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Abstract—Relays are one of the most important elements for
power systems protection. In this paper, an over current relay
model is implemented in the Modelica language. Once all of the
different modules were tested individually, the modules would
be integrated to the relay model which then would be subjected
to different fault simulations. Thereafter, the different types of
relays were implemented and the Modelica model results are
compared to a Simulink model previously implemented. Finally,
a sample power system was implemented in order to evaluate
the relays performance in a system. The results show how
effective the relay model is and lays a foundation for further
fault simulation, real-time simulation and model exchange.

Index Terms—Over Current Relay, Modelica, Simulation, FMI

I. INTRODUCTION

A. Motivations

Today’s relays are microprocessor based devices, making
them smaller, more accurate, and cheaper than their previous
electro-mechanical incarnations. Because of their crucial role
in power system protection, microprocessor relays require
careful modeling for different types of simulation studies
across multiple platforms, including real-time Hardware-in-
the-Loop (HIL) simulation.

The main function performed by Over Current Relays
(OCRs) is to send a trigger signal to open a breaker when the
current exceeds a designated pick up current value. Extensive
simulation studies and testing is needed during the design
phase of protection coordination that include these devices
in order to ensure proper over current protection. However,
the majority of power system simulation platforms make it
difficult, if not impossible, to exchange models of protection
relays without ambiguity or loss of information. Recently, the
Modelica language [1] and the Functional Mock-up Interface
(FMI) [2] standards have become a viable alternative for model
exchange, such as relay models. These standards have begun
to be adopted by some power system tools that would allow
the exchange of models from the design stage all through
real-time (RT) simulation. To leverage these standards for
power system protection, this paper describes an OCR model is
implemented using the Modelica Language and the Modelica
Standard Library (MSL).
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The increased sensing and need of networking of Infor-
mation and Communication Technologies (ICT) to support
‘smart grid’ functionalities is transforming power grids into
Cyber Physical Systems (CPS) [3], [4]. When designing
new ‘smart grid’ functionalities, a common approach is to
use real-time Hardware-In-the-Loop (HIL) simulation. In this
approach, real-time simulators are used to model the behavior
of an power system so to test ’real world’ relay devices with
an ICT system in HIL configuration. However, it is very
expensive and time consuming to place all of the relays in the
loop. Therefore, a model like the one presented herein that
can be exported using FMI into different platforms, provided
that the real-time simulation platforms support such standards.
This would allow to use a limited number of relays performing
the most important functionalities in HIL configuration, while
having other relays needed in a model coupled to the power
grid performing conventional functions. Such approach would
help mitigating development and testing time because the same
relay models could be used during off-line studies used in
the design phase, without the need of re-implementing them
entirely in a specific real-time simulation platform.

Compared to other modeling languages, the Modelica Lan-
guage offers a more versatile and useful alternative due to
its openly standardized equation-based multi domain object
oriented approach, and has shown to have great potential for
power system protection applications [5]. The goal of the work
is to recreate, test, and validate the OCR presented in [6],
which has been validated against actual hardware. By using
the Modelica language it is possible to take advantage of
model exchange portability in RT and offline simulation, for
example, using power system software such as EMTP-RV [7]
and ePHASORSIM [8]. By using the FMI [2], the relay model
could be used in a larger, real-time, and large-scale power
system models in order to perform protective relay studies of
complex networks such as [9].

B. Related Work

The potential of using the Modelica language to perform
power system studies, and in particular Electro-Magnetic Tran-
sient (EMT) studies needed for power system protection, was
first presented in [10]. Since then, several libraries for the study
of different power system phenomena have appeared, with
[11] summarizing different Modelica libraries and approaches
available to date.



Fig. 1. Functional Diagram of an OCR.

For the scope of this paper, previous work related to EMT
simulation and power system protection are of major interest.
The work in [10] set the basis for accurate modeling of
power system transients. In those days efficient simulation
performance with Modelica tools was still challenging, which
was one of the major challenges to adopt Modelica and
Modelica-compliant tools for most power system studies to
meet the performance of domain specific tools [12]. This
has now begun to change [13]; in the last two years major
breakthroughs in both proprietary tools (i.e. Dymola [14]) and
Open Source Software (i.e. OpenModelica [15]) have been
achieved.

