 𝑛𝑎, 𝑛𝑏, and 𝑛𝑐 in (9) 
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Figure. 4: (a) general assembly of proposed relay 

connection and (b) block diagram of the proposed relay 

architecture. The blue line shows the analog input from 

voltage and current measurement 
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value, which is 𝑇𝑀𝑆𝑚𝑖𝑛  and 𝑇𝑀𝑆𝑚𝑎𝑥 . Thus, the 

𝑇𝑀𝑆 constraint is defined by 

 

 𝑇𝑀𝑆𝑚𝑖𝑛 ≤ 𝑇𝑀𝑆 ≤ 𝑇𝑀𝑆𝑚𝑎𝑥 (13) 

 

The value of 𝑇𝑀𝑆𝑚𝑖𝑛  and 𝑇𝑀𝑆𝑚𝑎𝑥  depends on 

the relay manufacturer. This paper considers the 

value of 0.05 and 10 for 𝑇𝑀𝑆𝑚𝑖𝑛  and 𝑇𝑀𝑆𝑚𝑎𝑥 , 

respectively.  

4. Simulation Setup 

An experimental simulation was conducted using 

PSCAD software. The IEEE 13 bus radial 

distribution system was selected as the test bench, as 

shown in Fig. 5. The normal power flow of the IEEE 

13 bus system comes only from the grid. Later, the 

original IEEE 13 bus test system is modified by 

inserting the 3 MVA IBR as the DG. The DG is 

considered as an IBR which operates at its full 

capacity and unity power factor. There are five 

possible fault points (F1 to F5) with seven relays (R1 

to R7) considered in the test system. The relays in the 

test system have the capability of measuring the 

current flow and bus voltage. R1, R2, and R3 

measures the voltage of Bus 632. R4, R5. R6 

measures the voltage of Bus 671. Lastly, R7 measures 

the voltage of Bus 675. 

Prior to the testing, a short circuit study is 

performed. A three-phase symmetrical short circuit is 

simulated in each fault point and observed in each 

relay perspective. Table 1 provides the measurement 

result of bus voltage magnitude during the fault, 

considered as 𝑈  in the optimization process. In 

addition, Table 2 provides the fault current in the 

feeder measured by the relay. The value in Table 2 is 

considered as 𝐺 in the optimization process. 

The negative value in Table 2 indicates the 

reverse current flow direction. Thus, a directional 

feature in the relay is required. The normal current 

flow (supplied by the grid only) is considered as a 

forward direction. R2 and R4 protect the same feeder. 

Thus, R2 is considered for reverse direction only (R2r, 

where the current flow from Bus 671 to Bus 632) 

while R4 for forward direction only (R4f, where the 

current flow from Bus 632 to Bus 671). The bi-

directional relay is R6, modeled as R6f when the 

current flows from Bus 671 to Bus 692 and R6r when 

the current flows from Bus 692 to Bus 671. Hence, 

the total relay being optimized become eight.  

Since there is a possibility of multi-direction fault 

current, the coordination is categorized into three types. 

First, a unidirectional relay pair of a primary and 

backup role such as 1) R4f and R1f, and 2) R6r and 

R7f for fault at F2. 3) R6f and R4f for a fault at F3. 4) 

R2r and R6r for a fault at F4. Second, a bi-directional 

relay pair where the primary role relay has two backup 

relays from a different feeder. For example, during 

fault at F1, the primary relay is R5f, and the backup 

pairs are R4f (to anticipate the current from the grid) 

and R6r (anticipate the current from the DG). A similar 

condition also appears during fault at F5, where R3f 

role as primary relay and supported by two backups, 

R1f from the grid side and R2r from the IBR side. 

Third, a relay without any backup pair such as R7f 

during fault at F3 and R1f during fault at F4.  

