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Abstract-Digital microprocessor based relays are currently 
being utilized for safe, reliable and efficient operation of power 
systems. The overcurrent protection relay is the most exten
sively used component to safeguard power systems from the 
detrimental effects of faults. Wrong settings in overcurrent relay 
parameters can lead to false tripping or even bypassing fault 
conditions which can lead to a catastrophe. Therefore it is 
important to validate the settings of power protection equipment 
and to confirm its performance when subject to different fault 
conditions. This paper presents the modeling of an overcurrent 
relay in SimPowerSystems (MATLAB/Simulink). The overcurrent 
relay has the features of instantaneous, time definite and inverse 
definite minimum time (IDMT) characteristics. A power system 
is modeled in SimPowerSystems and this overcurrent relay 
model is incorporated in the test case. The overall model 
is then simulated in real-time using Opal-RT's eMEGAsim 
real-time simulator to analyze the relay's performance when 
subjected to faults and with different characteristic settings 
in the relay model. Finally Hardware-in-the-Loop validation of 
the model is done by using the overcurrent protection feature 
in Schweitzer Engineering Laboratories Relay SEL-487E. The 
event reports generated by the SEL relays during Hardware-in
the-Loop testing are compared with the results obtained from 
the standalone testing and software model to validate the model. 

ACRONYMS 

CT Current Transformer 

HIT.., Hardware-in-the-Loop 

RT Real-Time 

RTS Real-Time Simulation/Simulators 

SIL Software-in-the-Loop 

SPS SimPowerSystems 

VT Voltage Transformer 

I. INT RODUCT ION 

A power system is vulnerable to faults, either due to 

natural disasters or by misoperation of the system due to 

operators' negligence. This can result in permanent damage 

to power system components leading to considerable costs 

for their replacement and in longer disconnections of power 

supply to customers, which is highly undesirable. This sets 

a requirement for a power system to sustain faults, while 

protection systems should minimize the damage in important 

components and the effect of faults as much as possible. This 

is achieved by using power system protection techniques and 

methodologies [1]. Microprocessor-based relays have their 

own algorithms for monitoring the power system through 

current and voltage inputs from CTs and VTs respectively. 

Protection relays are thoroughly tested using relay test sets 

to confirm their reliability and safe operation before commis

sioning them in a substation. 

With the advent of RTS and compact reconfigurable I/O 

controllers , large power systems can be simulated and their 

behavior can be analyzed in both steady state and faulted 

conditions. Based on this analysis, protection system and 

power system controllers can be developed for more efficient, 

reliable and safe operation of power systems. RTS are cur

rently being used for HIT.., validation, developing algorithms 

for adaptive protection, designing system integrity protection 

schemes (SIPS), remedial action schemes (RAS) and other 

applications [2]. 

In this paper, a detailed model for overcurrent relays is 

provided. To assess the performance of this model a test 

system is designed in SPS and is simulated in RT using Opal

RT's eMEGAsim real-time simulator. Once the SIL model 

is certified, it is further validated by HIL simulation using 

the overcurrent protection function of Schweitzer Engineering 

Laboratories (SEL) relay SEL-487E. The results obtained 

by the SIT.., and the HIL are compared. SPS does not have 

a dedicated library for protection functions. Therefore it is 

necessary to validate the model with HIL so that the validated 

software model can be used for accurate representation of 

power system protection components. Similar approach for 

protection relay model validation has been demonstrated in 

[3] [4] using different modeling platform and RTS. 

The remainder of the paper is arranged as follows. Section II 

offers a literature review on overcurrent relays. Section III 

presents the details of the overcurrent relay modelled in 

SPS. Section IV focuses on the design of test system in 

SPS and incorporation of proposed relay model in the test 

case. SIL simulation and results are discussed in Section V, 

while standalone testing and HIL validation is explained in 

Section VI. Finally in Section VII, conclusions are drawn and 

future work is outlined. 

