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Abstract: Wind power systems are being integrated increasingly into the power grid because of
their large capacity and easy access to the transmission grid. The reliability of wind power plants is
very important and the elimination of protective relay’s malfunctions is essential to the mitigation
of power quality problems due to the frequent starts and stops of high capacity wind generators.
In this study, the problem of frequent false operations of the protective relays are analyzed using
real data as line voltages, line currents, and wind speed. A new re-coordination of the overcurrent
relay (OCR) based on the wind speed is proposed to avoid frequent operations of relays and tested
for a grid-connected wind farm. This study verifies that the false actions by the OCRs that are not
accompanied by actual electrical faults in the power grid or wind power system can be solved by the
appropriate re-coordination of the OCR.

Keywords: overcurrent relay; wind power system; malfunction of protection relay; wind speed;
coordination of protection relay

1. Introduction

Wind power systems (WGSs) are connected to the power grid with ranges of voltages worldwide.
Recently, with the increase of the installation of WGSs, the reliability of wind power systems has
been treated as a very important issue in the power system technology. In wind power plants,
protection with relays, such as overspeed, overcurrent, neutral overcurrent, under voltage, and phase
asymmetry relays along with their operation have been studied. These relay operations are more
frequent when the power plant is linked to the distribution system because the internal electrical
problems in the distribution power lines affect the power plant directly. The literature was surveyed
regarding the protective system when the wind generator turbine is linked to the distribution system.
The protection and control of the wind power system linked to the power grid was considered [1-3].
The protection coordination when the fault occurs at the other feeder was studied [4]. Generally, the
wind power system ought to be protected from lightning strikes [5] and the power distribution should
be kept more flexible for relay setting to accept the network configuration and operational status of a
WGS [6,7]. The protection in the case of short-circuit faults of the power grid was discussed [8-10];
the protection against the low voltage phenomenon occurring at the instant of a short-circuit or
ground fault condition of the power system is described [11,12]; the crow-bar function inside the wind
power system in the case of the power grid fault was studied [13-16]; and the internal direct current
(DC) protection of the wind power system was reviewed [17-19]. On the other hand, most existing
studies presented examples of the operation of protective relays without considering the wind speed.
When the wind speed exceeds the reference wind speed, the protection strategy for a WGS should
be designed considering the variation of the electrical characteristics of the WGS with the changes in
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wind speed. The optimal model of the wind power system, whose output was changed by the wind
speed, was discussed [20], and the impact of the power system due to a change in wind speed was
reviewed [21,22]. Methods for controlling the output of the WGS when the wind speed exceeds the
reference were reported [23-27]; the operation of an overspeed relay when the wind speed exceeds the
reference velocity was proposed [28-30]; and the voltage variation according to the wind speed was
discussed [31-33]. On the other hand, there is a paucity of studies of the operation of an overcurrent
relay when the wind speed exceeds the reference wind speed.

Protective relays were often operated in the early days of the Sihwa wind power system, Korea.
The phenomenon and operation of these protective relays was discussed generally [34]. In this paper,
the problem and solution of the operation of protective relays is analyzed in detail using the measured
line voltages, line currents, and wind speeds. Based on this analysis, the re-coordination of the
overcurrent relay (OCR), considering the wind speed, is proposed to avoid the frequent operation of
relays. This proposed procedure is tested practically at a real site. Through this study, it is verified
that the OCR operates without any electrical faults in a power grid system or a wind power system,
and this problem can be solved by the appropriate re-coordination of OCR. The cause of the relay
operation is analyzed in Section 2, the OCR is re-coordinated to solve the problem in Section 3, and
it is applied to the field and the four-month test results are illustrated as verification of the applied
technology in Section 4.

