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CHONGQOING UNIVERSITY {630, (Fax):023-65104905

Chongging, China
July 30, 2020
To Whom It May Concern:

[ am pleased to inform you that the following two patents have been granted:

Patent (1):

English title of invention: An operational reliability estimation model of improved hybrid MMC based
on the thermal damage with multi-time scales

Chinese title of invention: —f3& T % B 8] )UZ #4505 A SUH VR A MMC 1847 7] 58 MR (AR A I 07 i
No. of patent: CN108509674A

Application date: 2018.02.06

Applicant: Chongqging University (Shazheng St., Shapingba District, Chongqing, 400044 China)
Inventors: Juan Yu, Fei Feng; Salah Kamel

Patent (2):

English title of invention: Mitigation of distributed generation impact on coordination of direction
overcurrent relays using a novel characteristic relay curve

Chinese title of invention: £tF 4k 68 8% RU4F 14 dh 24 2% #2495 75 TL & BB X 77 (a1 i 4% €8 SR MR P 2 1
T3

No. of patent: CN109638760B

Application date: 2018.12.29

Applicant: Chongging University (Shazheng St., Shapingba District, Chongging, 400044 China)

Inventors: Juan Yu; Ahmed Korashy; Salah Kamel; Abdel-Raheem Youssef; Francisco Jurado; Zhifang
Yang; Fei Feng

Please feel free to contact me if you need any further information
Yours sincerely,

Prof. Juan YU
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24k H R 4 Hh 2R IR DOCR 1 7] 838 o [ 4 1) 4 B DR B i B FH T-PCSR. b A1, Vs 55 T F R B /ME
FLRNFR 29 W T A8 FAL Gt 4k e 2345 1k i 28 FIPCSRA 32 4k e 2% A1 45 FH 4k b 28 1) T AE I
(B FEASFICTI{H

[0086] M FR1ZZRSATLLFE Y, B Fh 77535 ] R ¥ T2 4k CR A& FH 2 18] 0 B i, I A 4k e £
P12 8] B IR AS FE KT CTT o 43 HIPCPR (13.266s) $RASH AT — Uk 4K B 2% () S TAE IS 1) /N T
{5 FHH R4k L 2R (35.997s) SRAI AT B — IR 4k HL 23 11 T AR A

[0087] 1R AL G4k H 284 M il 2R (1) 4k o 2% = | J5 & 48 47 I TR) X CT T




CN 109638760 B

i B P

6/15 7T

[0088]

[0089]

Relay pairs Thcimary (5) Toactaup (5) CTI(s)
1 4 0.5432 0.7494 0.2061
2 7 0.2089 1.0008 0.7919
2 10 0.2089 0.7946 0.5857
3 2 0.3045 0.5263 0.2217
4 6 0.3354 0.6042 0.2688
5 3 0.2255 0.4268 0.2013
6 21 0.4481 0.6508 0.2027
7 48 0.8212 1.0257 0.2044
8 1 0.5932 0.9861 0.3929
8 10 0.5932 0.7932 0.2000
10 12 0.5299 0.7311 0.2012
10 25 0.5299 0.7794 0.2495
11 9 0.5252 1.1488 0.6236
11 25 0.5252 0.7797 0.2545
12 14 0.4126 0.7376 0.3249
12 46 0.4126 0.8163 0.4036
14 16 0.5070 0.7746 0.2675
14 24 0.5070 0.9317 0.4246
15 13 0.7074 0.9100 0.2025
15 24 0.7074 0.9315 0.2240
16 18 0.6551 2.0147 1.3595
16 43 0.6551 0.9273 0.2722
17 15 0.3608 0.9149 0.5541
17 43 0.3608 0.9276 0.5667
20 22 0.1416 0.6830 0.2010
20 23 0.1416 0.3558 0.20382

R2R MGGk i ae e P 2R 1 2K i 4% 5 L 5 #3847 I W) J2CTIHE
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[0090]

[0091]

[0092]

[0093]
[0094]