II. OV ERCURRENT RELAYS 

As the name states, an overcurrent relay provides protection 

against over currents. This relay uses current inputs from a 

CT and compares the measured values with preset values. 

Figure 1 shows the logical representation of an overcurrent 

relay. If the input current value exceeds the preset value, 

the relay detects an overcurrent and issues a trip signal 

to the breaker which opens its contact to disconnect the 

protected equipment. When the relay detects a fault, the 

condition is called fault pickup. The relay can send a trip 
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Fig. l. Logical representation of Over-Current Relay 

signal instantaneously after picking up the fault (in the case 

of instantaneous overcurrent relays) or it can wait for a 

specific time before issuing a trip signal (in the case of time

overcurrent relays). This time delay is also known as the 

operation time of the relay, and is computed by the relay 

on the basis of the protection algorithm incorporated in the 

microprocessor [5]. 

A. Classification of Over-Current Relays 

Overcurrent relays are classified on the basis of their 

operation time, in the following three categories: 

1) Instantaneous Overcurrent Relay: These relays instan

taneously send a trip command to the breaker as soon as the 

fault is detected (input current greater than the preset value). 

They do not have any intentional time delay. They are usually 

implemented close to the source where the fault current level 

is very high and a small delay in operation of relay can cause 

heavy damage to the equipment. So an instantaneous relay is 

used there to detect and respond to a fault in few cycles. 

2) Definite Time Overcurrent Relay: This type of over

current relay is used for backup protection (e.g. back up 

protection for transmission line where primary protection is 

distance relay). If the distance relay does not detect a line 

fault and does not trip the breaker, then after a specific time 

delay, the overcurrent relay will send a trip command to the 

breaker. In this case, the overcurrent relay is time delayed by 

a specific time which is just greater than the normal operating 

time of the distance relay plus the breaker operation time. 

3) Inverse Definite Minimum Time (IDMT) Overcurrent 

Relay: This relay has an inverse time characteristic. This 

means that the relay operating time is inversely proportional 

to the fault current. If the fault current is higher, the operating 

time will be lesser [6]. It can be graded for a very large range 

of operating times and fault currents [7]. The characteristics 

of an IDMT overcurrent relay depend on the type of standard 

selected for the relay operation. These standards can be 

ANSI, IEEE, lAC or user defined. The relay calculates the 

operation time by using the characteristic curves and their 

corresponding parameters [8]. Any of the above mentioned 

standards can be used to implement a characteristic curve 

for an overcurrent relay. The overcurrent relay will then 

calculate the operation time corresponding to that particular 

characteristic curve. 

In accordance with IEC 60255 or BS142, the characteristics 

of IDMT relays are represented with the following equation: 

where: 

C T = I x TMS 
(_)a - 1 Is 

(1) 

Part 1 Part 2 Part 3 
�---�--- ,--------'----- ,--------'-----

Fig. 2. Functional Block Diagram of an Overcurrent Relay 

T: Relay operation time. 

C: Constant for relay characteristic. 

Is: Current Set point. 

I: Current Input to the relay. 

0:: Constant Representing Inverse Time Type (0: > 0). 
TMS: Time Multiplier setting controls the relay tripping time. 

By using appropriate TMS settings, the grading of a protection 

network system can be achieved [9]. The range of TMS is 

normally 0.1 to 1.0.Different types of curves can be obtained 

by varying 0: and C [10]. Table I below shows values for 0: 
and C corresponding to each curve: 

TABLE I DIFFERENT TYPES OF INVERSE CHARACTERISTICS CURVES 
Relay Characteristic Type ex C 
Standard Inverse 0.02 0.14 

Very Inverse 1 13.5 

Extremely Inverse 2 80 

Long Inverse 1 120 

III. OV ERCURRENT RELAY MODELING FOR REAL- TIME 

SIMULATION 

The detailed model of an overcurrent relay is implemented 

in the SimPowerSystems (MATLAB/Simulink) Toolbox. The 

reason for using the SPS Toolbox is because it operates in the 

Simulink environment and is a dedicated tool for modeling 

and simulating power systems [II]. Another motivation in 

using SPS is because it is compatible with the OPAL-RT 

eMEGAsim real-time simulator [12] which is used to simulate 

the power system model in RT and for HIL validation of the 

model. 