2. Operation and Analysis of Overcurrent Relay

2.1. Installation and Operation of OCR

In South Korea, renewable energy generators (REGs) have generally been linked to the 22.9 kV
distribution system. The power plant reviewed in this paper is the Sihwa wind power plant, which is
currently under construction to be a microgrid. Figure 1 shows the single line diagram of the Sihwa
wind power system with two wind power generators connected in parallel. The specifications of wind
generator are followed as 1500 kW, 690 V, and 0.9 pf of a squirrel cage induction generator.
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Figure 1. Single line diagram of Sihwa wind power system.
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Two different types of digital composite relays were installed at each unit to protect the generators
redundantly. One is the magnetic circuit breaker (MCB) relay provided by the generator manufacturer
and the other is the digital integrated protection and monitoring equipment (GIPAM-2200DG) installed
by the power plant operating company. During the generation of the wind turbine, the OCR(51) of
GIPAM-2200DG operated frequently, whereas the MCB relay operated rarely and this discrepancy
motivated our research to study a new re-coordination of the overcurrent relay (OCR).

The coordination of the OCR in a renewable energy system may be similar to that in general
electric equipment; however, the time-delay OCR of this wind generator is often operated, as shown in
Table 1. Such operation occurred 39 times for approximately 26 months at one unit. The minimum and
maximum operating currents were 1788.5 A and 2316.7 A, respectively.

Table 1. Time delay operations of OCR* in GIPAM-2200DG**. Unit: A (Measured from 19 October 2011

to 29 December 2013).
No. Fault I I I; No. Fault I, I I;
1 R,S,T 1788.5 1863.8 1928.2 21 R,S T 2123.1 2184.0 2257.7
2 R,S,T 1792.3 1874.0 1953.8 22 R,S T 1920.5 1974.0 2057.7
3 R,S, T 2216.7 2263.5 2316.7 23 R,S, T 2002.6 2053.4 2155.1
4 R,S, T 2214.1 2283.9 2285.9 24 R,S, T 2000.0 2025.2 2100.0
5 R,S, T 2034.6 2091.8 2125.6 25 R,S, T 1944.9 2000.9 2073.1
6 R,S, T 2210.3 2250.6 2285.9 26 R,S, T 2030.8 2081.6 2137.2
7 R,S, T 2132.1 2189.2 2205.1 27 R,S T 1985.9 2026.5 2091.0
8 R,S,T 2052.6 2117.4 2146.2 28 R,S T 2023.1 2045.7 2093.6
9 R,S, T 1878.2 1924.0 1998.7 29 R,S T 1925.6 1944.5 1997.4
10 R,S,T 2133.3 2208.4 2288.5 30 R,S T 1970.5 1995.7 2059.0
11 R,S, T 2091.0 2144.3 2188.5 31 R,S, T 2042.3 2061.1 2123.1
12 R,S, T 1928.2 1997.0 2057.7 32 R,S, T 1974.4 1984.2 2080.8
13 R,S, T 1941.0 1985.5 2057.7 33 R,S, T 2069.2 2095.6 2189.7
14 R,ST 1984.6 2035.4 2057.7 34 R,S T 1909.0 1930.4 2028.2
15 R,S,T 1964.1 2016.2 2070.5 35 R,S T 2223.1 2223.7 2294.9
16 R,S, T 2053.8 2116.1 2167.9 36 R,S T 1997.4 2000.9 2062.8
17 R,S,T 2039.7 2080.3 2109.0 37 R,S T 2029.5 2025.2 2091.0
18 R,S, T 2048.7 2085.4 2120.5 38 R,S T 2026.9 2053.4 2155.1
19 R,S, T 2025.6 2068.7 2098.7 39 R,S, T 2059.0 2072.6 2125.6

N
(=]

R,ST 2259.0 2308.3 2326.9
OCR*: Over current relay; GIPAM-2200DG**: Digital integrated protection and monitoring equipment.

2.2. Analysis of OCR Operations

The time delay OCR may operate in an unbalanced load conditions or a short circuit accident, and
may occur by a malfunction. Figure 2 illustrates the relay operating points in the OCR coordination
curve. The relay operation does not appear to malfunction because they are placed on the right side of
the OCR coordination curve.

