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Abstract—The reliability and security electrical supply is an
important factor in modern society. However, the increasing
complexity of power systems makes it difficult for protection
operation to achieve these objectives. Nevertheless, numerical relays
embedded with digital signal processor (DSP) are able to improve the
protection operation significantly. The relays are capable of
performing complex processing faster and with higher accuracy since
the processing using DSP are optimized for real-time signal
processing. In this paper, an overcurrent relay is built and
investigated using DSP, TMS320F2812. The overcurrent protection
is chosen since it is used as a major protection in the distribution
systems. The overcurrent relay is modeled in MATLAB/Simulink
before it is implemented on the DSP. Comparison results between
simulation and hardware execution based on two implementation
methods are presented. The performance evaluation of the relay in
terms of operation time, memory capacity usage, execution time and
transient analysis is investigated.
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I. INTRODUCTION

ROTECTIVE relays greatly impact power systems.

Protective relays are used to detect any abnormalities in
a power system and isolate the faulty part of the system in the
shortest time. Protective relays are designed to maintain high
degree of service continuity and limit equipment damage in
the power systems. Severe disruption to the normal routine of
modern society such as power outages is likely to increase the
emphasis on reliability and security of supply electrical energy
to consumers [1].

The expanding of power systems such as intense increase of
transmission line capacity and increase of grids looping degree
will increase the complexity of power system. This will cause
the protection operation to become more difficult [2]. The
protective relays encounter several problems as revealed in
[2]. The present protection technique used is unable to ensure
selectivity and speedily operation for the faults appearing on
the entire protected line.

Numerical relays are able to improve the performance of the
protection operation considerably. Numerical relay are
embedded with specialized digital signal processor (DSP) as

396

the computational hardware [1]. By using DSP as the relay’s
processor, the relay is capable of meeting the fundamental
protective requirements such as reliability, sensitivity,
selectivity and speed [3]-[4]. Therefore, the use of numerical
relays will soon replace previous relays technology such as
digital relays, static relays or even electromechanical relays.

The processing of numerical relays using DSP is also
optimized for real-time signal processing applications [1]. As
a result, the relay is capable of performing complex digital
signal processing to detect fault faster and more accurately
compared to previous relay technology. As a result, the
reliability of the relay also increases. Furthermore, the usage
of the numerical relays is not limited for protection only. This
high performance relays is also enabled with advanced
communication, self-supervision, ability to control, metering
and also event recording [2], [5].

Numerical relays provide a wide range of protection
functions such as overcurrent, directional overcurrent,
undervoltage, overvoltage and also other types of protection
[6]. Overcurrent protection is considered as the backbone of
any protection strategy especially in distribution systems [7]—
[8]. Distribution systems being the largest portion of the
power system network, therefore the diagnosis of faults in this
system is a challenging task. The faults that occur in
distribution systems will affect the power system reliability,
security and quality [9].

For the overcurrent protection, the relay operates with or
without an intended time delay and trips the associated circuit
breakers when the current flowing into the relay exceeds a
setpoint value [10]. Overcurrent occurs due to presence of
faults or overload conditions. For the faults caused by short
circuit, the current present may be many times larger than its
normal value. Meanwhile, overloads occur if the current
exceeding the rated value. These phenomena can cause serious
problems because the present of large amount of current may
have severe damage to both the faulty part and healthy part of
power system [11].

Even a short duration of transients in voltage and current
may affect the operation of the protection relays. As a result,
this will cause the relays to fail-to-trip or mal-trip event to
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occur [12]. Fail-to-trip occurs when the relay fails to trip in the
presence of faults. Mal-trip occurs when the relay trips even
though it is in healthy condition. Thus, in this paper a high
speed improved protection for transient faults by using
numerical relay is implemented and its performance is
examined.

The overcurrent relay is built using numerical relay
technology such that the processor used in the relay is a DSP.
A DSP from Texas Instruments, TMS320F2812 is chosen to
build the overcurrent relay according to inverse definite
minimum time (IDMT) characteristics. TMS320F2812 is a
high performance processor which is operating at frequency of
150MHz [13]. The improved Harvard architecture of
TMS320F2812 enables processing of high amount of data.
This processor provides high speed precision calculation for
the mathematical algorithm involved in the processor [14].
These features are very suitable to implement the overcurrent
relay for control applications.