21 19 0.3333 0.5344 0.2010
21 23 0.3333 0.5893 0.2560
22 5 0.3289 0.5295 0.2006
23 13 0.3123 0.9103 0.5980
23 16 0.3123 0.7748 0.4625
26 9 0.9471 1.1486 0.2014
27 26 1.1108 1.3283 0.2175
29 27 0.5004 1.3551 0.8547
29 32 0.5004 0.8575 0.3570
30 49 0.3787 0.8479 0.2210
31 279 0.2538 0.6963 0.6649
31 30 0.2538 0.8087 0.6733
34 36 0.2432 0.7589 0.2001
37 35 0.2554 0.8163 0.2319
37 45 0.2554 0.5815 0.2003
38 40 0.1960 0.6727 0.2277
49 47 0.3531 1.4492 0.2033
49 52 0.3531 6.6681 7.6307
49 54 0.3531 0.7775 0.2397
65 31 0.3819 0.8618 0.4798
65 34 0.3819 0.8893 0.5073
65 64 0.3819 0.8868 0.5048
65 67 0.3819 0.8996 0.5176
66 57 0.7977 1.0011 0.2033
68 31 0.1839 0.8623 0.6784
68 34 0.1839 0.8902 0.7062
68 64 0.1839 0.8872 0.7033
68 66 0.1839 0.9402 0.7563
<348 FHPCRCH) 2k B, 28 FNCT TR A 3 $ A sk 1) R0 48 43 45 A/ e (1]
Relay pairs Terimary () Thaciup (5) CTI(s)
1 4 0.2004 1.6295 1.4291
2 7 0.0772 0.5894 0.5121
2 10 0.0772 0.5875 0.5102
3 2 0.1121 0.8841 0.7720
4 6 0.1250 0.3884 0.2633
5 3 0.0840 0.2937 0.2097
6 21 0.1650 0.7793 0.6143
7 48 0.3023 0.9078 0.6055
8 1 0.2184 1.2123 0.9939
8 10 0.2184 0.5847 0.3662
10 12 0.1951 0.6202 0.4250

F A8 FIPCRCH) 2k B, 28 FNCT TR A 3= B A sk 1) RN 48 43 450 A/ e (1]
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[0095]

[0096]

10 25 0.1951 0.5037 0.3086
11 9 0.1936 1.0617 0.8681
11 25 0.1936 0.5043 0.3106
12 14 0.1520 0.4791 0.3270
12 46 0.1520 0.5083 0.3562
14 16 0.1872 0.5014 0.3142
14 24 0.1872 0.7729 0.5857
15 13 0.2603 0.8624 0.6020
15 24 0.2603 0.5138 0.2535
16 18 0.2412 1.259 1.0181
16 43 0.2412 1.0400 0.798
17 15 0.1332 0.5116 0.3784
17 43 0.1332 1.0384 0.9051
20 22 0.1416 0.6830 0.5413
20 23 0.1416 0.3558 0.2142
21 19 0.1238 0.3565 0.2326
21 23 0.1238 1.1428 1.0189
22 5 0.1213 1.1580 1.0367
23 13 0.1153 2.2337 2.1183
23 16 0.1153 0.5016 0.3863
26 9 0.3488 1.0609 0.7120
27 26 0.4088 1.0218 0.6129
29 27 0.1844 0.6975 0.5130
29 32 0.1844 0.6207 0.4362
30 49 0.3787 0.8479 0.4691
31 27 0.2538 0.6963 0.4425
31 30 0.2538 0.8087 0.5549
34 36 0.2432 0.7589 0.5157
37 35 0.2554 0.81633 0.5609
37 45 0.2554 0.5815 0.3261
38 40 0.1960 0.6727 0.4766
49 47 0.3531 1.4492 1.0960
49 52 0.3531 6.6681 6.3149
49 54 0.3531 0.7775 0.4243
65 31 0.1406 0.4903 0.3497
65 34 0.1406 0.4327 0.2920
65 64 0.1406 0.4789 0.3382
65 67 0.1406 0.7544 0.6137
66 57 0.2935 0.9280 0.6345

2543 FIPCRCI) 4k L %53 ANCT T A AR I 1) A1 43 45 A I )

11
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68 31 0.0678 0.4912 0.4234
68 34 0.0678 0.4337 0.3658
[0097] 68 64 0.0678 0.4798 0.4119
68 66 0.0678 0.388901 0.3210