In order to assess the effectiveness of the 

proposed method, the over-current protection 

problem is solved using three different methods: the 

conventional technique [11] (based on Eq. (4)), the 

technique in[14], and the proposed method (based on 

Eq. (10)). Thus, some parameters are required during 

the simulation, as provided in Table 3. Some 

parameters are uniform for all methods, i.e., a 

selection curve type based on [11], 𝑡𝑝𝑚𝑖𝑛  as 

suggested in [38], 𝐶𝑇𝐼𝑚𝑖𝑛  as suggested in [37], 

 
Table 1. Voltage in each relay during fault 

Fault 

Point 

𝑼 (pu) 

R1 R2 R3 R4 R5 R6 R7 

F1 0.43 0.43 0.43 0.15 0.15 0.15 0.16 

F2 0.33 0.33 0.33 0.00 0.00 0.00 0.01 

F3 0.38 0.38 0.38 0.08 0.08 0.08 0.00 

F4 0.00 0.00 0.00 0.05 0.05 0.05 0.06 

F5 0.16 0.16 0.16 0.17 0.17 0.17 0.18 

 

Table 2. Current flows in each relay during fault 

Fault 

Point 

𝑮 (A) 

R1 R2 R3 R4 R5 R6 R7 

F1 2850 2850 0 2850 3010 -442 442 

F2 3350 3350 0 3350 0 -519 519 

F3 3120 3120 0 3120 0 3120 524 

F4 4990 -509 0 -509 0 -509 509 

F5 4210 -430 4360 -430 0 -430 430 

 

DG

B-632

B-633

B-634

B-645

B-646

B-675

B-692

B-671

B-680

B-684

B-611

R7

R5

R6

R4R2

R3

R1

F1F2

F3

F4

F5

Grid

B-650

B-652

 
Figure. 5 IEEE 13 bus distribution network with DG 

penetration at end point feeder 
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Table 3. Parameters used in the simulation 

Parameter Conventional [11] Balyith [14] Proposed 

Curve type 
Inverse type [11] 

(𝑘=0.14, 𝛼=0.02, 𝑐=0) 

Inverse type [11] 

(𝑘=0.14, 𝛼=0.02, 𝑐=0) 

Inverse type [11] 

(𝑘=0.14, 𝛼=0.02, 𝑐=0) 

𝑡𝑝𝑚𝑖𝑛 [37] 0.1s 0.1s 0.1s 

𝑇𝑀𝑆𝑚𝑖𝑛 0.05 0.05 0.05 

𝑇𝑀𝑆𝑚𝑎𝑥 10 10 10 

𝐶𝑇𝐼𝑚𝑖𝑛 [38] 0.2s 0.2s 0.2s 

𝐺𝑠 factor to the nominal 

current 
1.1 1.1 1.1 

Internal parameter for 

voltage factor 

- 𝛽=0.7 𝑛𝑎=0.9, 𝑛𝑏=2, 𝑛𝑐=1, 

𝑈𝑡ℎ=0.8 

 

𝑇𝑀𝑆𝑚𝑖𝑛  and 𝑇𝑀𝑆𝑚𝑎𝑥 , and 𝐺𝑠  factor. The value of 

𝑇𝑀𝑆𝑚𝑖𝑛, 𝑇𝑀𝑆𝑚𝑎𝑥, and 𝐺𝑠 factor are pre-assumed in 

this work. Furthermore, a unique parameter, known as 

𝛽, also required for technique in [14] which obtained 

in the self-tuning. In the proposed method, the 

parameters of 𝑛𝑎 , 𝑛𝑏 , 𝑛𝑐 , and 𝑈𝑡ℎ  are self-tuned to 

form a sensitive relay when voltage suppression occurs. 

5. Simulated Result and Discussion 

The effectiveness of each method is judged by the 

relay total operating time in the test system. Also, the 

techniques are analyzed in two terms: 1) the optimal 

setting and time operation for relay coordination and 

2) relay response during fault and its changing state 

response.  

5.1 Relay Coordination 

The optimization variable in Eq. 11 is the setting 

for the whole relay in the test case system, 

considering several fault points. The optimization 

model is solved using MATLAB linear programming 

toolbox. Table 4 provides the result of optimized 

relay settings using various methods. As can be seen 

from the results, the 𝑇𝑀𝑆 value is different for each 

method. In the conventional method based on  

 
Table 4. Optimized relay settings among methods 

Relay 𝑮𝒔 (A) 

𝑻𝑴𝑺 

Convent-

ional 

[11] 

Balyith 

[14] 
Proposed 

R1f 625.1 0.124 0.185 0.237 

R2r 139.7 0.050 0.087 0.139 

R3f 77.8 0.060 0.108 0.092 

R4f 457.9 0.089 0.160 0.201 

R5f 80 0.054 0.098 0.086 

R6f 186.1 0.050 0.079 0.096 

R6r 393.1 0.050 0.050 0.171 

R7f 438.2 0.050 0.050 0.236 

 

standard equation (Eq. 4) [11], the 𝑇𝑀𝑆  is obtain 

without any consideration to the voltage bus. The 

difference of optimized 𝑇𝑀𝑆 value in the proposed 

method appears because of the varying value of  

𝐺𝑠(𝑈)  compared to the fixed 𝐺𝑠 in the 

conventional method. 