In this paper, the performance of the implemented
overcurrent relay on that DSP is evaluated. The relay’s
operation time is essential to be evaluated since it is used to
determine the time for the relay to start to operate to trip the
circuit breakers. The time delay can be critical for protection
selectivity and system stability [15]. Thus, the process to
obtain the relay’s operation time should be performed as fast
as possible. The time taken by the relay to obtain the output is
also known as execution time. The execution time is examined
along with the usage of memory capacity by the protection
algorithm. Lastly, the relay is tested under transient
circumstances, where a transient input is supplied into the
relay. This is to ensure that the relay is able to detect transient
faults.

In this paper, the implementation of overcurrent relay using
TMS320F2812 is described. The overcurrent relay is modeled
in MATLAB/Simulink before it is implemented on a DSP.
Comparison results between simulation in
MATLAB/Simulink and execution on TMS320F2812 based
on two implementation methods are presented. For the first
method, the simulation model from MATLAB/Simulink is
directly downloaded into the DSP whereas for the second
method, code in C programming is written on the DSP to
represent the relay. The performance evaluation of the relay is
in terms of operation time, memory capacity usage, execution
time and transient analysis.

II. DIGITAL SIGNAL PROCESSOR (DSP)

DSP is a specific microprocessor that is designed for
typical mathematical operations to manipulate measured
digital data. DSP is capable of processing data speedily and
generate output data in real-time. The additional hardware
units embedded in the processor will speed up the
computational of sophisticated mathematical operations [16].
Hence, this will reduce the memory capacity and number of
execution cycles in the processor. As a result, the DSP
operates faster.

Texas Instruments is a leading company producing DSPs.
There are three types of DSPs families depending on its
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application. C2000 family is efficient function for real-time
control applications and C5000 family is focused on mobile
system with very efficient power consumption. Lastly, C6000
family is used for image processing, audio and communication
applications [16]-[17].

Since, the C2000 family is competent for real-time control
application, it is chosen to implement overcurrent relay as
discussed in this paper. The processor selected is
TMS320F2812. TMS320F2812 is a high speed fixed-point
processor operates at 150MHz. This processor is also
equipped large memory capacity of 18K words on-chip RAM
and 64K words off-chip SRAM memory that sufficient to
store large program [13].

Furthermore, the processor is also equipped with 12-bit
analog-to-digital converter (ADC) core with built-in dual
sample-and-hold (S/H). The ADC has fast conversion time
which runs at 25MHz. With the autosequencing capability, the
ADC provides up to 16 autoconversions in a single session
[18]. All these features are very suitable for overcurrent relay
implementation.

III. CHARACTERISTICS OF OVERCURRENT RELAY

The IDMT overcurrent relay is used as the primary scheme
to protect power systems [19]. For IDMT characteristics, the
relay starts to operate after an intended time delay. The time
delay is also known as operation time. The advantage of the
IDMT characteristics is that the greater the fault currents, the
shorter are their operating time [20].

According to IEC 255-3 standard which is used by some of
the protective relay manufacturer [21]-[25], the characteristics
of IDMT relays are represented as in (1). Different types of
inverse characteristics such as standard inverse, very inverse,
extremely inverse and long inverse can be obtained by varying
a and C values.

t= L x TMS
Is (1

where t - relay operation time
C - constant for relay characteristics
TMS - time multiplier setting
I - current detected by relay, I > Ig
Is - current setpoint

0 - constant representing inverse time type, o> 0

IV. OVERCURRENT RELAY SIMULATION MODEL

The overcurrent relay is modeled in MATLAB/Simulink
before it is implemented on a DSP as shown in Fig. 1. The
IDMT relay is built based on IEC 255-3 standard as described
in previous section. Different types of inverse characteristics
which are included in the relay simulation model are standard
inverse, very inverse and extremely inverse.