[0098]  3) & #— A AR L LA T R ¢

[0099]  FEIX AT LT , — 70 A 3 B AL I — A B B 4710 . 01 AN 1 OmVAZ B [ A48 s 2%
R R G A AU AL S B LOMVA, B 2 B L HT R0 . 2. Fir A B DOCR A B # PR EF
NIFIRE -

[0100]  R6ZEKII AL H 18 AL S 4k i 85 P th £ NTPCRCIY 4K Ha 2% A1 8 I 4% i 4%
) AR TRV AICT TE A REAS AR 6 R TH T LATE HY 5 5 H HE 4K H 25 45 1k i 2 S 5 [ o 4k
HLASICE I, LT =R IR X L3 e AR A (RT,R48) , (R8,R10) A1 (R49,
R54) o NRBFNERI R LLF H , PCRCHT LA PR KR4k F 5% 2 [ R 0 RA JEE , 1T G 5 EE B A R 4k v 2%
B E BT AT U AL

[0101] 6K HIAL Grak s d 4 1k il L i) 4k i 2% 2 5 % 1847 18] B CTTHH

Relay pairs Terimary (S) Thackup (S) CTI(s)

1 4 0.5432 0.7493 0.2061
9 7 0.2087 0.9986 0.7899
2 10 0.2087 0.7940 0.5852
3 2 0.3045 0.5262 0.2217
4 6 0.3354 0.6042 0.2688
5 3 0.2255 0.4268 0.2013
6 21 0.4481 0.6509 0.2027
7 48 0.8196 1.0175 0.1978
8 1 0.5931 0.9861 0.3930
[0102] 8 10 0.5931 0.7926 0.1995
10 12 0.5297 0.7310 0.2013
10 25 0.5297 0.7787 0.2490
11 9 0.5249 1.1481 0.6231
11 25 0.5249 0.7790 0.2540
12 14 0.4126 0.7376 0.3250
12 46 0.4126 0.8161 0.4035
14 16 0.5070 0.7746 0.2675
14 24 0.5070 0.9315 0.4244
15 13 0.7073 0.9097 0.2024
15 24 0.7073 0.9313 0.2239

[0103]  ZR7R AL Gr ok e d 4 1k il LR i) 4k i 2% 2 5 S 1847 18] B CTTHH
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[0104]

[0105]

16 18 0.6551 2.0138 1.3587
16 43 0.6551 0.9271 0.2719
17 15 0.3608 0.9148 0.5539
17 43 0.3608 0.9273 0.5665
20 22 0.3849 0.5860 0.2010
20 23 0.3849 0.5887 0.2037
21 19 0.3333 0.5344 0.2010
21 23 0.3333 0.5893 0.2559
22 5 0.3289 0.5295 0.2006
23 13 0.3122 0.9101 0.5978
23 16 0.3122 0.7748 0.4626
26 9 0.9468 1.1478 0.2009
27 26 1.1104 1.3278 0.2173
29 27 0.5003 1.3544 0.8540
29 32 0.5003 0.8575 0.3571
30 49 1.0239 1.2422 0.2182
31 27 0.6882 1.3537 0.6654
31 30 0.6882 1.3560 0.6678
34 36 0.6602 0.8603 0.2000
37 35 0.6935 0.9253 0.2318
37 45 0.6935 0.8937 0.2002
38 40 0.5317 0.7594 0.2277
49 47 0.9523 1.1622 0.2098
49 52 0.9523 5.7442 4.7919
49 54 0.9523 1.0768 0.1245
65 31 0.3818 0.8603 0.4785
65 34 0.3818 0.8890 0.5071
65 64 0.3818 0.8866 0.5048
65 67 0.3818 0.8995 0.5176
66 57 0.7977 1.0005 0.2028
68 31 0.1838 0.8608 0.6770
68 34 0.1838 0.8898 0.7060
68 64 0.1838 0.8870 0.7032
68 66 0.1838 0.9401 0.7563

283 FIPCRCII 4k B 53 ANCT T [ E # A'F I 1) A1 43 45 /R I )
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[0106]

[0107]

Relay pairs Trcimary (5) Toactaup () CTI(s)