The unbalanced ratio of the operating current of time-delay OCR is defined as:

Phase current

%Unbalance = 73 Phase current 100 1

3
The most serious unbalance ratio in Table 1 is R-phase 95.7% and T-phase 104.3% of No. 2. On
the other hand, this is in the 35% acceptable range of the unbalance ratio for the distribution system
in Korea; hence, time-delay OCR operations are not caused by an unbalance fault. If a short circuit
fault occurs in the power grid or inside the power plant, the generator voltage falls and a voltage sag
phenomenon occurs. As shown in Table 2, the minimum generator voltage when the time-delay OCR
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operates is the R-phase voltage, 332.2 V (0.834 pu) of No. 38, which is higher than the setting value of
low-voltage relay, 0.8 pu.
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Figure 2. Relay operating points in OCR (over current relay) coordination curve.

Table 2. Generator voltages at the time of delay OCR operation.

Event No. Phase Voltage (V) Event No. Phase Voltage (V)

Vr Vs Vt Vr Vs Vt
1 359.6 369.9 361.4 21 366.8 375.3 369.2
2 358.4 369.0 359.8 22 368.4 377.1 371.0
3 368.4 372.6 369.7 23 364.8 375.1 369.2
4 373.6 376.0 371.5 24 382.2 387.7 383.8
5 378.3 382.3 378.0 25 373.8 381.8 375.3
6 369.3 372.2 368.4 26 370.4 376.7 371.3
7 377.4 380.3 375.5 27 373.1 378.9 374.4
8 370.6 3755 369.5 28 385.3 387.7 385.4
9 372.5 381.2 376.0 29 383.5 386.8 384.5
10 357.5 368.4 360.9 30 386.9 392.4 388.8
11 374.0 379.6 374.6 31 376.8 382.3 376.9
12 360.5 369.9 362.7 32 367.7 376.7 370.8
13 373.8 381.4 376.4 33 362.3 372.0 365.0
14 376.5 379.1 375.1 34 367.5 377.1 370.4
15 372.2 378.5 373.1 35 347.1 353.5 372.2
16 375.2 382.3 376.0 36 351.7 359.1 378.2
17 390.5 393.3 389.9 37 351.2 358.0 374.0
18 383.5 386.3 382.9 38 332.2 343.2 364.8
19 379.7 382.1 378.2 39 358.7 368.8 3724
20 375.4 377.1 373.3

Therefore, the time-delay OCR operations are not caused by a short-circuit fault because the
low-voltage relay does not operate when the time-delay OCR operates. The reference wind speed of
the Sihwa wind power system is 12.5 m /s, and the output is 1500 kW. If the wind speed of the wind
power system is faster than the reference wind speed and the output exceeds the rated output, the
output should be limited to 1500 kW by adjusting the blade angle through the pitch control system. On
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the other hand, the response of the speed control is limited due to the mechanical time constant of the
pitch control system. Therefore, when the wind speed increases abruptly, it is difficult to maintain the
output at 1500 kW before the OCR operates. Table 3 lists the wind speeds at the time of OCR operation.
The wind speed data of Table 3 do not exactly match the wind speed at the OCR operation time, as
shown by the mean value for five minutes.

Table 3. Wind speed at the time of OCR operation.

Event Wind Event Wind Event Wind Event Wind Event Wind Event Wind
No. Speed  No. Speed  No. Speed  No. Speed  No. Speed  No. Speed

1 12.7 8 12.1 15 12.8 22 13.5 29 13.1 36 10.7
2 13.3 9 12.4 16 10.6 23 11.8 30 14.1 37 15.9
3 12.0 10 12.7 17 12.6 24 13.2 31 11.5 38 13.8
4 15.5 11 12.9 18 9.8 25 10.4 32 8.9 39 12.6
5 14.3 12 12.7 19 12.3 26 114 33 10.4
6 11.7 13 12.2 20 20.1 27 15.8 34 13.1
7 12.2 14 134 21 13.7 28 9.2 35 11.9

Table 4 lists the monthly average wind speed from 2011 to 2012. A comparison of Tables 3 and 4
shows that the wind speed at the time of OCR operation is two times faster than the monthly average
wind speed. Therefore, when the wind speed increases suddenly, the OCR operates before lowering
the output to 1500 kW. To solve these problems, the re-coordination to delay the OCR'’s operation is
needed for the high wind speed.