In the simulation model, the input currents are supplied with
sine waveform of 50Hz. Different input values are supplied in



INTERNATIONAL JOURNAL OF SYSTEMS APPLICATIONS, ENGINEERING & DEVELOPMENT

Issue 3, Volume 5, 2011

TABLE L.
PARAMETERS FOR DIFFERENT TYPES OF INVERSE CHARACTERISTICS

Relay Characteristics Type o C
Standard inverse 0.02 0.14
Very inverse 1 13.5
Extremely inverse 2 80
Long inverse 1 120

order to evaluate the performance of the relay under different
circumstances. The inputs are quantized because the operation
of a numerical relay is processed in digital form.

The input currents are sampled at sampling frequency of
1kHz [19]. The sampling frequency must be at least twice of
the fundamental frequency. This is to ensure that the Nyquist
criterion is fulfilled so that the aliasing of the input signals are
avoided. With this sampling rate, 20 input samples per cycle
are obtained.

These samples are used to compute root mean square
(RMS) of the input current. The RMS computation is
necessary in order to extract the fundamental component of
the input current samples.

Next, these calculated RMS currents are supplied into the
relay for evaluation and decision making inside relay [26].
These values are used by relay protection algorithm to
determine the operation time.

The flow chart of the protection algorithm for overcurrent
relay is shown in Fig. 2. The protection algorithm requires
current setpoint value, TMS and type of inverse characteristics
to determine the operation time. In this simulation model, very
inverse characteristic of IDMT type with TMS of 0.1 is used
to investigate performance of the relay.

The calculated RMS values are then compared with current
setpoint value to obtain the current ratios. In this proposed
model, the current setpoint is set as 150A. If the current ratio
is more than 1, this indicates that the RMS input current
exceeded the setpoint value. Hence, the protection algorithm
embedded in the relay starts the process to determine the
operation time.

The operation time is calculated accordingly based on
inverse characteristic of the IEC standard, refer to (1). The

operation time obtained is compared with a timer. The relay
will trip if the operation time exceeds the timer and an output
tripping signal is generated.

The simulation model of IDMT overcurrent relay is used to
implement on the DSP, TMS320F2812. The performance of
overcurrent protection on the DSP is examined. Comparison
results between the MATLAB/Simulink simulation and
hardware implementation are presented.

V. IMPLEMENTATION METHODS

There are two types of implementation methods used to
implement IDMT overcurrent relay on the DSP,
TMS320F2812. For the first method, the overcurrent relay
simulation model from MATLAB/Simulink is directly
downloaded into the DSP. Meanwhile, for the second method,
code in C is written on the DSP to represent the relay.

A.  Downloaded Simulation Model

In the first implementation method, the simulation model
from Fig. 1 which was simulated in MATLAB/Simulink is
directly downloaded into the DSP. The relay simulation model
which uses Simulink blocks is implemented on the DSP. The
Simulink model is converted into a compatible code so that it
could be read by the processor and executed in real-time
implementation. The integration between MATLAB and
Texas Instruments will automate the process of generating the
compatible code for the processor. Then, the generated code is
complied, linked, downloaded and executed on the processor
[27].

In order to view the results from the execution using this
implementation, the simulation parameters are stored in the
memory of the processor. Each parameter is stored in different
memory location of the processor. The stored parameters are
RMS value, current ratio and operation time. The stored
parameter results are automatically updated while the
processor is running. After the execution, the results can be
viewed from the particular memory locations from an
interface developed by Texas Instruments called as Code
Composer Studio (CCS) Integrated Development Environment
(IDE).

Discrete,
Ts =0.001s.
F2812 eZdsp
Convert P In RMS P N1 out1 >
Input Current  Data Type Conversion 1 Output Tripping
Supply Discrete IDMT Civercurrent Signal
RMS value Relay Subsystem
> Convert P
Data Type Conversion 2 To Mernory
Wirite To Memory Address1
»

Fig. 1. The simulation model of overcurrent relay
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Fig. 2. Flow chart of the protection algorithm for overcurrent relay

B.  Written C Code

For the second method, the overcurrent relay model is
written in C code rather than downloading the simulation
model from MATLAB/Simulink into the DSP. The code is
written such that it has same functionality as in the simulation
model.

In the written code, the sine waveform for input current of
S50Hz is generated. The input currents are also sampled at
sampling rate of 1kHz. Then, these current samples are
buffered in the processor before proceed to compute RMS
values. This is to ensure that the DSP has accurate number of
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input data per cycle to compute the RMS current. The RMS
computation used in the written C code as in (2).

