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A New Algorithm to Reduce the Mal-Operation of DOCR
in Bi-directional Power Distribution Systems
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Abstract — DOCR can be used to efficiently increase the reliability and to protect the bi-directional
D/L(Distribution Lines). As more DG(Distributed Generation)s attempt to connect the bi-directional
D/L, there is an increasing need for studies of how to use DOCR installed in the D/L. This paper
investigates the operating principles of DOCR and presents the results an effect of sequence and fault
impedance in L-L(Line to Line) fault. An advanced DOCR operating algorithm is proposed to reduce
the mal-operation of conventional DOCR. The proposed algorithm is applied to the bi-directional
power flow system and shows that it decreases the mal-operation of DOCR through the computer

simulation.

Keywords: Bi-directional power flow, Distributed generation, DOCR, Fault impedance, Mal-

Operation, Sequence impedance

1. Introduction

The protective relay receives various signals like voltage
and current as input data from instrument transformer(PT,
CT), numerically converts them, and is operated by
comparing calculated values with specified threshold. It
is essential for the power system to be stably operated, and
required to have speed, selectivity, sensitivity, reliability,
and economic feasibility as basic characteristics [1].
Also, countermeasures for networking, automation for the
economic improvement of the system operation, and
occurrence of the bi-directional power flow caused by
the adoption of the DG(Distributed Generation) are
increasingly required. Especially, introduction of DG
causes protection coordination problems which were not
shown in conventional radial distribution systems, and
several researches for this are currently in progress.

Differential protective relaying, analysis of differences
between d-q transformation calculated values before and
after fault, distance protective relaying, DOCR(Directional
Overcurrent Relaying), and others are being considered
as technologies to counteract changes about protection
caused by the adoption of DG. Particularly the DOCR is
considered and applied as an effective method for the
protection of the DG [3, 6, 7]. Generally two DOCR
relays almost installed systems with DG. One is on the
utility source side, the other is DG side. The setting of
the relay needs very careful attention, because DOCR
simultaneously identifies the magnitude and direction of
fault current based by reference angle. Generally, accidents
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related to the setting of DOCR relay account for 19% of
the entire relay accident [8].

The operation principle of DOCR is systematically
classified by W. K. Sonnemann in 1950, but contents of the
related field mainly show only basic operation principle [1],
[9]. Recent researches for the DOCR mainly focus studies
about optimal DOCR coordination intending to minimize
operation time when several DOCRs are operated at the
same time, and complementation of DOCR operation in
specific conditions.

Analysis methods like Trial and Error Approach, GA
(Genetic Algorithm), PSO(Particle Swarm Optimizer), and
others are considered [10] as an optimal DOCR coordination.
But the solution of optimal DOCR coordination problems
is based on mathematical algorithm, so application in
actual power system field requires additional researches
and long-term tests.

Methods that are proposed to complement problems
regarding relative shortcoming of DOCR like SLF(Short
Line Fault), HIF(High Impedance Fault), and others are
mainly proposed by the manufacturer of the relay, but the
awareness in the actual field is low [11-14].

A. Ukill provides simply structured DOCR only using
current value [11]. However, there is a disadvantage that
accurate protection is unable if faults occur in no-load
status or extremely high current is loaded in a moment of
fault. Method suggested by L. Susilo is to improve
operation accuracy of DOCR by applying fuzzy algorithm,
but generation of fuzzy rule reflecting various layer
condition is not easy [12]. A. Wixon tries to enhance
operation accuracy of DOCR with configuration of
complex protection zone, but it is very narrowly applied
because the amount of computing load of digital-relay is
too high [13]. D. Yuan suggests method to combine DOCR
with communication [14]. This method has high operation
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reliability but has disadvantage in terms of economic
feasibility and maintenance of communication facility.

Thus, in this paper, the DOCR operation algorithm
considering negative-sequence value occurring in fault is
suggested in order to complement DOCR’s problem
(especially, in HIF condition). First, basic operation
principle of DOCR is explained by using related calculus
and DOCR relay model, and suggested new DOCR
operation algorithm is detailedly described. 22.9[kV] bi-
directional distribution system is modeled with PSCAD/
EMTDC(Power System Computer Aided Design/Electro-
Magnetic Transient Design and Control), and operation
characteristics applying suggested DOCR algorithm are
simulated.