With these advances the use of Modelica and Modelica-
based tools is becoming more feasible for its use beyond
research and academia in the power engineering domain, with
major power grid players beginning to adopt this solution for
their own studies [5], [16]. Of particular interest, a publication
from the Electric Power Research Institute [17] describes the
effective use of Modelica for the analysis of distribution net-
work transients. Meanwhile, Électricité de France [5] describes
how Modelica provides unmatched flexibility for protection
relay modeling as compared to a domain-specific tool in the
design and specification of a protection scheme where a zero
sequence watt-metric relay. The authors highlight that in order
to match specifications, Modelica models have a tremendous
potential to be used towards a formal executable specification
of power system equipment that can be instrumental in veri-
fying relay performance.

The problem of relay performance verification is not trivial,
and requires the use of real-time HIL simulation. HIL requires
the re-implementation of the specified models in a specific
simulation platform used by the real-time simulator. The au-
thors in [6], present the design and implementation of a model
of an over current relay implemented using Simulink, and
deployed within Opal-RT’s real-time targets. The model un-
derwent HIL testing actual hardware relays. Using the results
from this previous work, this paper proposes to develop the
same over current relay model using the Modelica language, to
test in a sample power system and against the model from [6],
and to make it available as Open Source Software so that users
of Modelica and FMI-based tools can re-utilize and improve
upon these results.

C. Contributions
The contributions of this paper are the following:
• To provide an OCR model implemented using the Mod-

elica language.

• To test the Modelica model against the reference
Simulink implementation from [6]. The OCR is also
testing using a power system example application.

• To enable further re-use and portability by making the
model open source.

D. Paper Organization

The remainder of this paper is organized as follows. Section
II will review the modeling and implementation of the OCR
model. Section III performs cross verification of the relay
model against of that in [6]. Section IV illustrates the use
of a model in a simple power system study. Finally, Section
V summarizes the results obtained and outlines future work.

II. MODELING AND IMPLEMENTATION

A. Modeling

Fig. 1 shows the functional diagram of an OCR. The figure
outlines the operations performed by the OCR, from the input
current input signal to the trip time of the fault. Fig. 2 depicts
the OCR and all of the elements that make it up. The OCR
consists of the elements shown in Fig. 2: (a) Zero Order Hold
(ZOH), (b) Low Pass Finite Impulse Response (FIR) filter,
(c) Sampler, (d) Fundamental Filter, (e) RMS conversion, (f)
Extraction of the Time of Fault module, (g) Timer module,
and (h) Operation Time Calculation module. In addition, four
different output signals have been designed for the correct
analysis of the operation of the relay: (I) Time of Fault, (II)
Trip Boolean Signal, (III) Relay Operation Time, (IV) Input vs
Pick Up Current Ratio. Ultimately, the only output of the relay
that will be linked to a power system via the breaker is the
Trip Signal. The three other signals serve as a measure for the
performance assessment of the model. As shown in Fig. 1, the
firs step is to intake the OCR’s current measurement through
a current sensor from the power system. Next on Fig. 1 is the
Analog to Digital Conversion, once the signal is received, the
first part of the ZOH (b) on Fig.2 samples the continuous input
signal per the sampling time given. Next, on Fig. 1 the input
signal is filtered, the FIR filter removes the frequencies not
wanted per the band pass frequency. Lastly, a sampler receives
the signal and down samples it by a factor of two in order to
prevent anti-aliasing effects. Both the FIR filter (b) and the
sampler (c) are shown in Fig. 2. Then, the fundamental of the
signal must be extracted, this happens at (d) on Fig. 2. Finally
the Protection Algorithm initiates from the comparison of the
pick up current and the input current.As shown in Fig. 2. The
Protection Algorithm is made up of: (f) Extraction of the Time



of Fault module, (g) Timer module, and (h) Operation Time
Calculation module.

Fig. 2. Relay model.

B. Implementation

The implementation of the functions is carried out us-
ing the MSL. implementation of the model was approached
form a bottom-up method, where each element was designed
and tested individually before assembling the complete OCR
model.

1) Timer Module: Shown in Fig. 3, this module has the
task of counting the time for which the input current has been
higher than the pick up current. The timer receives the input
current and will output 0 until the input current is greater than
the pick up current (this is when a fault happens). Then, the
switch will activate and a timer will start counting the time
since the fault happened.