RMS =

3 |-

5 72 ()
=0

n

where n - number of samples
I - current value

The RMS values are used to calculate the current ratio
before proceed to determine the operation time. The same
protection algorithm from simulation model is used. Once the
relay setting is selected, the relay will trips if the RMS input
current exceeds the current setpoint value and after the
operation time is satisfied.

In order to ensure that the relay is operating correctly, the
output tripping signal is buffered in the processor. The results
of the RMS value, current ratio, operation time and output
tripping signal are also viewed from CCS.

Comparison results for the relay operation time between
MATLAB/Simulink simulation and execution on the DSP for
two different methods are performed. Others performance
analysis such as memory capacity usage and execution time
for both implementation methods are presented. Lastly, the
transient performance testing is performed for the written C
code only.

VI. HARDWARE IMPLEMENTATION
The implementation for the overcurrent relay consists of
DSP, TMS320F2812 and a computer as the DSP host. The

block diagram of the hardware implementation is shown in
Fig. 3. The DSP of TMS320F2812 is built on a board called as

DSP Host

Written C code of
overcurrent relay

l Downloading

Target for TI C2000
Embedded IDE link
Third-party development tools

Simulink model of
overcurrent relay

Implementing

DSP, TMS320F2812

Fig. 3. Hardware implementation of overcurrent relay on TMS320F2812
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Fig. 4. The block diagram of the basic configuration for eZdsp TMS320F2812

eZdsp TMS320F2812. The eZdsp TMS320F2812 is a stand-
alone board that allows full speed verification of
TMS320F2812 code [28]. The block diagram of the basic
configuration for eZdsp TMS320F2812 is shown on Fig. 4
[28].

There are two types of methods used to implement the
overcurrent relay on the DSP. In the first method, the
simulation model is directly downloaded into the DSP. The
simulation model is required to be converted into a compatible
code that could read by the processor. This is achieved with
incorporation of Texas Instruments and MATLAB to produces
specialize MATLAB’s toolboxes for the processor. The
toolboxes are Target for TI C2000 and Link for Code
Composer Studio [27]. The combination of Target for TI
C2000 and Real-Time Workshop enables CCS to act as an
integrated environment which does not require coding.

The executing code is automatically generated from Real-
Time Workshop which used by Target for TI C2000. Then,
the Texas Instruments development tools generate a C
language real-time implementation of the Simulink model.
The Real-Time Workshop also builds a CCS project from the
C code. The generated source code must be compiled and
linked by using CCS so that it can be loaded and executed on
the DSP. The Target for TI C2000 uses Link for Code
Composer Studio to start the code building process within
CCS [27].

Meanwhile for second method, code in C is written on the
DSP to represent the relay. The written code in the second
method is required to be written in the CCS. Then, the written
code is also complied, linked, downloaded and executed on
the processor using CCS. After downloaded the executable
code on the processor, the code runs wholly on the DSP.

Either the code is generated automatically by the simulation
model or by written, this code is downloaded into the
processor through the DSP host using parallel port connector.

The eZdsp TMS320F2812 is implanted with a parallel port
interface to enable process for loading the code from CCS into
the processor. The processor is hosted on a Core 2 Duo
2.13GHz computer. All the results from the DSP execution for
both implementations are viewed from CCS either in the form
of graph or value.

VII. RESULTS

The results obtained from MATLAB/Simulink simulation
and execution on the DSP for the overcurrent relay is
described in this section. The performance parameters used to
investigate the implemented relay are presented. The
performance parameters are operation time, memory usage,
execution time and transient analysis.

A. Operation Time

The operation time of the overcurrent relay is the time delay
that the relay should fulfill before it trips the circuit breakers
in the distribution system. The relay is required to trip at right
timing to avoid any fail-to-trip or mal-trip event. In order to
investigate the accuracy of operation time obtained from
simulation and also different implementation methods on the
DSP, different input current values are supplied into the
overcurrent relay. The results from MATLAB/Simulink
simulation and execution on DSP for two different methods
are shown in Table II.