The block diagram presented in Figure 2 shows the three 

major functional components of an overcurrent relay. These 

components and their functionalities are discussed next. 

A. Part 1 
In order to present an accurate model of the microprocessor 

based overcurrent relay, the current inputs which are analog 

signals are converted to digital signals by Analog to Digital 

Conversion. In Simulink this can be achieved by using a Zero 

Order Hold Block. This ZOH block is available in the Discrete 

Library of Simulink. 

B. Part 2 
A digital filter is used to extract the fundamental signal. A 

down sampler is used in order to reduce the sampling rate. 

Down sampling helps avoiding anti-aliasing [13] effects. The 

digital filter used here is a low pass digital FIR filter [14]. 
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Fig. 5. Test Case Model developed in SimPowerSystems 

C. Part 3 

Once the RMS value of the current is obtained, this 

current is fed into the relay protection algorithm block. This 

block compares the current value with the pickup value. If 

the input current exceeds the pickup value, the relay will 

compute the operation time for this scenario taking into 

consideration the characteristic curve (Standard Inverse, Very 

Inverse, Extremely Inverse or Long Inverse) and sends a trip 

signal once the operation time is elapsed. 

Figure 3 in p. 7 shows the overall Simulink model of the 

overcurrent relay. 

The protection algorithm implemented in the model is 

shown in Fig. 4, p. 7. The overcurrent model is masked to 

a single subsystem (block) and a graphical user interface is 

provided where the user can select the type of overcurrent 

relay (instantaneous, time definite or IDMT) and can further 

select the different characteristic curves for IDMT overcurrent 

relay. 

IV. TEST CASE IN SIMPOWER SYSTEMS 

Figure. 5 shows the test case model designed in SPS to 

couple the overcurrent relay model and investigate its charac

teristics when subjected to faults. The major components of 

the test case are: 

• Three phase voltage source, 50 Hz, 1 kV phase voltage. 

• Transmission Line (7r-section), 100 km 

• Three phase fault block to introduce single phase to 

ground, phase to phase and three phase to ground faults. 

• Circuit breaker to disconnect load with trip signals from 

the overcurrent relay model. 

• Three phase series RLC load of 1 MW. 

• Simulation time step = 50 fL sec. 

In order to guarantee a safe, reliable and fast operation 

of overcurrent relays, settings such as pickup value, time 

multiplier settings, characteristic curves, and others, have 

to be chosen carefully. Otherwise, the relay can either not 

detect the faulted conditions (and will not trip) or send a 

false tripping command. Figure 6 shows some of the general 

steps which are followed in selecting the pickup value of the 

overcurrent relay. Following these steps, fault analysis of the 

test system was conducted. The results are shown in Fig. 7. 

Table II shows the settings of the overcurrent relay model 

which are based on the results from fault analysis (Fig. 7) 

Caclu late Fu II I .I Calculate Short Consider Turn Ratio for r Load Cu rrent 1 'I Circuit Current Current Transformer 
Select Instantaneous/ Select Pickup Value by using the relation Definite or IDMT � 1.2 x Maximum Laad Current,; Pickup �� cha racteristics Value,; 0.9 x Minimum Fault Current 

Fig. 6. Steps Involved in Selecting Pickup Values for Overcurrent Relays 

TABLE II TEST SYSTEM ANALYSIS AND RELAY SETTINGS 
Full Load Current 330 A 
Minimum Fault Current (Single 

1760 A Measurements Phase to Ground) 

Maximum Fault Current (Three 
3088 A 

Phase to Ground) 

Current Transformer Ratio 400:1 Relay Settings Pickup Value 1 A 
Time Multiplier Setting 0.5 

and the procedure mentioned in Fig 6. TMS was set to 0.5 

to see a noticeable difference in operating time of the relay 

when using different IDMT characteristic curves as shown in 

Fig 8. From Table II it is obvious that the introduction of 

three phase to ground fault will result in the CT's secondary 

current equal to 7.72 A (i.e. 7.72 times the pickup value). 