Fig. 3. Timer module.

2) Fundamental Filter Module: Fig. 4 shows the Funda-
mental Filter model developed. The purpose of this module
is to receive the sampled current signal and output of the
fundamental magnitude. The signal is split into sine and cosine
components as shown in Fig. 4 in block (a), the signal is
split into real (b) and imaginary (bi) components, then the
mean is extracted using the subsystem ’Discrete Mean Value’
(DMV) found in (c) for the real component and (ci) for
the imaginary component. Finally, the magnitude is converted
from rectangular to polar form in (d). The DMV subsystem
was developed from scratch. The purpose of this module is to

Fig. 4. Fundamental Filter module.

Fig. 5. Discrete Mean Value module.

output the mean of the signal during an average window of
a cycle of a fundamental frequency. The final implementation
of the DMV is shown in Fig. 5.

3) Calculation of Operating Time Module: As seen in Fig.
6, the Calculation of Operating Tine module calculates, using
the equation:

T =
C

Iα

Is
− 1

∗ TMS (1)

where T - relay operating time, C - relay characteristic
constant, Is - pick up current, I - input current, α - inverse
time type constant (greater than zero), and TMS - time
multiplier setting. The operating time of the relay is governed
by the type of relay that is being modeled, which is varied
depending on the C and α values as seen in Table 1.

One important implementation consideration is that when I
= Is, the denominator will equal 0, causing a division by 0
error. This was addressed by implementing the y3_1 block
highlighted in a red box in Fig. 6, which takes the result of
the denominator into the block and performs the following
operation:

y =
1

max(x, eps)
(2)

where eps is the tolerance level and x is the denominator.
The time for which the relay will trip the on signal will be
affected by the tolerance that is set. Each type of relay has

TABLE I
TYPES OF RELAYS DEPENDING ON C AND α VALUES.

Type of Relay α C
Standard Inverse (SI) 0.02 0.14

Very Inverse (VI) 1 13.5
Extremely Inverse (EI) 2 80

Long Inverse (LI) 1 120



Fig. 6. Calculation of Operating Time module.

a different tolerance level in order to obtain the correct trip
signal. For the Standard Inverse relay eps = 0.041% , for the
Very Inverse relay eps = 0.07% and for the Extremely Inverse
relay eps = 0.102%.

4) Extracting Time of Fault Module: This model is simple
and its purpose is to detect the fault and output the time of
the fault. Fig. 7 depicts the Extracting Time of Fault module.
When the signal input u is received by the module comparing
if its greater or equal to one. If true, then output will be the
time for which the fault happened, if false, then the output is
1.

Fig. 7. Extracting Time of Fault module.

III. CROSS VERIFICATION

In order to verify if the OCR model performs adequately
it was necessary to capture the input signal that goes into the
OCR (from Simulink) and reproduce it in Modelica. Fig. 8
displays the input relay signal.

The signal is provided to the Modelica model using a
time table, that acts as an input source for the relay and en-
sures a common input when comparing both implementations
(Simulink vs. Modelica). Fig. 9, shows how the time table

Fig. 8. Input Fault Current Signal (Modelica).

Fig. 9. Implementation of the relay model with the time table as a source.

is a source. Because there is more than one type of relay to
characterize each within the same model, the information is
encapsulated in a package that contains all data required to
model each relay type. Fig. 9 also shows how Modelica
records were created in order to implement the four relay
types and easily switch between them.

As shown in Fig. 10, the results are satisfactory. The model
attained similar as the Simulink model from [6]. On average,
the trip time discrepancy was 0.44% between the trip signal in
Simulink vs the trip signal in Modelica. These discrepancies
are likely due to the different numerical solvers used in the
simulation tools.

Fig. 10. Signal Trip Time depending on the relay type.



IV. SIMULATION PERFORMANCE AND IMPACT ON REALY
PERFORMANCE

In Modelica-compliant tools, in order to perform a sim-
ulation, the model needs to be flattened, teared, and finally
transformed into the programming language for which the
there are various different types of integration methods. The
user must choose the numerical solver to be used for this
purpose. In this process, the first step is to create the model in
the Modelica language and choose the solver to be used. The
second step, carried out automatically by the Modelica tool,
is to convert the model to C language including the numerical
simulation solver chosen by the user.