From Table II, the operation time is obtained for very
inverse type characteristics of the IDMT overcurrent relay
with TMS of 0.1. The current setpoint of the relay is set as
150A. The relay will start to compute the operation time if the
RMS input current exceeds the setpoint value. Thus, the
processor must be able to operate efficiently in the real-time to
detect the input current value. Failure to detect the fault
current is likely to cause damage to the equipments and place
the entire plant in danger.
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TABLE II.

OPERATION TIME OF THE OVERCURRENT RELAY FROM MATLAB/SIMULINK SMULATION AND EXECUTION ON DSP

Amplitude Operation time (s)
input - - - -
current (A) According to Slmulatlon. from Execution on DSP
IEC standard MATLAB/Simulink Downloaded Written C code
simulation model
170 - - - -
210 - - - -
213 329.9419 329.9 324.6737 329.9426
227 19.2614 19.26 19.34454 19.26133
500 0.9948 0.9948 0.994825 0.9948252

The operation time obtained from the simulation and
hardware implementations have small variation as shown in
Table II. The written C code which is embedded in the
processor produces closely same results as in the simulation
and according to IEC standard. The operation time obtained
from written C code has higher accuracy compared to
downloaded simulation model.

Since the overcurrent relay will only compute the operation
time when the RMS input exceeds the setpoint value thus
there are no results obtained for the RMS input current less
than the setpoint value. These are shown for the amplitude
input current of 170 A and 210A.

For the amplitude input current of 213A is the minimum
value that could cause the relay to trip since the ratio of this
input value is 1.004. With this minimum input current value,
the theoretical value obtained for the operation time is
329.9419s. Compared to MATLAB/Simulink simulation is
329.9s and execution on the DSP using downloaded
simulation model and written C code is 324.6737s and
329.9426s respectively.

B. Memory Capacity

The memory capacity used by the implemented overcurrent
relay on the DSP for both types of implementation methods is
investigated. The memory usage is evaluated in order to
examine the effect of memory capacity usage compared to
execution time used by the protection algorithm of overcurrent
relay.

The memory capacity of the 32-bit processor used in the
hardware implementation shows a large difference between
downloaded simulation model and written C code. The
downloaded simulation model into DSP requires large amount
of memory usage to store the automatically generated code by
MATLAB. The memory capacity used by the downloaded
model is 3639 addresses and written C code is 2681 addresses.
By writing C code for the relay, small memory allocation is
used to store the program in the processor.

C. Execution Time

The execution time is the time taken by the implemented
overcurrent relay on the DSP to execute the protection
algorithm in real-time to obtain the operation time. The
execution time taken by both implementation methods is
obtained.
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The execution time is obtained by using General Purpose
Input Output (GPIO) port of the processor. A GPIO pin is
used to toggle at the beginning and at the end of the protection
algorithm. Then, the GPIO is used to observe the time period
of positive pulse width using an oscilloscope. The time period
of positive pulse is the execution time used by protection
algorithm.

As shown in Table III is the execution time obtained for
both implementation methods. By using written C code for the
algorithm, the execution time obtained is 740us compared to
downloaded simulation model is 50us. The execution time
obtained is shorter by downloading the simulation model. This
is due to the automatically generated code is optimized for
real-time implementation, thus it has faster operation time
compared to the written C code.

The written C code has longer execution time because the
RMS computation took 720ps to complete computation for an
input cycle. The execution time of the RMS computation for
written C code is shown in Fig. 5. Almost 97% of the
execution time is contributed in the RMS computation. This is

TABLE III.
EXECUTION TIME FOR THE IMPLEMENTED OVERCURRENT RELAY ON DSP

Implementation methods Execution time (s)

Downloaded simulation 50
model
Using C-Language 740

written C code

T

Type

Source
CH1

1 at 72005
1 & 1333z
1 o 3200

------- Tusor1

Fig. 5. Execution time of the RMS computation for written C code
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caused by the input current which is generated in the program
itself. Since, the input is required to be buffered in the
processor to obtain 20 samples per cycle before perform the
RMS computation. Thus, there is a looping process for 20
times and this cause more time for the written C code method.
Overall, the downloaded simulation model method uses
larger memory capacity but execution time is shorter
compared to written C code which uses less memory capacity
but execution time is longer. However, the operation time
obtained from written C code has higher accuracy compared to
the downloaded simulation model. A slightly change of the
input current value will affect the operation time drastically.