2. Basic Operation Principle of DOCR
2.1 Basic principle of DOCR

The DOCR is operated by magnitude and phase of fault
current. The DOCR detects line-to-line short fault(L-L
fault), and DOCGR(Directional Overcurrent Ground
Relaying) detects single line-to-ground fault(SLG fault).
L-L fault current between phase ab is able to be calculated
as Eq. (1), (2) based on the generator model of Fig. 1
(Appendix 1)[15]. As it is L-L fault, zero-sequence
component does not exist as shown in the Fig. 2. When
fault is occurred, the system is balanced system.
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Y Z+Z,+Z, (R+RHR)+(X, +X,+ X))
=A/60
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Fig. 2 Sequence diagram
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A, 6 :magnitude and angle of fault current

M=R+R,+R,, N=X +X,+X,
G:(M—\/izv) H:(N+ﬁM)

Z, : Positive Sequence Impedance
Z, :Negative Sequence Impedance
Z, : Fault Impedance

The phase angle( ), main identification factor of DOCR,
is determined by positive-sequence, negative-sequence and
X/R ratio of fault impedance through Eq. (1) and (2).

2.2 Fault decision

Difference between calculated phase angle of fault
current and reference phase angle(polarization quantity) is
used to decide phase angle( &) component of DOCR. In
this case, current-voltage on normal phase or positive-
sequence-zero-sequence angle are able to be used as
reference phase angle, but line-to-line voltage on normal
phase is mostly used on actual system. Table 1 shows
reference phase angle of each fault type. For examples,
phase angle of line voltage V), is applied to detect L-L
fault between phase ab or phase ac.

It can be checked via Fig. 3 that I, I, which are case
1 are in trip region, but Iy, is in non-trip region in
condition that all impedances are inductive. For example,
the I,, of Fig.3 can be obtained by R(=R;+R,+Ry)=0,
X=X +X,+Xp) =1 and V=1 as p.u base in Eq. (1).

2.3 Description of operation in bi-directional power
flow condition

In case that DOCR RY1~6 have been installed in Bi-
directional power flow system like Fig. 4, when fault is
occurred, the flow of protective operation is as follows.
Time-delay setting of each relay is “RY1>RY3>RY5” and
“RY6 > RY4 >RY2”, and arrow-mark means protective
direction.

Table 1. L-L fault type and polarization quantity

Case L-L fault type Ref. angle (polarization quantity)
1 Ly or I Z (Ve)-90 ~ Z (Vi) +90[°]
2 Iy Or e / (Ve)-90 ~ 2 (V) +90[°]
3 L or Ly £ (Vap)-90 ~ £ (V) +90[°]

Fig. 3 ‘a’- phase directional unit response
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Fig. 4 Example of Bi-directional power flow system

L-L fault is occurred,

RY1-RY3 and RY4-RY6 simultaneously detects fault.
(RY5 and RY?2 are not operated by directional element)
RY3 and RY4 are tripped in advance by Time-delay
setting.

Fault zone is decoupled, and power supply in normal
sector is possible.

® © e

Thus, it is shown that the DOCR is confirmed to be
appropriately operated in bi-directional D/L.

3. Operation Characteristics of DOCR
in Bi-directional Power System

3.1 Organization of the system

As shown in the Fig. 5, 22.9[kV] bi-directional distri-
bution system is composed of PSCAD(Appendix 2, 3)
[3]. PSCAD does not support the DOCR relay model, so
two types of model(vl, v2) are directly designed and
implemented(Fig. 6, Table 2) using the programming
language, and conditions of simulation are as follows.

o vl : Conventional DOCR model

o v2 : Advanced DOCR model proposed by this paper
o RY1-3-5 : Applied to the power A

o RY2-4-6 : Applied to the weak power B

o All calculated phase angle is based on phase of V,

s

T
Eio] [Eahlupy

Fig. 5 Single line diagram of target system
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Fig. 6 DOCR model v1 and v2

Table 2. Pin description of DOCR modules(v1, v2)

In/Output . Adoption
name Description 1w
iRefAng | Reference Angle(polarization quantity) v \/
iZoneAng | Assign the trip region to DOCR v \
iAngle phase of L-L fault current ~ ~
iReflmag | Reference for Magnitude of fault current ~ ~
ilmag Magnitude of L-L fault current ~ ~
iRatio Ratio to detect the fault by magnitude v v
iAngTrim | trip region controlling value - \
VOV1 magnitude of V/V, - ~
il211 magnitude of I,/I; - ~
iVOV1Ref | Reference for magnitude of Vy/V, - ~
il2I1Ref | Reference for magnitude of Io/I, - v
oTrip Trip value ~ N
oDebug | For debugging N N
olsmall Flag to show the magnitude of fault current | + ~

3.1 Simulation result of conventional DOCR model
1)

Operation characteristic of DOCR in L-L fault of point
F of Fig. 5 is analyzed. The scope of the resistance value
of fault impedance(Z=R+j0.0377) is 1~10[Q]. Table 3
shows operation result of RY1~6, and Table 4 shows the
magnitude-phase angles and reference phase angles of fault
current I, of RY1. The initial trip region(d, - 6,) is 180[°]
in the simulation.