V. SOFT WARE-IN- T HE-Loop VALIDATION 

The parameters of the overcurrent relay model were up

dated and the model was simulated offline. For real-time SIL 

validation steps presented in Figure 9 were followed. The trip 

signal generated from the Simulink model was sent to one of 

the digital output of the simulator. This digital output was 

looped back through one of the digital inputs. This digital 

input was configured to control the status of the breaker. 

So when a fault is introduced and the relays picks up the 

overcurrent condition, it sends a trip signal (digital signal 0' 

for normal and l' for trip) to the digital output of simulator 

which is coupled with the digital input of the simulator. This 

digital input opens the breaker in the SPS model in real-time. 

In the test case model, the three phase to ground fault 

was applied at t=2 sec. The results for standard inverse, 

very inverse and extremely inverse characteristic curves are 

shown in Fig. 10 to 12. Only a single phase is shown in 

the results as its a case of symmetrical fault and the other 

two phases will be phase shifted by 120 degrees. Table III 

shows the comparison of results from proposed model with 

the theoretical calculations. 

VI. HARDWARE- IN- T HE-Loop VALIDAT ION 

In order to validate the software model and compare its per

formance with an actual relay, HIL simulation is carried out. 

For this purpose a transformer differential protection relay 

from Schweitzer Engineering Laboratories, SEL-487E [15], 

is used. To amplify the low level current outputs from real

time simulator, amplifiers from Megger [] 6] are used. The 

maximum current which can be sourced from Analog Outputs 
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Fig. 7. Fault Analysis of the Test System (only Phase A is shown) 
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Fig. 8. Different IDMT characteristic curves for TMS = 0.5. The vertical 
line at ratio = 7.72 is the region of interest in the test case 
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Fig. 10. Results for Relay Model with Standard Inverse Curve 

of the simulator is ±20 mA. In order to make sure that the 

current level never exceeds this limit, the three phase current 

signals are attenuated by a factor of 1000. As the maximum 

fault current for this test case model is 3088 A (see Table II) 

and the CT ratio is set to 400: 1. So the maximum fault 

i: J" 
2 4 d! :z '.10>1 

•• c-r-----�'" '_O. _"� ,_---;,_----::--------; Time (sec) .� °0 1 ; 3 4 15 Time (sec) r.;-I_o...,
pe
:-.. '_ .. _n T...,�!-[_�_�m_�:-u""'_By_R:-el _a y------;

1 (� Time (sec) Time (sec) 
Fig. 11. Results for Relay Model with Very Inverse Curve 

Ratio Current Input I Pickup Value 
-. � � . "'" � 4 
'" , �F===�==�,--�,--� --� Time (sec) '''I E 0.6 � 0.4 
10.:Z o " -�r��:-I (I Time (sec) -'"[ , �,:------;.------; Time (sec) 

Fig. 12. Results for Relay Model with Extremely Inverse Curve 

TABLE III COMPARISON OF THE RESULTS FROM PROPOSED RELAY MODEL SIL VALIDATION VS IDEAL CALCULATIONS 
Summary of Results From Proposed Relay Model 

(Fault Applied at t=2sec) 

� Standard Very Extremely Time (sec) Inverse Inverse Inverse 
Operating Time 1.6780 1.0045 0.6827 

Ideal Operating Time 1.6777 1.0040 0.6826 

Trip Signal Time 3.6890 3.0160 2.6940 

Ideal Trip Signal Time 3.6780 3.0040 2.6826 

The ideal results are calculated using Eg. (I). Trip Signal Time = Time at 
which fault is applied + Operating Time. 

current which can be seen by the relay is 7.72A. With the 

attenuation of this signal by a factor of 1000, the current from 

the Analog Outputs of the Simulator will be ± 7.72 rnA which 

is well within the range of the current output capacity of the 

simulator. In order to compensate for this attenuation, the 

analog outputs of the simulator are fed to SMRT-l amplifiers 

(Megger) which amplify the signal by the factor of 1000. 