D. Transient Testing

Transient currents that are generated due to non-fault events
should not lead to trips the relay. In order to avoid this, the
overcurrent relay must be able to detect and process the
information of the input efficiently. The transient testing is
performed on the implemented relay to test the capability of
the DSP to detect sudden change of input current so that fail-
to-trip or mal-trip event is avoided.

In this testing, the transient waveform is supplied into the
overcurrent relay rather than fixed programmed amplitude
waveform. In the testing, a transient input current is injected
into the relay for the written C code implementation. This is
because by using C code program, a real-time testing is able to
be carried out by supplying transient input from function
generator into the DSP.

The DSP is embedded with an ADC. Hence, this will ease
the process of converting the inputs into digital before it is
processed in the processor. By using this internal ADC, it will
eliminate the time delay caused by using external ADC during
transferring data from the ADC to DSP. Since, the embedded
ADC on the processor is utilized, slight modification on C
code program for the input part is required. The ADC is
initialized in order to employ the ADC peripheral on the
processor.

The input current is scaled down before supplied into the
processor. This is due to the analog input supplied into the
ADC must be in the range between 0-3V. If the analog input is
exceeded, the ADC on the processor will spoil. Thus, the input
is scaled down such that the maximum input current is 1273 A
(RMS*\2) corresponding to 2.6V peak-to-peak value is
assumed as it is the acceptable value for the protection
algorithm of an overcurrent relay.

Fig. 6. Transient waveform created by external circuit
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The transient waveform is produced from an external circuit
that triggers a transient to the input supply from the function
generator when activated. The external circuit consists of
capacitor which will discharge charges when activated and
transient is generated.

In the testing, input current is initially supplied with
amplitude of 188A and current setpoint for the relay as 161A.
Since the transient is randomly generated, thus different
transient values are obtained each time. Fig. 6 shows the
transient waveform obtained with maximum value of 395A.

The result of transient testing is shown in Fig. 7 and Table
IV. Table IV shows the values for current ratio and trip value
before and after transient. From the results obtained, the
implemented relay proves its capability to detect the transient
waveform. The transient occurs during the input current cycle
of 2 and 106 and as a result, the RMS input current exceeds
the setpoint value, hence the trip value becomes 0. In the next
current cycle, when the input current changes back to steady
conditions, the trip value becomes 1 again as shown in Fig. 7.

The DSP is able to detect the transient waveform each time
it is triggered. Since, the transient generated is not a fault
event it will not cause the relay to trip as observed from the
experimental testing. This transient testing shows that the
implemented overcurrent relay on the DSP is proficient to
detect transient waveform and able to process the input current
waveform correctly and efficiently to avoid fail-to-trip or mal-
trip to occur.

1o | ln.

=
e

0 20 40 60 80
ratio trip value

100 120

No. of current samples

Fig. 7. Current ratio and trip value and for transient testing

TABLE IV.

CURRENT RATIO AND TRIP VALUE FOR PARTIPULAR INPUT CYCLES
No. of input | Current ratio Trip value
current cycles

1 0.8277733 1
2 1.1015990 0
3 0.8214784 1
104 0.8324944 1
105 0.8277733 1
106 1.0433720 0
107 0.8230520 1
108 0.8104624 1
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VIIL

This paper describes the performance evaluation of
protective relay using DSP, TMS320F2812 for overcurrent
protection. Results clearly indicate that the operation time
obtained for both implementations methods are similar to IEC
255-3 standard. However, the downloaded simulation model
method uses larger memory but its execution time is shorter
compared to the written C code method which uses less
memory but its execution time is longer. For transient
analysis, the relay is proficient in detecting transient input.
The DSP based overcurrent relay using both implementation
methods are proven to provide adequate reliability and
security with improved performance. In future, the method
selected to implement the overcurrent relay will depend on the
preference of memory usage or execution time of the
protection algorithm. Future works include implementing the
relay on the DSP using artificial intelligence.

CONCLUSIONS
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