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An Adaptive Setting Method for the Overcurrent Relay of Distribution
Feeders Considering the Interconnected Distributed Generations

Sung-11J angJr , Kwang-Ho Kim*, Yong-Up Park*, Jung-Hwan Choi**, Yong-Cheol Kang***,
Sang-Hee Kang§, Seung-Jae Lee’, Hideharu Oshida®® and Jong-Keun Park®®®

Abstract - This research investigates the influences of distributed generations (DG), which are
interconnected to the bus by the dedicated lines, on the overcurrent relays (OCR) of the neighboring
distribution feeders and also proposes a novel method to reduce the negative effects on the feeder
protection. Due to the grid connected DG, the entire short-circuit capacity of the distribution networks
increases, which may raise the current of the distribution feeder during normal operations as well as
fault conditions. In particular, during the switching period for loop operation, the current level of the
distribution feeder can be larger than the pickup value for the fault of the feeder’s OCR, thereby
causing the OCR to perform a mal-operation. This paper proposes the adaptive setting algorithm for
the OCR of the distribution feeders having the neighboring dedicated feeders for the DG to prevent the
mal-operations of the OCR under normal conditions. The proposed method changes the pickup value
of the OCR by adapting the power output of the DG monitored at the relaying point in the distribution
network. We tested the proposed method with the actual distribution network model of the Hoenggye
substation at the Korea Electric Power Co., which is composed of five feeders supplying the power to
network loads and two dedicated feeders for the wind turbine generators. The simulation results
demonstrate that the proposed adaptive protection method could enhance the conventional OCR of the

distribution feeders with the neighboring dedicated lines for the DG.

Keywords: Adaptive relaying, DG, OCR

1. Introduction

As one of the better alternatives to solving environ-
mental problems and to coping with rising energy prices
and power plant construction costs, distributed generations
(DG) including photovoltaic, wind turbines, fuel cells,
micro-sized turbines, and internal combustion engine-
generators are expected to play an important role in the
near future. The DG may make a contribution to improve
the quality of power, minimize peak loads, and eliminate
the need for reserve margin [1, 2]. The majority of DGs are
connected with distribution networks. They may make
significant impacts on distribution system operation,
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protection, and control with respect to the voltage
regulation, voltage flicker, harmonics, fault current levels,
the losses of the network, and etc. [1-6]. Thus, the impacts
from interconnection of the DGs should be accurately
assessed and mitigated.

One of the major problems encountered in interconnect-
tion of the DG occurs during the stage of loop operation. In
a loop scheme, two distribution feeders are tied together by
a normally opened switch, so that, in case of repairing or
installing an electric device on one circuit, a load can be
transferred temporarily from one to the other. Such
operation can improve reliability and maintain service
continuity to the customers. However, the current of the
distribution feeder interconnected with the DG may
increase abruptly in the loop operation because the short-
circuit capacity of the distribution network will increase
due to the grid connected DG. A conventional protective
system responds to faults or abnormal events in a fixed
predetermined manner. Thus, during the switching periods
for that loop operation, the current magnitude of the
distribution line in the substation with a DG can be larger
than the pickup value for the fault of the feeder’s OCR;
therefore, the OCR can perform a mal-operation. These
impacts of the DG on the OCR may be varied in direct
proportion to its generating power [7-9]. Therefore, it
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should be necessary to consider the influences of the DG’s
power for preventing the mal-operation of protective
devices during normal conditions.

This paper presents a novel adaptive relaying algorithm
of the OCR applied in the distribution feeders to solve the
negative influences of the DG on distribution networks.
The proposed method is based on the increase/decrease of
short-circuit capacity due to the contribution of the DG.
The method changes the pickup value of the OCR adapting
the power of the DG. According to the increase or decrease
of the DG’s power, the method varies the pickup value of
the OCR applied in distribution lines. We tested the
proposed method on the Hoenggye substation of the Korea
Electric Power Corporation (KEPCO) with wind turbine
generators. The simulation results show that the proposed
method reflecting the power output of the DG enhances the
protective functions for the OCR compared with
conventional ones and particularly prevents mal-operation
of the circuit breaker during loop operations.

2. The adaptive relaying method for OCRs
considering the power of the DGs

In this section, we will investigate the effect of the
power of the DG on the current in the relaying point and
describe the proposed method considering their power and
the network load conditions.