This amplified signal is then fed to the CT inputs of the 

SEL-487E relay. In the software test model in Section IV, few 

modifications were made i.e. including vendor specific blocks 

from RT-Lab [17] library to access the Analog Outputs of the 

Simulator, as shown in Fig. 13. 

In addition, one digital inputs of the simulator are coupled 

with the digital outputs of SEL-487E, which is configured to 

change its contacts in case of a trip. The digital inputs of the 
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Fig. 13. Test case model with modifications for HIL simulation 

dvlEGAsim (12 Cores) 
OP 5600 I/O Extension Chasis 

OP5949 Active Monitoring Panel 
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The digital output of relay is 

connected to digital input of the 

simulator. As soon as the relay 

trips, it is detected by the Digital 

Input of the simulator which opens 

the breaker in the model being 

simulated in real-time 

trips due to over-current 

• 

MATLAB/Simulink 

Design models for real

time simulation 

The A nalog outputs of the 

Simulator are fed into the CT 

Inputs of the SEL-487E 

Fig. 14. Model-to-Data Work-Flow for HIL simulation. Solid Lines 
indicate hardwired connections, dashed lines indicate digital data streams 
over ethernet 

simulator are configured to change the breaker status in the 

SPS model in real-time. Figure l3 shows the test case model 

with additional blocks which are highlighted. The overall 

workflow from building the model to simulating it in real

time and executing HIL validation is shown in Fig. 14. 

In order to enable the overcurrent feature of the SEL-487E 

SEL AcSELerator Quickset [18] is used. The characteristi� 
curve chosen for the validation is extremely inverse curve. The 

same settings were incorporated in SEL-487E (Figure 15) as 

in the software model (see Table II). A fault is introduced at 

t=2sec. The ACSELERATOR Analytic Assistant [] 9] is used 

Fig. 16. Results from Standalone test using Freja-300. Showing the tripping 
tIme of 0.698 sec wIth TMS=0.5, pIckup value = 1 and characteristic curve 
of extremely inverse. Scale is 1.93 AJdiv 

lc:: Gr./lph for C:\User:s\ml'almlls\Deslctop\ 39.CEV 
IAU(A 

7,5 
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2,5 

� 0,0 j1 
-2,5 
_5,0 
-7,5 
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Fig. 17. Results from SEL-487E event report generated by HIL simulation. 
The operating time calculated here is 34.5 cycles which corresponds to 0.69 
sec 

to display event report data as oscillography. In addition Freja 

300 (Relay Test System) [20] is used to inject the secondary 

currents to SEL-487E to confirm the tripping times obtained 

from HIL simulation. For standalone testing, the software 

interface for Freja 300 i.e. Freja Win [21] is used to give 

secondary injections of 0.98 A for the first 2 seconds and then 

a step increase in current to 7.72 A. The results are presented 

in Fig. 16 showing that before the fault is applied, the current 

input is equal to 0.98 A which is lesser than the pickup value 

of 1 A. As the fault is applied at t=2 sec, the current rises 

up to 7.72 A. At this point the relay picks up the fault and 

its IDMT characteristic is activated which finally generates 

a trip signal after 0.698 sec. As the fault is applied at t=2 

sec., and operating time of relay is 0.698 sec., so the tripping 

time is equal to 2.698 sec. At t=2.698 sec, the relay D/O 

changes its contacts and thus it opens the breaker in the SPS 

model and the load is protected against overcurrent. Figure. 17 

shows the oscillography from the event report of SEL-487E 

resulted from HIL simulation. As soon as the relay trips, 

SEL-487E generates an event report which can be viewed by 

using ACSELERATOR Analytic Assistant. Figure. 18 shows 

the operating time for SIL and HIL validations for different 

characteristic curves. 
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Fig. 18. Comparison of Operating Time by SIL and HIL validations 