Once the optimized 𝑇𝑀𝑆  obtained, its value is 

used to calculate each relay time operation. Table 5  

contains the relay operating times under various fault 

locations and coordination scenarios. All methods 

satisfy the coordination constraints, i.e., 𝑡𝑝𝑚𝑖𝑛 and 

𝐶𝑇𝐼𝑚𝑖𝑛. 

The relays’ sensitivity is judged by the time 

required to anticipate the fault. In all methods, the 

relays are not over-sensitive since they comply with 

the minimum operating time constraint to intercept the 

fault when acting as primary protection. However, an 

in-depth analysis of primary role protection shows that 

the conventional method creates an insensitive relay, 

especially when it deals with IBR’s fault current. For 

example, during fault at F2, R6r requires 1.256s before 

it operates as primary protection. Such a long time to 

isolate the fault for the conventional method. The 

technique in [14] able to reduce the time operation to 

be 0.624s. The proposed method significantly curtails 

the time operation reduction to be 0.451s. In another 

case, fault at F3, R7f requires 1.955s when using the 

relay setting from the conventional method, 0.971s 

when using the relay setting from the technique in [14], 

and 0.648s when using the relay setting offered by the 

proposed method. Unlike when the relay deals with 

fault current from IBR, all methods are sensitive, 

shown by the similarly minimum time operation, when 

the fault current is also contributed from the grid 

(modeled as a synchronous generator). For example, 

during fault at F1, the R5f time operation is 0.1s for all 

methods. The facts prove that the proposed method 

capable of deals with fault current from grid or IBR. 

The relay time operation in the proposed method has  
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Table 5. Relay operating times among methods in various fault point 

Fault Point Relay Role 
Conventional [11] Balyith [14] Proposed 

𝒕(𝑮) 𝑪𝑻𝑰 𝒕(𝑮) 𝑪𝑻𝑰 𝒕(𝑮) 𝑪𝑻𝑰 

F1 R5f Primary 0.100  0.100  0.100  

 R4f Backup 0.336 0.236 0.331 0.231 0.348 0.248 
 R6r Backup 2.984 2.884 1.644 1.544 0.536 0.436 

F2 R4f Primary 0.308  0.273  0.314  

 R1f Backup 0.508 0.200 0.473 0.200 0.514 0.200 
 R6r Primary 1.256  0.624  0.451  

 R7f Backup 2.065 0.809 1.035 0.411 0.651 0.200 

F3 R6f Primary 0.121  0.100  0.126  

 R4f Backup 0.321 0.200 0.300 0.200 0.326 0.200 
 R7f Primary 1.955  0.971  0.648  

F4 R2r Primary 0.267  0.232  0.261  

 R6r Backup 1.352 1.084 0.695 0.463 0.461 0.200 
 R1f Primary 0.409  0.302  0.363  

F5 R3f Primary 0.100  0.100  0.100  

 R1f Backup 0.446 0.346 0.370 0.270 0.407 0.307 
 R2r Backup 0.308 0.208 0.300 0.200 0.300 0.200 

 
Table 6. Total operation time based on 𝑂𝐹 and the 

effectiveness among methods 

Method 𝑶𝑭 
Time reduction 

benchmark (%) 

Conventional [11] 4.516 - 

Balyith [14] 2.702 40.16% 

Proposed 2.363 47.67% 

 

faster tripping time since its capability to readjust the 

relay pickup value to increase the 𝑀  ratio during a 

fault, which leads to lower 𝑡(𝐺).  

The effectiveness of each method is examined 

from the total relay time operation in the test system. 

