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Abstract— Power Systems Computer Aided Design
(PSCAD™) is a graphical user interface for the Electromagnetic
Transient Direct Current (EMTDC) type program.
PSCAD™/EMTDC is used in this paper to simulate the injection
of static single-line-to-ground (SLG) faults located at 120%,
100%, and 80% of the cable length on the ship, and protect the
electrical system wusing the error back propagation (EBP)
algorithm-based relay. Sequential and combinational digital
logic is used to design and implement the EBP Relay in
PSCAD™/EMTDC.

Index Terms-- Algorithms, Artificial neural networks, Fault
currents, Fault diagnosis, Fault location, Power system modeling,
Power system stability, Protective relaying

1. INTRODUCTION

HIS paper implements an error back propagation (EBP)

relay in Power Systems Computer Aided Design
(PSCAD™). PSCAD™ is a graphical user interface for the
Electromagnetic Transient Direct Current (EMTDC) program.
The EBP algorithm-based relay is designed using sequential
logic network diagrams in Fig. 3. These diagrams allow the
design of the EBP-based digital logic circuit that is a function
as a mho relay protection device in PSCAD™/EMTDC. This
EBP-based relay is implemented for a shipboard electrical
distribution system [1] and is designed to simulate responses
to single-line-to-ground (SLG) faults as shown in Fig.1. The
SLG faults are statically injected at 120%, 100%, and 80% of
the shipboard electrical distribution (power system) line as
described in Fig. 1. In addition, the EBP-based relay model
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can search for these static SLG fault locations used on
simulated data in the PSCAD™/EMTDC simulation
environment.

II. TECHNICAL WORK PREPARATION

PSCAD™/EMTDC version 4.2.1 Educational used here.
The design of the EBP relay is discussed in this section.

A. Sequential Logic Diagram

The first step is to define a series of inputs for the sequential
logic network representing the artificial neural network (ANN)
as in Table 1. The resistance from is labeled “A” and the
reactance from is labeled “B” as shown in Table 1.

TABLEI
VARIABLES FOR SEQUENTIAL LOGIC NETWORK DESIGN

Resistance (R)

Reactance (X)

Fault at 80% of line

Fault at 100% of line

Fault at 120% of line

< |=|o|Q|w| >

Output

Table I displays the resistance “A’ and reactance “B” inputs
imported into the artificial neural network (ANN) diagram
displayed in Fig. 2. In addition, Table I displays inputs “C”,
“D”, and “E” are static single-line-to-ground (SLG) fault
insertions at particular locations on the shipboard electrical
distribution system. The input “C” is a fault inserted at 80% of
the line, Input “D” is a fault insertion at 100% of the line, and
input “E” is inserted at 120% of the line. Finally, “Y” is the
output that controls the response. Each of these variables is
passed to a sequential logic fault-locating diagram as in Fig. 3.

An artificial neural network (ANN) is a network of neurons
that each have thresholds that control if a “1” or “0” is set. A
neuron is very much like “AND”, “OR” and “XOR” digital
logic gates. Thresholds help determine how a neuron reacts,
and simulates digital logic gate function. Moreover, digital
logic gates thresholds define if the gate is a “AND”, “OR, or
“XOR” gates. High thresholds may render a “AND” truth
table. In turn, low thresholds may render an “OR” [2]. The




ANN network (displayed in Fig. 2) helped to derive a reduced
state machine diagram in Fig. 3.
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Fig. 1. Shipboard power system modeled in PSCAD™/EMTDC.

80% of the line. If this case is satisfied then the states change
from S; to S, and output “Y” remains “0”. When Y is set to
“0” a no trip is generated. This means that although a fault
exists it still needs to be located and the search for fault must
continue resulting in “0” set to no trip status until fault is
located within a smaller range. At S, if a fault occurs at less
than 100% of the line the state changes to state S; and the
output “Y” changes to “1”. This means the fault is located
between 80% and 100% of the line. However, the other option
in state S, if a fault is located at greater than 100% of the line
the state changes to S4 and the output “Y” remains “0”.

Fig. 2. The ANN diagram displays the error back propagation (EBP)
algorithm. This uses the characteristic impedance values from
PSCAD™/EMTDC.

Theoretically, The error back propagation (EBP) algorithm
starts at a high error value at the initial state of the system, of
So, in Fig. 3 as output “Y” is set to “0”.

The reduced sequential logic network searches for a large
increase in resistance or reactance values of inputs “A” and
“B” from Table 1. If inputs “AB” has a large increase in value
then value is “1” and state changes to S; in Fig. 3. If there is
no change in and value is “0” for inputs “AB” the state returns
to Sy in Fig. 3. From S, output “Y” remains “0” and an option
occurs of search for a fault at less than or equal to 80% of the Fig. 3 Reduced and redesigned sequential logic diagram used as a state
line. If this condition is satisfied while in state .S; then the state machine [2].
changes to state S; and output Y is set to “1”. This means the
fault is located at less than or equal to 80% of the line in Fig.
3. When Y is set to “1” a trip is generated. However, the other
option is the diagram in Fig. 3 is if a fault exists at greater than

Fault < 120%

Finally, at state S, if the state changes to state S; the output
“Y” changes to “1”. This means that a fault exists between
100% and 120% of the line. On the contrary, at state S, if a



fault exists at greater than 120% of the system line that is
beyond the scope of the search. This results in the return to Sy
where the output “Y” remains “0” and the error remains
constant resulting in a back propagating search for a fault.
This means that no fault exists on the system and will result in
a loop back to Sy for the iterations of the search performed
previously. The search will continue to propagate through
each state until a fault is located. If no fault is located it will
loop to state Sy until a fault is found. The neurons are being
trained to locate a SLG fault in real time and the errors will
decrease as the system learns the EBP algorithm.