1 4 0.2004 1.6296 1.4292

2 7 0.0772 0.5890 0.5117

2 10 0.0772 0.5874 0.5102

3 2 0.1121 0.8841 0.7720

4 6 0.1250 0.3884 0.2633

5 3 0.0840 0.2937 0.2097

6 21 0.1650 0.7793 0.6142

7 48 0.3017 0.9056 0.6039

8 1 0.2184 1.2123 0.9939

8 10 0.2184 0.5846 0.3662

10 12 0.1951 0.6202 0.4251
10 25 0.1951 0.5036 0.3085
11 9 0.1935 1.0619 0.8684
11 25 0.1935 0.5042 0.3106
12 14 0.1520 0.4791 0.3270
12 46 0.1520 0.5083 0.3562
14 16 0.1872 0.5014 0.3142
14 24 0.1872 0.7728 0.5855
15 13 0.2603 0.8626 0.6023
15 24 0.2603 0.5137 0.2534
16 18 0.2412 1.2588 1.0176
16 43 0.2412 1.0401 0.7989
17 15 0.1332 0.5117 0.3785
17 43 0.1332 1.0382 0.9049
20 22 0.1416 0.6830 0.5413
20 23 0.1416 0.3558 0.2141
21 19 0.1238 0.3565 0.2326
21 23 0.1238 1.1429 1.0190
22 5 0.1213 1.1580 1.0367
23 13 0.1153 2.2346 2.1192
23 16 0.1153 0.5016 0.3863
26 9 0.3487 1.0611 0.7123
27 26 0.4087 1.0218 0.6131
29 27 0.1844 0.6973 0.5128
29 32 0.1844 0.6207 0.4362
30 49 0.3769 0.8468 0.4698
31 27 0.2533 0.6961 0.4428
31 30 0.2533 0.8071 0.5538
34 36 0.2431 0.7589 0.5158

K95 FIPCRCII 4k L F53 ANCT T [ E FRA'F I 1) A1 43 45 /R I )

14
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37 35 0.6935 0.9253 0.2318
37 45 0.6935 0.8937 0.2002
38 40 0.5317 0.7594 0.2277
49 47 0.9523 1.1622 0.2098
49 52 0.9523 5.7442 4.7919
49 54 0.9523 1.0768 0.1245
65 31 0.3818 0.8603 0.4785
[0108] 65 34 0.3818 0.8890 0.5071
65 64 0.3818 0.8866 0.5048
65 67 0.3818 0.8995 0.5176
66 57 0.7977 1.0005 0.2028
68 31 0.1838 0.8608 0.6770
68 34 0.1838 0.8898 0.7060
68 64 0.1838 0.8870 0.7032
68 66 0.1838 0.9401 0.7563

[0109]  4) & Z AN A AR ML IR R4

[0110]  FEIXFMEHL T, LEAS I 0947 B 1 B AN 5] 19 49 A X AL DA SGHIE BT W 1 7 VA
R o 3 I AR s B8 64N 3 A 20 K B WL 22 25 B TEEE-39 848 R4 o LEA [] i 25 AN [] /N 4
AR BALEAE B IR 10 R11ER T AEAFALE 2230 A XK B HLEITEEE-39 2. 48 R
GEINF, f FFIA% G0 4k H 2845 1 il 28 11 5 40k e 2% 085 FH 4K Fi B8 11— 26 T AR IS fR) AICT T{H . iX AN %
Ha] DL, 78 N AR Gt 4k 2845 1 il 2B I DOCRIN , A2 7E9/N T AN (0. 2s) &

[0111] K125 7R 148 FHPCRCIY) 3 4% A1 4y 4k FL 2 11 — L84 /R I A DL S CT TR . 75 M. FH
PCRCI¥IDOCR , & H B Jse 24 AR (1) 45 00 o 36 015 146, T LA 1SEPCRC A2 2 5 RT S 1), AT AR KR =
Hh 2k £ FH HR gk 2 TR A B R AR B, TS 7 BEAE AN AT AE B AN R DGS K/ B 3 B