As formulated in Eq. 11, the total relay time operation, 

known as 𝑂𝐹 , consider all fault point in the test 

system. Table 6 enclose the 𝑂𝐹 of each method. The 

total relay time operation in the conventional method 

is 4.516s, which is seen as a benchmark. The 

technique in [14] result 𝑂𝐹 with value 2.702s, which 

equivalent with 40.16% reduction from the 

benchmark. The proposed method result 𝑂𝐹  with 

value 2.363s, which equivalent with 47.67% 

reduction from the benchmark and 12.54% reduction 

from the technique in [14]. Thus, it might be 

concluded that the proposed method offers more 

effective result when deals with a microgrid with 

penetration from IBR. 

5.2 Relay State Response Analysis 

This subsection provides the performance 

analysis of the proposed method in a time response 

oscillograph. Suppose the fault occurs in F1 and R5f 

(which is supposed to act as primary protection) fails 

to trip the CB. The backup protection for fault at F1 

is R4f and R6r. The analysis is focused on R6r, which 

sensed the fault current from the IBR. 

Fig. 6 (a) shows the current response during the 

simulation. In normal condition the 𝐺𝑠 and 𝐺𝑠(𝑈) of 

R6r had the same value of 393.1 A, while the current 

flow below the relay pickup value. When the fault 

occurs at t=0.1s, the current raising and the 𝐺𝑠(𝑈) 

decreasing from its original value. The decrement of 

𝐺𝑠(𝑈)  in the proposed method result in a 0.099s 

faster pickup time compared to the constant 𝐺𝑠 in the 

conventional method. Since the increasing of current 

and the decreasing of 𝐺𝑠(𝑈) occur simultaneously, 

the 𝑀 ratio in the proposed method expands faster 

than the conventional method. The faster relay pickup 

time gives an advantage to the relay to start the 

counter before tripping. Fig. 6 (b) shows the relay 

tripping status. The proposed method has a faster 

tripping time (0.401s after relay pickup) than the 

conventional method (2.75s after relay pickup). The 

superiority of faster pickup and tripping time in the 

proposed method relies on the voltage measurement, 

as shown in Fig. 6 (c). During fault at F1 (Bus 680), 

the voltage in Bus 671 drops and affects the 𝐺𝑠(𝑈) of 

R6r. Once the fault is cleared, the voltage returns 

normal. In contrast, if the relay insensitive to the fault 

(as simulated in the conventional method), the 

voltage drop still occurs at the bus. 

6. Conclusions 

This paper recognizes the issue of high 

penetration of IBR in the microgrid while proposes 

the inclusion of voltage function in DOCRs operation. 

The state-of-the-art of this paper is the voltage-

current model that makes the relay has the capability 

to readjust the pickup value so that the relay could 

adapt to the small fault current caused by the IBR.  
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(a) 

 
(b) 

 

 
(c) 

Figure. 6 Comparison between the conventional and the 

proposed method: (a) RMS current oscillography at R6r 

during fault at F1 compared to the relay pickup current, (b) 

Tripping chart of R6r, and (c) Comparison of the voltage 

oscillography at Bus 671 

 

Adaptation of the pickup value in the protection relay 

offers faster tripping time in a coordination scheme. 

The proposed method was validated using the 

standard IEEE 13 bus distribution system with the 

insertion of DG, and the performance was compared 

to the conventional over-current relay model. The 

relay setting was obtained by solving the 

optimization problem to minimize the relay primary 

time operation subject to the coordination scheme 

constraints. Several fault points applied to the test 

system to evaluate the performance of the model. The 

results clearly indicate that the proposed method has 

a lower total relay operating time than the 

conventional standard equation and preceded works 

without any violation to the 

coordination constraints. The total relay operating 

time using the proposed method is 2.363s, which 

47.67% more efficient compared to the conventional 

method. The time-domain analysis shows that the 

proposed technique gives the relay ability to vary the 

pickup value (current threshold) accordingly with the 

fault location. Thus, increase the sensitivity and 

selectivity of the relay compared to the conventional 

method during fault anticipation.  

For the main contribution, this work incorporates 

the voltage bus as a parameter to trigger the relay since 

the small fault current from IBR creates a long-time 

delay to the original DOCR. It is found that with a 

proper setting, the proposed model could work in a 

coordinated manner, just like the conventional DOCR. 

Hence, the proposed model is feasible for 

implementation in the real system. 
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