TABLE IV 

7.75 

COMPARISON OF THE RESULTS FROM PROPOSED RELAY MODEL AND HIL 

Comparison of Results from Proposed Model and HIL 
(Fault Applied at t = 2sec) 

Curve Time (sec) Ideal Caculations SIL HIL 

Standard Inverse 
Operating 1.6777 1.6780 1.6850 
Trip 3.6780 3.6890 3.7135 

Very Inverse 
Operating 1.0040 1.0045 1.0150 
Trip 3.0040 3.0160 3.0650 

Extremely Inverse 
Operating 0.6826 0.6827 0.6980 
Trip 2.6826 2.6940 2.7800 

VII. CONCLUSION AND FURT HER WORK 

By utilizing Opal-RT's eMEGAsim real-time simulator, 

HIL testing of the proposed model is done. The results 

for both proposed model and HIL are shown in Table IV. 

Both the proposed software model and HIL gives almost the 

same result. The difference between Proposed Model and 

theoretical calculations is about 11 ms. This difference is due 

to the changing of states of the digital I/O of the simulator and 

the arc extinction process of the three phase circuit breaker 

used in SPS model [22] which waits for the first zero crossing 

of the fault current to open the breaker once its external 

controller changes from 0' to 1'. In case of HIL validation, 

there is some extra delay due to the response of the amplifiers 

and status changing of digital output contact of SEL-487E. 

Opal-RT's simulator has the provision to stream out GOOSE 

(61850-8-1) and Sampled Values (61850-9-2). The proposed 

model can be used to validate the Station Bus [23] and Process 

Bus [24] implementation with HIL, this will be reported in a 

future publication. 
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Current input from the secondary side of the CT. This is an analog signal 

1 
In1 

NO 

Converts an input signal with continuous sample Down-sampling to 
time to an output signal avoid anti-aliasing 
with driserete sample effectS

I time 
Low pass digital FIR filter 1 

Comparator to check whether the input current level is greater than the pickup value or not r 
S-function running an algorithm. It monitors the input and checks if the input is 1 or not. (i.e. input current greater than pickup). The S-function gives out the time at wchih this input current goes above the pickup value 

1 
Output of this block is the time which has elapsed since the input current has exceeded the pickup value 

1 � Lowpa$ � Out1 f---+1 

This block compares the operation time computed with the time elated by the timer 

B zer��drder L-;-Lo::-wp=a$=F7. ilt""er=--' Downsa mple Extracting Time of Fault 

Timer 
Out1 Relational Scope3 Operator 

� to find ratio Dlvlde2 Operation Time f--------I. ___ >lD 
'----���� Converting To RM.S Scope2 

This block has a switch. The output of switch is zero Calculating Operation Time 
in case when the current input is lesser than pickup value. The output of the block is the actual simulation time in case the current exceeds the pickup value 

Fig. 3. Detailed Model of Overcurrent Relay Implemented in MATLAB/Simulink 

YES Instantaneous 

YES Timer >Definite 
Time set by user 

NO 

Characterisic Curve =;r _N_O_---, Very Inverse 
YES 

Operation Timei'<tc----------" 
>=Timer 

TRIP 

Fig. 4. Protection Algorithm Implemented in the Overcurrent Relay Model 
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Scope1 

This block implements the mathematical 
equation T==_C_xTMS to compute 

(zr-I the operation time corresponding to the type of characteristic curve chosen by the user 
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Fig. 15. Settings of SEL-487E relay using AcSELerator Quickset. (a) Inverse time overcurrent element enabling with extremely inverse curve, Pickup value 
of 1 and TMS of 0.5, (b) Trip logic for the IDMT configuration, (c) Configuring D/O of relay to change its contacts for IDMT trip (d) Enabling CT of relay, 
(e) Enabling Event Recording, (f) Enabling IDMT feature for Terminal U input of SEL-487 
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