MUECRE 4k E .
[0112]  R101577 55 RGP L4k AR Y B8
Bus Number DG Size

6 10
[0113] 9 15

16 20

18 25

26 30
[0114] - e

[0115]  ZR1IR MRSk etk il 2 4k i 453 L R s AT I 8] 2 CTTHE

15
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Relay pairs Terimary(5) Thackup (5) CTI(s)
1 4 0.5431 0.7491 0.2060
2 7 0.2080 0.9915 0.7835
2 10 0.2080 0.7860 0.5779
3 2 0.3043 0.5258 0.2214
4 6 0.3352 0.5916 0.2563
5 3 0.2254 0.4261 0.2007
6 21 0.4385 0.6496 0.2111
7 48 0.8147 0.9948 0.1800
8 1 0.5916 0.9855 0.3939
8 10 0.5916 0.7846 0.1930
10 12 0.5248 0.7272 0.2023
10 25 0.5248 0.7644 0.2396
11 9 0.5210 1.1450 0.6231
11 25 0.5218 0.7647 0.2428
12 14 0.4109 0.7335 0.3226
12 46 0.4109 0.8111 0.4002
14 16 0.5044 0.7690 0.2646
14 24 0.5044 09175 0.4131
15 13 0.7042 0.9060 0.2017
[0116]
15 24 0.7042 09173 0.2131
16 18 0.6508 1.9636 1.3127
16 43 0.6508 0.9235 0.2727
17 15 0.3586 0.9105 0.5519
17 43 0.3586 0.9238 0.5652
20 22 0.3833 0.5830 0.1997
20 23 0.3833 0.5846 0.2013
21 19 0.3320 0.5314 0.1994
21 23 0.3320 0.5851 0.2531
22 3 0.3261 0.5293 0.2032
23 13 0.3107 0.9063 0.5956
23 16 0.3107 0.7693 0.4586
26 9 0.9449 1.1447 0.1997
27 26 1.0881 1.3253 0.2372
29 27 0.4963 1.3249 0.8286
29 32 0.4963 0.8532 0.3569
30 49 1.0119 1.2230 0.2111
31 27 0.6779 1.3242 0.6463
31 30 0.6779 1.3382 0.6603
34 36 0.6574 0.8569 0.1994
37 35 0.6906 0.9207 0.2301
[0117]
37 45 0.6906 0.8876 0.1970
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[0118]

[0119]

[0120]

[0121]

RI2K ARG 2K i A4 10k il Ze i 4 H 25 32 L )5 &8 4TI TR) ) CTTHE

38 40 0.5298 0.7566 0.2267
49 47 0.9358 1.1589 0.2230
49 52 0.9358 6.2258 5.2899
49 54 0.9358 1.1182 0.1824
65 31 0.3789 0.8475 0.4685
65 34 0.3789 0.8833 0.5043
65 64 0.3789 0.8848 0.5058
65 67 0.3789 0.8980 0.5190
66 57 0.7963 0.9916 0.1953
68 31 0.1817 0.8480 0.6662
68 34 0.1817 0.8841 0.7023
68 64 0.1817 0.8852 0.7034
68 66 0.1817 0.9391 0.7573
21348 FHPCRCI 2k HE, 215 FNCT TR A 3= 48 A B 1) A1 88 A7 #e AE B [1]
Relay pairs j - i T CTI(s)
1 4 0.2003 1.6305 1.4301
2 7 0.0769 0.5876 0.5106
2 10 0.0769 0.5863 0.5093
3 2 0.1120 0.8844 0.7723
4 6 0.1250 0.3857 0.2607
5 3 0.0840 0.2936 0.2095
6 21 0.1614 0.7795 0.6181
7 48 0.2999 0.9000 0.6001
8 1 0.2178 1.2126 0.9947
8 10 0.2178 0.5835 0.3657
10 12 0.1933 0.6197 0.4264
10 25 0.1933 0.5019 0.3085
11 9 0.1924 1.0628 0.8704
11 25 0.1924 0.5024 0.3100
12 14 0.1514 0.4786 0.3272
12 46 0.1514 0.5070 0.3556
14 16 0.1862 0.7658 0.5795
14 24 0.2591 0.8646 0.6054
15 13 0.2591 0.5075 0.2484
15 24 0.2396 1.2303 0.9907
16 18 0.2396 1.0416 0.8020
16 43 0.1324 0.5111 0.3787
17 15 0.1324 1.0360 0.9035
17 43 0.1862 0.7658 0.5795