In the given system condition, up to 7[Q], DOCR
protection cooperation of the system is perfect, in the Fig.
7, the phase of fault current is in the trip region. But
abnormality is occurred from 8[Q]. As shown in the Table
3, operational characteristics of installed DOCR is not
consistent, and in case of RY1, mal-operation is occurred

Table 3. Summary of DOCR operation

1[Q] | 2Q] | 3Q] | 4Q2] | 5Q] | 6Q] | 7Q] | 8Q2] | 9Q] | 10Q]
RY1 o o o o o o o X x x
RY3 o o o o o o X x X X
RY4| o o u] o u] ] u] u} m] o
RY2 | o o u] o u] o u] Al oA A
RY4 o o X X X X X X X X
RY6 | o o X x X X X x X X

o: correct trip(operation that trips in status that shall be trip)

O: correct restrain(operation that does not trip in restrainable status)

x: mal-operation(operation that restrains in status that shall be trip)
A\ : mis-operation(operation that trips in status that shall be restrained)

Table 4. Summary of numerical results of I,;, of RY1

1[Q] ]| 2] | 3Q2] | 4Q] | 5Q] | 6Q] | 7Q] | 8Q] | 9Q] | 10Q]
Op o o o o o o o X X x

kA | 55|49 |43 37|33 [29]26]|24]|22]20
O°1 | 9.1 | 134159 |174[183]19.0|19.4]19.7]19.8|19.9
0\[°] 722 57.7|44.9 353274 |23.5[229(22220.1 185
0,[°] |252.21237.7(224.9{215.3|208.4|203.5{199.9192.2|195.1|193.5

6 : phase of fault current(I,)
6, : Starting angle of non-trip region in Fig. 7, 8
6, : Ending angle of non-trip region in Fig. 7, 8
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Fig. 7 Locus of [, of DOCR RY1, correct trip
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Fig. 8 Locus of [, of DOCR RY I, mal-operation

from the high resistance value, and in case of RY4-RY6,
mal-operation is occurred from the low resistance value.
The main reason that operational characteristics are not
consistent is that positive-sequence, negative-sequence
impedance from the view of fault location are different.
Also, the range between the phase angles of fault current
shown from the relay operated on the weak power system,
and trip region is relatively small. As a result, the more
fault resistance value increases, the more phase of fault
current deviates the protection zone. As shown in the Fig. 8,
the phase of fault current of high impedance condition
(10[Q]) fell into the non-trip region.

In Eq. (1) and (2), when L-L fault occurs, magnitude-phase
of fault current are determined by only with sequence
impedance and fault impedance, so followings are able to
be checked.

o Contact with trees, trespass of small animal, input of
single phase heavy load are basically not able to be
classified with L-L fault.

o For more accurate operation of DOCR relay,
reflection of sequence impedance of installed position
is required.

4. Mal-operation Reduction Algorithm

4.1 Mal-operation reduction algorithm

The Algorithm reducing mal-operation of DOCR is to
add ratio of positive-sequence voltage-current, and negative-
sequence voltage-current to the identification factor of
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Fig. 9. Profile of sequence component of V-1 at RY1.
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Fig. 10 Flowchart of advanced DOCR Algorithm

DOCR, and if the ratio value reaches specific magnitude, it
shall extend the trip region. In field application, initial trip
region is 170~180[°]. The Fig. 9 shows the magnitude of
each component of voltage-current value calculated from
RY1(fault at 1[s]). Positive-sequence and negative-sequence
are changed before and after the fault, but zero-sequence
always shows 0, so it is confirmed that to use it as an
identification factor of DOCR is proper.