2.1 Effect of DG’s output on the short-circuit capa-
city of utility networks and the current in the
loop operation

ZlineA ZlineB
> | ]
It Iy, SW, Iy
SW.
Zyy D ! Zg
Pos zl] [
+ V. 4y 18 +
K4S>V Vs

Vs, Vsg, Vpg: Voltages of utility and DG

V: Voltage of the relaying point

Zs4, Zsp, Zpg: Source impedances of utility and DG

Ziined> Ziinen> Z14, Z1p: Impedances of the line and the load

Isp, Ing: Currents of utility and DG

I Current of the relaying point

SW,;, SW5: Switches
Fig. 1 Simplified equivalent circuit of distribution lines

including DG

In this subsection, we investigate the effect of the DG on

the short-circuit capacity of the grid and the current

magnitude in the loop operation. If the DG supplies the
power to the distribution network, the source impedance of
the utility networks will decrease. Fig. 1 shows a simplified
equivalent circuit of distribution networks including the
DG.

Before the DG is connected to the utility networks, when
the SW is closed, the current at the relaying point and
utility current, /s and Igz might be much varied by the
differences between the line impedances, Zj;,.4 and Zi,.s,
the source impedances, Zsg; and Zg and the load
impedances, Z;4 and Z;z. The current /5 can be obtained
using the superposition principle. First, the current 5 with
the Fgp source set equal to zero is given by:

VSA (1)

+(Z,,/1Z},)

15

s

Z +Z

lined
where Zz= Z1p//(Zspt Zjines)-

Secondly, set the Vs, source to zero. The current I.” is
obtained by:

1, Z, @
Z, +Z,+Z

lined

where ZL = ZLA//ZLB-
If we rewrite (2) with Vgp, the I,”is expressed by:

v,

SB

ZNZH)+2Z, ,+2Z

ineB 5B

ZL
3)

X
Z, +Z,+2Z

lined

IS

where ZA = ZLA//(ZSA +ZlineA)-

Finally the total current Is is calculated by adding (3) to
(Die.:

_ Va _ Vs
’ ZSA + ZlineA + (ZLA // ZB) (ZA // ZLB) + Z]ineB + ZSB
w—Zn @
ZL + ZSA + ZIineA

After the DG is connected to the utility network by
closing the SW;, by assuming the Vps with the Vg, the
current at the relaying point, J; can be expressed by:

I = VSA _ VSB
: ZSA(DG) +ZIineA +(ZLA //ZB) (ZA(DG) 1" ZLB)+ZIineB +ZSB
A
X Q)
ZL + ZSA(DG) + ZIinzA

where ZSA(DG)=ZSA//ZDG and ZA(DG)=ZLA//(ZSA(DG)+ZlineA)- In
this paper, we can calculate the source impedance of the
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DG, Zp; using voltage and current monitored at the
relaying point of the power line with the DG. It is the
equivalent source impedance of the DG, which contains the
line impedance of the dedicated power line with the DG.
Consequently, the increment of the relaying current Alg
due to the DG can be obtained by subtracting (5) from (4).

1 1
]_VSBZL
ZSA(DG) +Z[inEA +(ZLA //ZB) ZSA +ZlineA +(ZLA //ZB )
1
+Z WZ +Z

SA(DG)

s

Al =V

X

[
UZ oo 120 V2,

lineB

1
2y (2 42y +2,,.,)

+ZlineA )

2Nz | ©)

lineB

We will investigate the effect of the DG on the current in
the loop operation with (6) when the Z;, is changed from
zero to maximum load (10 MVA) and the output of the DG
is changed from 0% to 100% of the rated power (45 MVA).
The data for simulating the distribution network and DG
are presented in the Appendix. Fig. 2 gives the results for
contribution of the DG to the current in the loop operation.
To show the influence of load in the other network on I,
we assume the Z;p with 5 MVA (Case 1) and 10 MVA
(Case II), respectively. The reduced Zgypg due to the
contribution of DG, which means large short-circuit
capacity of distribution networks, magnifies the relaying
current, Iy in comparison with that of the network having a
large source impedance. As shown in Fig. 2, if the capacity
of the DG is large, the conventional OCR may frequently
mal-operate the circuit breaker during the loop operation.
The I can be increased with a higher level in case the
interconnected and the other network are heavy loaded.