17
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20 22 0.1410 0.6837 0.5427
[0122]
20 23 0.1410 0.3546 0.2135
[0123] 143 FHPCRCIK) 4k v 8 FICT TR Fr) 3= 15 VR IS 18] A0 85 47 35 VE IS ]
21 19 0.1233 0.3561 0.2327
21 23 0.1233 1.1486 1.0252
22, 5 0.1203 1.1587 1.0384
23 13 0.1147 2.2500 2.1352
23 16 0.1147 0.5011 0.3863
26 9 0.3480 1.0619 0.7138
27 26 0.4005 1.0220 0.6215
29 24 0.1829 0.6894 0.5065
29 32 0.1829 0.6214 0.4384
30 49 0.3725 0.8442 0.4716
31 27 0.2495 0.6883 0.4387
31 30 0.2495 0.8031 0.5536
34 36 0.2421 0.7593 0.5171
37 35 0.2542 0.8174 0.5631
[0124]
37 45 0.2542 0.5800 0.3257
38 40 0.1953 0.6735 0.4781
49 47 0.3446 1.4502 1.1056
49 52 0.3446 4.8896 4.5450
49 54 0.3446 0.7347 0.3901
65 31 0.1395 0.4870 0.3475
65 34 0.1395 0.4305 0.2910
65 64 0.1395 0.4782 0.3387
65 67 0.1395 0.7542 0.6146
66 57 0.2929 0.9225 0.6295
68 31 0.0670 0.4879 0.4209
68 34 0.0670 0.4315 0.3644
68 64 0.0670 0.4791 0.4121
68 66 0.0670 0.3885 0.3214

[0125]  Zx b rid , A B 72 Hh A 6% T 20k ri 25 TR0 128 b e 2 88 A 2 H X T ) il i 4%
HL 5 MR ORI SN ) 5 30 AN 5 IR O 73 A 3 RE Y B T 18 88 44k e DR 37 2 B mT Mgt t 7 A
FUBEWES 4k i ORI R AR S 2, mT LR 2E 8D BT — IR g el 3 10 S IS AT IR 1]
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Abstract

This paper proposes a new methodology for solving the coordination problem of DOCRs based on multi-objective grey
wolf optimizer and fuzzy logic decision-making. In addition to the conventional objective function, a new objective
function which aims to minimize the discrimination time between primary and backup relays is proposed. Moreover, the
conventional objective function related to minimizing the total operating time of primary and backup relays is considered.
The feasibility and performance of the proposed methodology for solving the coordination problem of DOCRs are
investigated using two different systems (8-bus system and IEEE-30 bus system). The proposed methodology is compared
with other reported methods. The results prove the viability and effectiveness of the proposed methodology to solve the
DOCR coordination problem without any miscoordination between primary and backup relays.

Keywords Direction overcurrent relays - Optimal coordination - Multi-objective grey wolf optimizer - Fuzzy logic