B. Truth Table

As described in the sequential logic diagram section all
steps taken from states Sy, S;, S, S; and S, can be tracked on
Table II. The truth table of Table II contains inputs that are
represented as: “A”, “B”, “C”, “D”, and “E” from Table I
contribute to the state diagram of Fig. 2 and how each state
transition in Table II. How this truth table works is the inputs
are represented as “1” active, “0” inactive and “X” as don’t
care.

TABLE 11
SEQUENTIAL LOGIC TRUTH TABLE [2]

A B C D E So S S5 So’ S S5 Y
So 1 1 X X X 0 0 0 0 0 1 0
1 0 X X X 0 0 0 0 0 0 0
0 1 X X X 0 0 0 0 0 0 0
0 0 X X X 0 0 0 0 0 0 0
S X X 0 X X 0 0 1 0 1 0 0
X X 1 X X 0 0 1 0 1 1 0
S> X X X 0 X 0 1 0 1 0 0 0
X X X 1 X 0 1 0 0 1 1 0
S X X X X X 0 1 1 0 1 1 1
Sy X X X X 0 1 0 0 0 0 0 0
X X X X 1 1 0 0 0 1 1 0

The states Sy, S;, and S,, are also feedback inputs. These
feedback inputs are the error back propagation (EBP) inputs
that are present state. In turn, another set of outputs are stored
as a result of these inputs changed and stored in memory as a
result of the change in thresholds of the neurons. These inputs
are called next state and are labeled, Sy°, S;’, and S,". A flip-
flop function is needed to store these previous states and
produce next states as demonstrated in Fig. 4. Flip-flops are
explained in a later segment.

C. Boolean Algebra

Boolean algebra expressions help to design a digital logic
circuit. The first step that is performed is to refer to Table II.
Next, observe the next state column of S)” each expression is
derived where:

So'=1 When Sy'=DS,S,S,
The same steps can be applied to S;

S1'= CSp 8185 + CSy 818y + DSS1 Sy + 805155 + ESy S, S,

This expression can be reduced using theorems:

$1'= (C +C)S) 8185 + S5 (DS + S5) + ESpS1S,
Where (C+C)=1[2] and

SoS1(DS, + S5) = SuS;D[2]

505152 + 505152 = 5052

Therefore:

Si'= 8052 + SSi1D+ ES) S S2

Also, the same expression can be reduced with a Karnaugh
map (K-map) as shown in Table III.

Once the truth table of Table II is obtained its important to
start entering results into a Karnaugh Map (K-Map) as shown
in Table III.




TABLE III
KARNAUGH MAP (K-MAP)
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Using the sum of products (SOP) grouping method allows
three grouped terms thus deriving the same Boolean algebra
expression of:

Si'= 8052 + SoSi1D+ ES S S2

4

Finally, the theorem or K-map steps can be applied to S,” in
order derive a Boolean algebra expression:

S,'=1 When:
S'= ABS(S1S2 +CS) 8153 + DSoS1 Sy + ESyS1 52 + 505152

The inputs, previous states, and next states from Table I and
Table II are finally expressed in logic form. These expressions
allow for the logic gate circuit design.

D. Digital Logic Circuits

The reduced Boolean algebra expressions from the previous
section helps to derive the following circuits as shown in Fig.
3, and Fig. 5:

So'=1 when Sy'= BgSlS_z as shown in Fig. 4.
$1'= 505152 + 505152 + ESy $1 5, as shown in Fig. 5.

S'= ABS(S1S2 + CS) 815y + DSoS1 S3 + ESyS1 52 + 505152

Y = 505(5

S,'= ABS(S; Sy +CS0S1Sy + DSoS1Sy + ESy S Sy + 815,(DSy + Sp)
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Fig. 4. Integrated digital logic circuit derived from Table II with flip-flops.

III. RESULTS

The digital circuit is now obtained and flip-flops are what
help the circuit store and use previous state values as
demonstrated in Fig. 4. Moreover, the flip-flops use the clock
as a threshold for a neuron simulated digital logic network.
The flip-flops produce next state values that help to locate the
faults on the electrical distribution system. The simulated
neuron trains itself as it learns the SLG fault locating patterns
at 120%, 100%, and 80% of the line on the shipboard [3]
electrical distribution system as shown in Figs. 5 and 6.
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Fig. 5. Neuron is trained as it locates faults on line.

X Coordinate Y Coordinate
= phoX MhoY -
= MhoX2 MhoY'2
= Rag Xao =
120 -/ ‘K
100 - P —
80 -
60 - T
40 -
3,
20- \
i ! | ' ' ! '
-4.0 00 40 80
Aperture ¢ » Width 05 (& v

Position
Fig. 6. Mho zone protection as a function of EBP relay learns and locates
fault.
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Fig. 8. Fault clears after 0.07s.

As the neuron learns the pattern the error back propagation
(EBP) algorithm may improve single-line-to-ground (SLG)
fault clearing times [4]. Theoretically, as the neurons are
trained in the over 0.50s, the fault current clearing time
improve from 0.12s to 0.07s each time the simulation runs as

shown in Fig. 7 and 8. This enables the ship to isolate faults
that may occur from random insertions at 88%, 101%, or
117% of the line while decreasing SLG fault clearing times
each time a SLG fault is encountered.

IV. CONCLUSION

It is advantageous to consider using this error back
propagation (EBP)-based relay. The EBP-based [5] relay
successfully locates the single-line-to-ground (SLG) faults at
120%, 100%, and 80% of the shipboard power system line.
The neurons learn the patterns of the SLG fault occurrences
per simulation and fault clearing times improve as depicted in
Fig. 7 and Fig. 8. For future works injecting SLG faults at
random locations on the shipboard power system line will
simulate adverse battle conditions.
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