Table 4. Monthly average wind speed from 2011 to 2012.

Month Wind Speed (2011) Wind Speed (2012)
January 5.1 4.7
February 3.5 5.0
March 5.8 5.7
April 4.6 5.2
May 43 3.4
June 3.9 3.5
July 3.7 3.8
August 3.0 51
September 41 41
October 3.9 4.8
November 4.6 6.1
December 5.0 5.3
Average 43 47

3. Re-Coordination of over Current Relay in GIPAM-2200DG

3.1. Present Coordination of OCR

Appendix presents the impedance map (Figure Al) and specifications for the coordination of
OCR. As mentioned above, MCB and GIPAM-2200DG are installed to protect generators doubly. The
inverse definite minimum time (IDMT) in IEC225 is used to coordinate the OCR of GIPAM-2200DG,
which is illustrated as follows:

t(s) = TMS x +c 2

(5:)

t = operating time for a constant current, I (seconds);

where
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Iy = energizing current (amps);

Ipy = over current pick-up setting (amps);
TMS = time multiplier setting; and

k, a, c = constants defining curve.

If the VI (Very Inverse) curve is applied, the present coordination curve by calculation is illustrated
as follows:

k 135
4ty =005x{ —2 40 3)

) )
Tpu (@)
Figure 3 presents the coordination curves of the relays to protect the generator. The actual

operation for the MCB or GIPAM-2200 DG is the green curve in Figure 3 on a short-current fault of a
690 V line.

t(s) = TMS x
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Figure 3. Present coordination curve of OCR for generator.

3.2. Power Factor in Coordination

In the case of the renewable energy system, the power factor is generally not considered to
calculate the regulated current of generator. This is because the renewable energy sources, such as
hydropower, solar power, etc., are unlikely to be overloaded without faults. On the other hand, because
wind turbines operate at a power factor of 0.9 with wind gust conditions, the power factor should be
taken into consideration for relay’s setting values. Therefore, it is necessary to change the rated current
of a wind power system from 1255 A to 1394 A, and the pick-up current from 1620 A to 1812 A as
described in Equations (4) and (5):

3
P 15 150010

Ly = — x13=—"""""_%13=1620 A 4
L% V3 x 690 @

P 1500 x 103
L= ———— x13=— " x13-1812A )
+/3Vcosb /3 x 690 x 0.9
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3.3. Lever of OCR in GIPAM-2200DG

The blade angle needs to be adjusted without the operation of an OCR as discussed above.
The present time delay curve is VI (Very Inverse), but it is necessary to change it close to EI
(Extremely Inverse).

Table 5 lists the operation time according to the lever of GIPAM-2200DG for the maximum,
minimum and average values of the operation current.

Table 5. Operation time according to lever of GIPAM-2200DG.

Operation Time

Minimum Average Maximum
GIPAM-2200DG Lever Operating Current  Operating Current  Operating Current
1788.5 A 2052.6 A 2316.7 A
Before change 0.05 6.49 2.53 1.57
0.06 o0 6.10 291
0.07 0 7.12 3.39
0.08 0 8.13 3.88
0.09 e 9.15 4.36
0.10 o0 10.17 4.85
0.11 s 11.18 5.33
0.12 0 12.20 5.82
After change 0.13 o0 13.22 6.30
0.14 o0 14.23 6.79
0.15 0 15.25 7.27
0.16 o0 16.27 7.75
0.17 o0 17.28 8.24
0.18 o0 18.30 8.72
0.19 s 19.32 9.21
0.20 s 20.33 9.69

The blade angle adjustment speed of the pitch control system, 2 /s and Table 5 are considered
synthetically, and the lever is then changed from 0.05 to 0.15 finally. The re-coordinated curve is the
same as that expressed in Equation (6):

+cp =015x ﬂ‘i’o (6)

k
A% !
( Ipu ) (18%)

Through the lever change, the wind power system can reserve the time to adjust the blade angle
without the operation of the OCR under momentary gust conditions. Figure 4 presents graphs before
and after reflecting the power factor and lever.

According to Table 5, although the current is increased to 2316.7 A during the situation of a wind
gust, it provides a margin of 5.7 s to adjust the blade angle and reduce the incidence of false tripping.