decision-making

1 Introduction

The complexity of electric network operation is increasing
as the size of the electric network is growing rapidly.
Protective relays play a critical role in saving reliability
and continuity of the power system. The main objectives of
a protective relay are to keep healthy parts in service, clear
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the fault quickly by isolating only the faulty part, and
maintain the reliability of the power system. DOCRs are
widely applied in the distribution and sub-transmission
system protection (Korashy et al. 2018). DOCRs operate
when the current magnitude exceeds a reference current
(pickup current) and flows in front of relay (Al-Roomi and
El-Hawary 2017). If the fault is located behind the relay,
then no action will take place (Costa et al. 2017). The
coordination of DOCRs is considered as a nonlinear opti-
mization problem with many operating constraints (Than-
garaj et al. 2010). The operating time of DOCRs is based
on pickup current (Ip) or plug setting (PS) and time dial
setting (TDS). The right selection of these settings is a very
important concern for optimal coordination of DOCRs
(Tjahjono et al. 2017). The reliable coordination of DOCRs
means that the primary relay should isolate the faults in its
own zone quickly to limit the system outage to the smallest
area, and the backup relay should be operated after a
specified time delay to clear the fault in case of primary
relay failed to operate (Amraee 2012). Hence, the main
goal of optimal coordination of DOCRs aims to minimize
the summation operating time for all relays with main-
taining the coordination time margin between relays pair
(Chelliah et al. 2014).
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ABSTRACT In this paper, an efficient optimization technique, called improved moth-flame optimiza-
tion (IMFO) is proposed to improve the performance of conventional Moth-flame optimization (MFO).
Then, both of MFO and IMFO are applied to solve the coordination problem of standard and non-standard
directional overcurrent relays (DOCRs). In the proposed IMFO, the leadership hierarchy of grey wolf
optimizer is used to improve the performance of conventional MFO with the aim of finding the best optimum
solution. The major goal for optimal coordination of DOCRs is to minimize the total operation time for
all primary relays as well as satisfy the selectivity criteria between relay pairs without any violation in
the operating constraints. The performance and feasibility of proposed IMFO are investigated using three
different networks (8-bus network, 9-bus network, and 15-bus). The proposed IMFO is compared with
conventional MFO and other well-known optimization techniques. The results show the effectiveness of
the proposed IMFO in solving both standard and non-standard DOCRs coordination problems without any
violation between primary and backup relays. In addition, the results show the power of proposed IMFO in
finding the best optimal relay settings and minimizing the total operating time of relays which its reduction
ratio reaches more than 28% with respect to the conventional MFO. Furthermore, the reduction in the total
operating time of primary relays reaches more than 50 % with the usage of the non-standard relay curve.

INDEX TERMS Direction overcurrent relays, optimal coordination, improved moth-flame optimization,

standard and non-standard relay curves, coordination time interval.

I. INTRODUCTION

Protective relays play an important role in saving continuity
of the electric power network. The main goals of a protec-
tive relay are to isolate only fault part quickly, keep healthy
parts in service, and maintain the reliability of the electric
network. DOCRs are generally applied in the protection
of distribution networks and sub-transmission networks [1].
DOCRs initiate when the current magnitude exceeds a pre-
determined value (pickup current) and flows in front of the
relay [2]. The coordination problem of DOCRs is considered
as a non-linear optimization problem with many operating
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constraints [3]. The operating time of DOCRs depends on
pickup current (Ip) and time dial setting (TDS). In optimal
coordination of DOCRs, the right chosen of these settings
is very important [4]. The primary relay shall isolate faults
quickly in its own area to minimize the system outage to
the smallest area. After a specified delay time, backup relays
shall be initiated to clear the fault in case of primary relays
failed to work [5]. Hence, the main goal of optimal coor-
dination of DOCRs aims to minimize the summation oper-
ating time for all relays and keep a time margin between
backup and primary relays [6]. Different methods have been
reported to find the optimal solution for relays coordination
problem. Many heuristic methods were suggested to solve
the coordination problem. The trial-and-error method was
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Abstract

This paper proposes an enhanced version of grey wolf optimizer (EGWO) to solve the coordination problem of directional
overcurrent relays (DOCRs). The EGWO is proposed to improve the convergence characteristics and computation time of
the conventional grey wolf optimizer (GWO) by selecting a suitable balance between exploration and exploitation phases.
This balance is achieved by exponential decreasing of the control parameter during the iterative process. The EGWO is
explored in all search space during predetermined iterations, and then it fast converges to the best optimal solution by local
exploitation around the optimal solutions. The proposed optimization technique is applied to solve the coordination
problem of DOCRs. The main objective of optimal coordination of DOCRs is to minimize total operating time of all
primary relays with sustaining the selectivity between relay pairs. The feasibility and performance of the proposed
technique for solving the coordination problem of DOCRs are investigated using four different systems, compared with
several well-known techniques. The obtained results prove the effectiveness and superiority of the proposed technique
compared with these techniques. The proposed technique is able to find the optimal relay settings and minimize the total
operating time of relays (with a reduction ratio about 19.3995% relative to the conventional GWO) without any misco-
ordination. In addition, DIgSILENT PowerFactory is used to validate the proposed technique.