Fig. 10 is an operation algorithm flow chart of the
proposed DOCR. As shown in the Fig. 9, V,/V,, I/, are
selected as a ratio of each component of voltage-current. In
case of L-L fault, when V,/V,is less than reference value,
and I,/I, is more than reference value, these are identified
as L-L fault(If the fault type is SLG, zero sequence V, I are
the dominant component). And a certain part of non-trip
region is reduced to avoid mal-operation as much as
possible. Also, a conventional method that identifies by the
magnitude and phase angles of fault current and the
proposed algorithm is applied in parallel in order to assure
operation stability of protective relay. As the digital relay
that is recently and mainly applied to the system calculates
voltage-current values via numerical calculation from
internal DSP(Digital Signal Processor) or CPU (Central
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Table 5. Summary of numerical results of [, of RY'1

1[Q]] 2Q] | 3Q] | 4Q] | 5Q] | 6Q] | 7Q] | 8Q] | 9Q] | 10Q]
Op o o o o o o o O | O X
kA | 5549 [ 4337 |33 [29]26]|24]|22]20

q°1| 91 | 134 159|174 | 183|190 | 194 | 19.7 | 198 | 199
G[°7 722|577 449|403 | 334|255 (249|222 |20.1 | 185
6[°] 1252.2{237.21219.9{210.3|203.4(198.5{194.9| 192.2|190.1| 188.5

© : extended correct trip

Processing Unit), new proposed DOCR relay model can be
easily implemented. Users can naturally disable the new
proposed algorithm.

4.1 Simulation Result of advanced DOCR model(v2)

The result of DOCR relay of RY1 using proposed
algorithm is as Fig. 11, and Table 5. As a result of using
proposed algorithm, occurrence of mal-operation is reduced,
and reliability of protective relay is confirmed to increase.
Fig. 11 shows phase angles of fault current and reference
phase angles in conventional DOCR model. As described
above, the more fault resistance value increases, the more it
is approached to non-trip region, and consequently mal-
operation is able to be confirmed Fig. 8.

5. Conclusion

In this paper, the DOCR operation characteristic in bi-
directional power flow system is explained via theory and
PSCAD simulation. For the simulation, because PSCAD
don’t support the DOCR model, two types of DOCR relay
model are newly developed. Through this paper, the causes
of mal-operation of DOCR is analyzed and to complement,
the new DOCR operation algorithm using the positive-
negative sequence value and controlling the trip region is
proposed. As a result of simulation, it is confirmed that the
proposed algorithm decreases possibility of mal-operation
of protective relay, and contributes to stable operation of
the system including DG. Generally, mal-operation is more

severe situation than mis-operation, because mal-operation
of relay causes a great deal of damage to the utilities itself
and economical loss to the operator. Also, using proposed
relay model, the protection coordination of bi-directional
or DG system can be analyzed in more detail.

To reduce the mal-operation, this paper decreases the
non-trip region by 5.5%. Future work would investigate the
optimal decreasing value and the protection coordination
of DG
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Appendix 1.

_a-ay, _ (-a’y,
ZI+ZZ+Z_/. (R1+R2+Rf)+j(X1+X2+Xf)

ab
Let M=R+R,+R, , N=X+X,+X,
_(=ay, ¥,(-a*)M - jN)
M+ jN (M + jN)YM - jN)
_V.(-a’ )M —jN)
M?+ N’

B

IQ(I—O.S—j;J(M—jN)
M?* +N?

V{O.SM—\/EN—j(O.SN+\/2§M]Jx2

(M* +N*)x2
Va(M—ﬁN—j(N+ﬁM))
(M>+N*)x2
=420

ab

VNG +H?
2(M*+N?)

5 tan [—(N+ ﬁM)J

M —BN

here, G :(M—ﬁN) H= (N+6M)



A2.1) Tr. 1 specification

Appendix 2.
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A2.3) Load specification

Item Specification Item Specification
Voltage, primary 154[kV] Load 1 9.0[MW]
Voltage, secondary 22.9[kV] Load 2 1.0[MW]
Voltage, tertiary 6.6[kV]
A2.2) Tr. 2 specification A2.4) Line specification
Item Specification Type Length [m] R [pwkm] X [pu/km]
Voltage, primary 154[kV] Line 1 CNCV325 1000 0.0000165 0.0000181
Voltage, secondary 22.9[kV] Line 2 ACSR160 700 0.0008705 0.0023858
Leakage reactance 0.09[pu] Line 3 " 300 " "
Line 4 " 3000 " "
Appendix 3.
?‘éi j%’%_
2w hex e = o : = | E1 Eni ‘3] a
o T v [ [ [ =l iy 5 %
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