Figure 5 presents the MCB curve and GIPAM2200-DG curve after re-coordination. The actual operation
curve of the OCR after re-coordination is shown in blue in this figure.

t(s) = TMS x
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Figure 5. Re-coordination curve of the OCR for generator.

3.4. Problem and Solution of Re-Coordination

8of 13

The actual OCR operation curves of the generator side after and before re-coordination are
determined, as shown in Figure 6.
Figure 6 shows that it is beneficial to maintain the margin to adjust the blade angle and reduce the
number of generator fault occurrences when the wind speed is faster than the reference wind speed.
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On the other hand, when the wind speed is lower than the reference wind speed, an unprotected zone
appears even under a short circuit fault condition, as shown in Figure 6.

To remove this unprotected zone, two protection curves according to the wind speed were applied.
An anemometer installed upon review of the wind power plant was used. If the wind speed is faster
than 13 m/s for 10 s continuously considering the pitch control speed and delay characteristics of
protection relay, the setting of the protective relay is converted. If the wind speed is slower than
12 m/s during 10 s continuously, the setting of the protective relay is returned. Figure 7 shows the
above settings.
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Figure 6. Actual OCR curves after and before re-coordination.

4 10000 h
A 5000 e
21%%% Curve when wind
o0 [E==-—— speed is over 13m/s
200 = during 10 seconds
100 |==—mai—k
50 i
20 \
10
2
N 1 ‘\
5 /
Il
2
q
.05
‘812 I~ Curve when wind speed
005 F is under 12m/s during
002 | 10seconds
\ 4 007 L1111 [
5 7 1 2 345 7 10 20
i A -
- I »
— | pu
1600[p ]
N %

Figure 7. Final coordination of OCR.
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4. Demonstration in the Field

The OCR of generator side is re-coordinated, as shown in Figure 7. The re-coordinated curve
for the wind power plant of Sihwa Lake Microgrid system in Figure 8 was applied to the test from
5 March to 25 June 2014. Figure 8 presents the averaged wind speed data for 5 min over a 112 day
period. The minimum wind speed at the instant of OCR operation, 8.9 m/s, which is illustrated in
Table 3, is shown as the red line.

16

wind speed(m/s)

14

12

10

ol ox
<
SRR e o o X X
st

8.9m/s

wind speed(m/s)
o]

0 5000 10000 15000 20000 25000 30000 35000
times(5min)

Figure 8. Wind speed during test.

During the test period, the wind speed data, which is faster than the minimum wind speed,
8.9 m/s, are illustrated in Table 6. The total number of cases faster than the minimum wind speed is
2479, which may have a high enough potential to operate the OCR before re-coordination, but there is
no operation of the OCR during that period, and it is verified that the re-coordination of the OCR is
appropriate for solving the problem of the frequent operation of the OCR.

Table 6. Wind speed during test.

Wind Speed (m/s) Times Operation Remarks
Higher than 17.00 1 X
16.00~16.99 2 X
15.00~15.99 5 X
14.00~14.99 35 X O: Operation
13.00~13.99 119 X X: No operation
12.00~12.99 320 X Test Period:
11.00~11.99 422 X 5 March-25 June 2014
10.00~10.99 575 X
8.90~9.99 1000 X
Total 2479

5. Conclusions

This paper reported the results of a case study on the operation of OCR in a wind power system.
From the analysis based on the present coordination of the OCR, it is found that the frequent operation
of OCR is not originated in the OCR’s malfunctions. After considering the electrical faults and the
wind speed, the further study of OCR operation shows that these erroneous overload faults, which
cause OCR operations, are caused by wind gusts.
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The OCR operated 39 times for 26 months in the Sihwa Lake Microgrid system, as shown in

Table 1. To solve this problem, the re-coordination of the OCR according to the wind speed was
performed through on-site tests, and it resulted in successful wind power generation without OCR
operations for 112 days. In conclusion, the OCR for a wind power system should be coordinated
differently from that of other renewable energy sources.
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Appendix
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Figure A1. Impedance map.
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