16— — B

Current (pu)
o

(=]
o

04 —
1 2 3 4 5 6 7 8 9 10
Load amount of Z; , (MVA)
Fig. 2 The current, I in the loop operation of distribution
network to which the DG is connected, where the

generating power output of the DG is assumed 0%,
50%, and 100% of rated power

2.2 Effect of DG’s output on the fault level

This part describes the influences of the DG on the
distribution fault current. As mentioned in the previous
section, the source impedance, Zs,pg) of the distribution
network with the DG is decreased in proportion to the
power of the DG, which magnifies the fault current
magnitude at the relaying point.

Before the DG is connected to the grid and the SW; is
opened, the current at the relaying point for a three phase
ground fault in the end of power line, I is given by:

]F — VSA
Z,+Z

lined

Y

After the DG is connected into the grid by closing the
SW,, the fault current at the relaying point, /r can be
expressed by:

v
J o =— "S54
Pz +Z ®)

SA(DG) lined

Consequently, the increment of the relaying fault current
Al due to the DG can be obtained by subtracting (8) from

.

AL, = Vg (— LR
g 4 Z + Z ZSA + ZImeA ( )

SA(DG) linea

The reduced Zsapg) due to the contribution of the DG
will magnify the /rand it will be varied according to the
power of the DG with (9). However, though the Zg g,
decreases, if the fault occurs at the point far from the bus or
has a high fault impedance, the current may not increase
much because of line or fault impedance.

2.3 Proposed adaptive overcurrent relaying method

Once in a while, during the network operation of the
distribution system, the line current can be greater than the
pickup value of the OCR, 1.5 pu even without the DG.
Moreover, in these situations, integrating the DG may
increase the possibility for mal-operation of the OCR since
it usually reduces the source impedance as described in the
previous section. To avoid this negative effect on the OCR
in distribution feeder, in this paper, we propose the
adaptive relaying algorithm for the OCR applied in the
distribution feeder considering the power of the DG.

This paper proposed the adaptive relaying method for
the OCR considering the integration of the DG as in (10).

I =1.5+AI,/1,,,, (10)

set(new)
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where the L.y is the adaptively changed pickup value
for the OCR of the feeder. The A4l and I,..; are the
incremental currents due to the contribution of the DG and
rated current of distributed lines, respectively. The Al can
be calculated with (6), which is a varied condition of load
amount, distribution line and power of the DG. As the
power of the DG increases, the Zs;pg) decreases. Thus, the
Lseinewy can be changed by the DG’s power, adaptively. In
this paper, the proposed method didn’t change the time-
current curves (TCC) of the OCR to maintain the
coordination between protective devices in distribution
networks.

Fig. 3 represents the flow diagram for the proposed
adaptive relaying method. First, the proposed method
calculates the source impedance of the DG, Zp; with
voltage and current monitored at the relaying point of the
dedicated line having the DG using Thevenin’s theorem.
The equivalent source impedance, Zg g is calculated with
Zsq and Zpg. And then, the proposed method changes the
pickup value of the OCR with (10). The Z;p is assumed
with 10 MVA to consider the largest load amount in the
other network. We change the pickup value of the OCR
with .pew) in case the load, Z;, is larger than 5 MVA., We
divide the power lines in the distribution network with the
DG into three groups. One is a feeder having network loads
without the DG. Another is a feeder with the DG as well as
network loads. The third is a dedicated line for the DG
without network load. If the feeder has the DG as well as
network loads, we can distinguish whether the power of the
DG is bigger than the load or not by monitoring the
direction of the current. If the output of the DG is larger
than the load, we calculate the equivalent source
impedance just as the dedicated line with the DG.