Keywords Directional overcurrent relays - Optimal coordination - Coordination time interval - Enhanced grey wolf
optimizer

1 Introduction

The complexity of power system operation is increasing as
the size of the power system is increasing rapidly. Pro-
tection relays play an important role in keeping the relia-
bility of power system at a high level [1]. The main
objective of a protective relay is to identify and isolate the
faulted elements and keep the non-faulted elements in
service or, at least, minimize damage in the system due to
abnormal conditions [2]. DOCRs are generally applied in
the protection of sub-transmission and distribution systems

X< Francisco Jurado
fjurado@ujaen.es

Salah Kamel
skamel @aswu.edu.eg

Ahmed Korashy
ahmed.korashy2010@yahoo.com

Abdel-Raheem Youssef
abou_radwan @hotmail.com

Electrical Engineering Department, Faculty of Engineering,
Aswan University, Aswan 81542, Egypt

Department of Electrical Engineering, University of Jaén,
EPS Linares, 23700 Jaén, Spain

State Key Laboratory of Power Transmission Equipment and
System Security and New Technology, Chongqing
University, Chongqing, China

Electrical Engineering Department, Faculty of Engineering,
South Valley University, Qena, Egypt

[3]. DOCRs calculate the direction of a fault by comparing
the phase angles of currents, or the phase angle of a current
with that of voltage to determine the direction of a fault [4].
DOCRs operate when the current magnitude exceeds a
reference current (pickup current) and flows in front of
relay [5]. If the fault is located behind the relay, then no
action will be taken [6]. The operating time of DOCRs is
based on pickup current (Ip) or plug setting (PS) and time
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Abstract—In this article, a new hybrid metaheuristic optimization
algorithm is proposed to solve the coordination problem of
directional overcurrent relays (DOCRs). The proposed algorithm is
constructed using hybrid whale optimization algorithm and gray
wolf optimizer (HWGO) that enhance the performance and
reliability of the traditional whale optimization algorithm (WOA).
The proposed method enhances the exploitative phase of the
WOA using a leadership hierarchy of the gray wolf optimizer
(GWO) to find the best optimum solution. The coordination
problem of DOCRs is subject to numerous constraints. The goal
function for optimal coordination of DOCRs aims to minimize
total operation time for all primary relay without violation in
constraints to maintain reliability and security of the electric
power system. The effectiveness of the proposed algorithm has
been investigated on four different interconnected networks. The
results using HWGO algorithm are compared with the original
WOA, GWO, and earlier reported results of other optimization
techniques. The results prove the viability of the proposed
algorithm to solve the DOCR coordination problem and the ability
of the proposed algorithm to overcomes the drawbacks and cover
the weakness of the conventional WOA.

1. INTRODUCTION

Protective relays play the critical role in saving reliability
and continuity of the power system. Directional overcurrent
relays (DOCRs) are widely used in distribution and sub-
transmission system protection [1]. The coordination of
DOCRs is considered non-linear optimization problem with
many operating constraints [2]. The optimal coordination
of DOCRs is a very important issue for any protection sys-
tem [1]. The operating time of DOCRs depends on time
dial setting (TDS) and pick up current (Ip) or plug setting
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ABSTRACT

The optimization model of Directional Over Current Relays (DOCRs) coordination is considered non-linear
optimization problem with a large number of operating constraints. This paper proposes a modified ver-
sion for Water Cycle Algorithm (WCA), referred to as MWCA to effectively solve the optimal coordination
problem of DOCRs. The main goal is to minimize the summation of operating times of all relays when
they act as primary protective devices. The operating time of a relay depends on time dial setting and
pickup current setting or plug setting, which they are considered as decision variables. In the proposed
technique, the search space has been reduced by increasing the C-value of traditional WCA, which effects
on the balance between explorative and exploitative phases, gradually during the iterative process in
order to find the global minimum. The performance of proposed algorithm is assessed using standard test
systems; 8-bus, 9-bus, 15-bus, and 30-bus. The obtained results by the proposed algorithm are compared
with those obtained by other well-known optimization techniques. In addition, the proposed algorithm
has been validated using benchmark DIgSILENT PowerFactory. The results show the effectiveness and
superiority of the proposed algorithm to solve DOCRs coordination problem, compared with traditional
W(CA and other optimization techniques.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The complexity of power system operation is continually in-
creased due to its extension with years. Protection relaying plays
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