The user can repeat this process to and select different built-
in solvers in order to asses the validity of the solution or to
determine the most efficient solver for the model chosen [18].
The Dymola software provides 10 different variable step-size
integration’s methods that can be used, in addition to multiple
fixed time step simulation solvers. Observe that power system
tools do not provide any choice of solvers, and typically use a
trapezoidal integration routine, which makes simulation very
slow. To illustrate the advantages of Modelica tools, for all of
the simulations presented on this paper, the Dassl solver was
used.

To understand the choice of this solver, this section presents
results on using all different variable time step solvers. In
addition, this is also useful to determine which solvers are
not suitable for use with the relay model. To asses the impact
of the solver on the relay model’s simulation, a trip time
signal for a SI OCR was compared for the following solvers:
Dassl, LSODAR, Dopri45, Esdirk45a and Cerk45. For these
integration methods, the model successfully compiled and gave
the same output of 3.7 seconds. However, the elapsed time for
the simulation was drastically different. The parameters for the
solver were: 500 intervals, .0001 tolerance, 0 start time and
5 seconds end time. The comparison between simulation time
with different solvers is seen in Fig. 11.

As seen in Fig. 11, the best solvers to use are Dassl
and LSODAR, which take around 15.7 seconds to perform a
simulation. However, the time to integrate for the other three

Fig. 11. Solver Simulation Time Comparison

Fig. 12. Power system with OCR

solvers (Dopri45, Esdirk45a and Cerk45) increase dramatically
to around 1000 seconds. Observe that all solvers had the same
trip signal output time for the OCR, hence, solver accuracy
was not an issue.

V. APPLICATION EXAMPLE

To illustrate the use of the model for power system protec-
tion studies, Fig. 12 shows a simple power system containing
the relay and the following components: (a)1 phase 230 kV
voltage source, (b)1 phase 1 km π model transmission line, (c)
current sensor, (d) 1 phase circuit breaker, (e)1 phase resistive
load, (f) ground, (g) current transformer, (h) the OCR, and (i)
a line to ground fault. This power system was taken from an
example found in [19].

In Section III, there were 4 outputs that were measured in
order to asses how the relay was working (Time of Fault,
Trip Boolean Signal, Relay Operation Time, Input vs Pick Up
Current Ratio). However, In Fig. 12, it shows how only one
of the outputs is utilized: the Trip Signal. This is a Boolean
signal where the relay Fig. 12 (h) will alert the breaker Fig.
12 (d) whether a fault has been detected and signal when the
breaker should open/close. therefore the only links between
the power system and the relay model are: the real system
current input and the Boolean output that communicates with
the breaker.

Fig. 13 is a snapshot of the source current, load current
and the relay trip signal for an extremely inverse relay model.
From the top subplot of Fig. 13, the source current spikes at
t = 2 secs, and then goes to 0 A, at t =2.68 secs. The load
current in the middle subplot in Fig. 13, shows how it goes to
0 A at t = 2.68 secs. Finally, the trip Boolean signal on the
bottom subplot of Fig. 13 becomes true at t = 2.68 secs. This
shows the correct operation of the OCR.

The fault contains a switch with a resistance of 1000 Ω
that is activated after 2 seconds. The relay was evaluated by
looking at the trip time value depending on the type of relay
as seen in Table 1. The results were satisfactory. On average,
the discrepancies of all of the different relay types were just
0.40% off of the trip values from [6] as seen on Fig. 14.
Discrepancies are likely due to the different numerical solvers
used by each tool.

VI. CONCLUSION

This paper described the implementation of an OCR model
in Modelica. The tests performed on the model were satisfac-



Fig. 13. OCR power system result.

Fig. 14. Signal Trip Time depending on the relay type.

tory. The cross verification matched the results obtained in [6].
The power system application example gave further validation
in cross verification, assuring that them model provides the
expected behavior of an OCR relay in a power system.

In future work, the model will be assessed in other
tools using the FMI [2] standard in order to run real-time
simulation in ePHASOR SIM [8] and EMTP-RV [7]. To
enable re usability and portability the model above has been
made available as open source software in the following
GitHub repository, facilitating research reproducibility and
reuse:
https://github.com/alsetlab/2019_clayton_

griffin_overcurrentrelay
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