Generally, the pickup value of the OCR, 1.5 pu is chosen
considering the network conditions. Though the amount of
load is light, the OCR must detect the fault in the end of
the line without the dead zone of protection, where the

Measure the currents
of feeder without DG

Measure the current
of feeder with DG

Measure the currents
of dedicated line for DG

v

Calculate the Zpg
using Thevenin's
theorem

v

Calculate the Zgpg)
Zsapey=LZsallZps

—}[ Calculate the 4 Igusing (6)

Correct the Al
condidering the network conditions

Set the AIywith zero

Y

Calculate the Lepen;
using (10)

Fig. 3 Flow diagram of the proposed adaptive overcurrent
relaying method

fault is assumed with high impedance fault having 30 Q.
The mal-operation of the OCR in the loop operation may
be occurred in the heavy load as shown in Fig. 2. Thus,
though a grid connected with the DG adopts the proposed
method for protecting their networks, the OCR can detect
the fault regardless of the power of the DG, correctly.
Moreover, it may prevent the mal-operation of protective
devices for normal conditions, considerably.

3. Case Study

We tested the proposed adaptive relaying algorithm for
the OCR of the distribution feeders including not only the
loop operations, but also the fault conditions to show the
feasibility of the proposed adaptive method by varying the
generating power of the DG.

3.1 Modeling of distribution networks having DG

Wind farm 1
15% 660 kW

0
i=HE

Dedicated line 1 Y
22.9/0.69 kV

‘Wind farm 2
12x 660 kW

Dedicated line 2
229/0.69 kV

Feeder A,

Feeder A,
(2 vih

Feeder A,
Feeder A,

Feeder A,

B The relaying point
— Load

Fig. 4 Hoenggye distribution networks model with DG

Wind farm 3
6 X 660 kW

/
\

i
i

N

In this paper, by using PSCAD/EMTDC, we model the
Hoenggye distribution networks of KEPCO, which are
composed of five feeders for loads and two dedicated lines
for the DG as shown in Figs. 4 and 5 [10]. We assumed the
DG with three kinds of wind farms composed of the 660
kW wound-rotor type induction wind turbine generators.
Two of the wind farms are interconnected with the
distribution network by the ACSR 160 mn’ dedicated line
because of the large generating capacity. Another one is
interconnected to the Feeder 4; with the system loads. The
690/22900 V step-up transformers with an impedance of
1% are assumed in the wind farm. The 4-step capacitor
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banks are installed in front of the wind turbine generator to
compensate for the reactive power consumed by the
induction generators [11, 12]. The technical data for
distribution networks and the induction generator used in
the simulation are provided in Appendix [13]. The set
values of overcurrent relay used in the Hoenggye
distribution feeders are represented in the Appendix. In this
Table, 51 signifies overcurrent relay and V7 is very inverse,
which is a characteristic type for the operating time of the
protective relay.

Substation B Substation A

Feeder A

Wind farm 3

Feoder B,

- Z
Y e |
T 7%9(71‘@{{1}% @7

— Network load
CB Circuit breaker
SW Switch

3.2 The adaptive relaying pickup value of the OCR
according to the power of the DG

This subsection describes the adaptive pickup value of
the OCR according to the generating outputs of wind farms
to solve the negative effect of the DG. In the distribution
network model of Fig. 4, we increase the power of the
wind farm from zero to rated power. As the power of the
wind farm increases, the new set value, L., of protective
relay increases as shown in Fig. 6. The 4. increases
with 1.67 pu when the Z; 4 is 10 MVA and the power output
of the wind farm is 100% of rated power. Thus, the
proposed adaptive relaying algorithm can change the set
value of the OCR considering the power of the DG.

3.3 The performance tests of the proposed method

3.3.1 Loop operation conditions

At first we made a typical loop operation case of the
distribution network without wind farm as in Fig. 5 by
closing the SW at 3 sec. As shown in Fig. 7, the s abruptly
increased after closing the SW due to the variations of
allotted network loads caused by the differences between
the short-circuit capacity of distribution A and B. In this
circuit model, the short-circuit capacity of substation A is
somewhat larger than that of substation B as shown in the

Appendix, while the Z;,., from substation A to SW is the
same as the Zj,..z of Feeder B, from substation B to SW.
Although the I, increases with 1.37 pu, it doesn’t exceed
the pickup value of the OCR referred to in Table 4, 1.5 pu,
which isn’t considered by fault condition.

Next, we made other loop operation cases of the
distribution network having wind farm with the same
network conditions as in the above case. In this case, we
assumed the power of wind farm with 50% and 100% of
the rated power, respectively. After closing SW the Is
increases larger than that of the previous case without wind
farm due to the reduced source impedance as shown in Fig.
8. The reduced source impedance may magnify short-
circuit capacity of the distribution network with the DG,
thus the Iyincreases too. The [ increases with 1.51 pu and
1.59 pu in case the power of wind farm is 50% and 100%
of rated power, respectively. Because the s is larger than
the conventional set value of the OCR, 1.5 pu, if we adopt
the conventional TCC of the OCR referred to in the
Appendix, the OCR generates the trip signal after preset
delay time. This phenomenon can occur more frequently as
the power of the wind farm increases. It is necessary to
prevent the mal-operation of protective devices by
considering the power of the wind farm.

Finally, we adopted the proposed adaptive relaying
algorithm of the OCR for loop operation of distribution
networks to solve the negative effect of the DG The
network conditions are identical to those of the second case.
Though the wind farm supplies power to the distribution
network, the proposed adaptive relaying algorithm prevents
the mal-operation of the OCR by substituting the set value,
1.5 pu with Ispmew that reflects the generating output of the
wind farms. Figs. 9 and 10 indicate simulation results for
loop operation in case of 50% and 100% of the rated power
of the wind farms, respectively. The Lipew) is 1.56 pu and
1.64 pu.

3.3.2 Distribution line fault conditions
1.7

1.6

Loy (PW)

—_— 100 %
— 50%
0%

7 8 9 10
Load amount of Z,, (MVA)

Fig. 6 The adaptive pickup value of the OCR, I ey in
the Feeder A, considering the power of the DG and
load amount of Z;,, where the generating power
output of the DG is assumed with 0%, 50%, and
100% of rated power



362 An Adaptive Setting Method for the Overcurrent Relay of Distribution Feeders Considering the Interconnected Distributed Generations

We also tested the proposed method with distribution
line faults such as a single line to ground and high
impedance fault to verify whether the adaptively changed
set value has a negative effect on the protection perfor-
mance of the OCR.

2

Al
}

—
W

Current (pu

—_

0.5

0 2 4 6 8 10
Time (sec)

Fig. 7 The simulation result for loop operation of the

distribution network to which the wind farm isn’t

connected
2
/ 100 %
215 b
= AN
:5 50 %
31
0.5
0 2 4 6 8 10

Time (sec)

Fig. 8 The simulation result for loop operation of the
distribution network to which the wind farm is
connected, where the generating power output of
the wind farm is 50% and 100% of rated power,

respectively
2
/\ / L ooy
%1'5 \__/'
§ 1.60
811
1.50
0.5
2 4 6 8 10
Time (sec)

Fig. 9 The simulation result for loop operation of the
distribution network to which the wind farm is
connected by adopting the proposed adaptive
relaying method for the OCR, where the generating
power output of the wind farm is 50% of rated
power

2
/_\ / Isel(new)
215t G
§ 1.65
=
Qo1
1.58
0.5
2 4 6 8 10
Time (sec)

Fig. 10 The simulation result for loop operation of the
distribution network to which the wind farm is
connected by adopting the proposed adaptive
relaying method for the OCR, where the
generating power output of the wind farm is 100%
of rated power

1) A single line to ground fault

For this case, we simulated a single line to ground fault
at 22 km in the Feeder A,, where the output of the wind
farm is 0%, 50% and 100% of rated power. The simulation
results are shown in Fig. 11. The fault current abruptly
increases with 3.18 pu, 3.20 pu and 3.21 pu according to
the power of the DG, respectively. They are larger than the
pickup value of the OCR, 1.5 pu, 1.56 pu and 1.64 pu,
which are newly indicated in the proposed method. The test
results show that the proposed algorithm does not
deteriorate the capability of the OCR for fault detection,
even though the set value is increased due to the generating
power of the wind farm.

2) High impedance fault

We simulated high impedance faults on the same fault
location of the single line to ground fault by varying the
generating power of the wind farms with 0%, 50% and
100%. For these cases, we assumed the fault impedance as
30 Q, since this value is fixed as the lowest fault
impedance that the OCR has to detect in Korea. The Iy
increased with 1.94 ~ 1.96 pu according to the power of the
DG as shown in Fig. 12. However, their variations are
small regardless of the power of the wind farm. These
characteristics can be explained with (9) by inserting the
fault impedance into its denominator. We can detect such a
fault by adopting the proposed adaptive OCR relaying
algorithm.

5. Conclusion

This paper introduced grid integration of wind turbine
generators and their impacts on utility protection relay and
proposed the adaptive algorithm for the OCR in
distribution feeders to solve the negative influences of the
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DG. The proposed method changes the pickup value of the
OCR adapting the power output of the DG monitored at the
relaying point in the distribution network. If the power of
the DG is increased or decreased, then the set values of the
OCR are varied in direct proportion to their power. We
tested the proposed method using several distribution
network conditions including not only loop operation
conditions, but also fault conditions such as single line to
ground and high impedance fault. The test results showed
that the proposed algorithm is capable of preventing the
mal-operation of circuit breakers resulting from the
insertion of the DG for loop operation and detecting the
fault conditions. Therefore, the results verify that the
proposed method can be efficiently implemented in actual

protective devices and is able to improve their performance.

45
;\ O
=
= 1009
225 . 325 %
=
o)

3'15 50 “/0
0%
0.5
2 4 6 8 10
Time (sec)

Fig. 11 The simulation result for a single line to ground
fault in the distribution network with wind farm,
where the generating power of the wind farm is
0%, 50% and 100% of rated power, respectively

2.5
2 (\
£} ’/
i)
;;1 S 2.00 100 %
£
© (P ——
T 1.90 / N 50 %
0%
0.5
2 4 6 8 10
Time (sec)

Fig. 12 The simulation result for high impedance faults in
the distribution network with wind farm, where
the generating power output of the wind farm is
0%, 50% and 100% of rated power, respectively

Appendix

This appendix provides the technical data used in this
paper
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Table 1 The Line Data for Simplified Equivalent Circuit

having DG

. Distribution

Details Networks

Voltages of utility and DG 13.2kV

Short circuit capacity of utility A 70 MVA

Short circuit capacity of utility B 50 MVA

Generating capacity of DG 45 MVA
Line impedance of Zjpea 1.2442.63 Q
Line impedance of Zj;,.s 4.6249.87 Q

Table 2 Parameters of the Vestas V47-660 kW induction

generator
Details Wind Turbine
Rating 660 kW
Line to line voltage 690V
Hz. 60
Pole No. 4
Base power 660 kW
Stator connection Delta
Stator resistance 0.00393 Q
Stator reactance 0.060 Q
Rotor resistance, internal 0.00467 Q
Rotor res. ext. (2% slip) 0.0070 Q
Rotor res. ext. (10% slip) 0.06233 Q
Rotor reactance 0.0067 Q
Iron loss 0.081 Q
Magnetizing reactance 3.13Q

Table 3 Technical data of distribution networks

Details Distribution
Networks
Rated capacity per feeder 10 MVA
Rated line voltage 22.9kV
Rated current 252 A
Nominal frequency 60 Hz
. Three-phase
Line types overliad

Source imp. of substation A (ZSA)
Source imp. of substation B (ZSB)

0.027+j225Q
0.027 +j3.37Q

Line impedance 0.3;;152.66
Length of Feeder A, 9.68 km
Feeder A, 22 km
Feeder A 4.75 km
Feeder A, 31.01 km
Feeder A; 58.40 km
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Length of Feeder B, 9.41 km
Feeder B, 6 km

Feeder B, 7.79 km
Length of dedicated line 1, 2 10 km

Table 4 The load data of distribution networks

Spot loads

Load types All wye connected

All constant kW, kvar

Loads in the Feeder A, 1.0 MVA
Feeder A, 9.5 MVA
Feeder A; 1.1 MVA
Feeder A4 5.1 MVA
Feeder As 6.5 MVA
Loads in the Feeder B 7.8 MVA
Feeder B, 9.0 MVA
Feeder B; 6.5 MVA

Table 5 The time-current characteristics of OCR (51),

Curve Type V1.

Feeder
Name

Instanta-
neous
(sec)

Time Delay Setting (sec)

1000 { 2000

150%|300%{500%|700% % | o

Feeder Ay|12.15

222(1.00|0.68|0.53| -

Feeder Ay12.15

22211.00(0.68,053| -

Feeder A;/12.15

2.2211.00]0.68 | 0.53 0.05

Feeder Ay10.42

1.90(0.85|0.60|045] -

Feeder As{10.42

1.900.85{060(045 -
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