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Abstract

More and more distributed energy resources (DERS) are added to the
medium-voltage (MV) or low-voltage (LV) radial distribution networks
(RDNs). These distributed power sources will cause the redistribution of
power flow and fault current and bring new challenges to the
coordination of power system protection. An adaptive protection
coordination strategy is proposed in this paper. It will trace the
connectivity of the system structure to determine the set of relay
numbers as a tracking path. According to the topology of the system
structure, the tracking path can be divided into two categories: one is the
main feeder path, and the other is the branch path. The time multiplier
setting (TMS) of each relay can be used to evaluate the operation time
of the over-current relay (OCR), and then the operation time of the relay,
which on the path will accumulate for evaluating the fitness of the TMS
setting combination. Furthermore, the relay protection coordination
problem can be modeled to minimize the accumulated summation of all
primary and backup relay operation time (OT) subject to the
coordination time interval (CTI) limitation. A modified particle swarm
optimization (MPSO) algorithm with adaptive self-cognition and society

operation scheme (ASSOS) was proposed and utilized to determine



TMS for each relay on the tracking path. A 16-bus test MV system with
distributed generators (DGs) will be applied to test the adaptive
protection coordination approach proposed in this paper, and the results
show that the proposed MPSO algorithm successfully reduces the
overall OT and relieves the impact on protection coordination settings
after DG joins the system. The paper also tests and compares the
proposed MPSO with other metaheuristic intelligence-based random
search algorithms to prove that MPSO possesses better efficiency and

performance.

Keywords: Distributed Generators (DGs), Relay protection coordination,
Time multiplier setting (TMS), Coordination time interval (CTI), Particle

Swarm Optimization (MPSO).
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k _ k
CTlj; =ty = iy s 3)
CTI™™ < CTIf; < CTI™™ (4)
TMS™" < TMSK < TMS™* (5)

A~ R Fos NI EELFEE

AT HRD - BRANPRIFRCFEZ(MPSO) L5 T oA
A2 R B p Ao (v45 4] (Adaptive Self-cognition and
Society Operation Scheme, ASSOS ) » ZLP! 4 7F :

(-) i % % B p Ao foRE i T4 4] (Simple Self-cognition
and Society Operation Scheme, SSSOS )

A PSO eh 4ot ¢ 0 i BV Bl @ H 2w foiedg
T LT = fE TRV [21-23] 0 50 R A 0 AR G H oD
p AL Ao 48iE (748 4] (SSSOS) °

(1) p 2uarg Fhcst

24



uz_':gﬂ:' = ui.':g} +C, -rand, - (pbest;:g} - p;:g}) (6)

(2)# 188 P45

(g+1)
ui

= uz.':g} + C, - rand, - {gbest;:g} - p;:g}) (7)
(3) & &4 iTHY

|g+l}

v, i , - rand; (pbest;:g} — pz.':g:') + C, - rand, - {gbest?g} - P;:g}) (8)

FOLRH b AR YR BT phest {r gbest k3t 8 K B & -
ToZEAaR Sy (RXRY SRR %) T ENT S AR

A0 S i

p(gﬂ} — p(g} + u'ig+1} (9)

(Z)p F RN BEp A fos s (v44] (ASSOS)

% SSSOS ¢ » F#Fif ¥ hp A feEME TaEE T3 G

g1 Co¥t» PSO k& - BEpdf > T FIRMN BT RFRIZET 2 F
ﬁ%iiﬁoiﬁéﬁﬂﬂéﬁ%ﬁﬁﬁ'“mﬁﬁﬁwﬁﬁﬁ
F1 0 1LfRA- i B SR TAFIEE o ASSOS % chE R (4o T

DA EFRE et - @R & BT 42 PR+ o
FIEBA] o 3 = AP ITHA] - p A FHE R EE T -
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(@) 4% rand; <P;@ ¥ rand, <P, @: w7 H 7 Anad 2 /T
HE TEAR

(b) 4% rand;>Pi@ ¥ rand, <P,@ : 7 p A inAviBAR
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- g?ﬂﬂx

K; ’f\f’ K, 2.4 g FF o — R T K <Ky @ Omax A B &
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1 ..............................................................

g a

= Hybrid

S ) .

g Society operation

) operation :
-'E“‘ o (randy, rand:) |
o o :
g 1

3 A

=

g5 o~ Self-

4 = cognition

2 £ operation
~

0 (rand:) P1@9=0.5 1

Probability of self-cognition operation

Eﬁ;]_;l‘ N ASSOS v B \‘”J f‘_" 44’ g'f\."/yh A:}‘& I‘E_ﬁjz‘t”‘lié.%;:)‘: l%]

BELFFRALS
el s B AR T o ek F gl Rk FgE s RPITEMNSE ¢

X5 W Fitness¥ Y = Fitness'® » ¥ ¥ g RpBREKET Pl S8

min min
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= (20)

i B ke i A TMS K B2 (67 PV M IELT i
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ZPLAREAFVL T EFAFTHFTLL P I 12
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A BFRBELH
R b

A3+ % #7419 MPSO-ASSOS i & i #-Ji * — 1 16 Bus 2 fie
TS EAHR - RIS AR 2 HE G - B A
B E 161 kV/22.8 KV ~ 50 MVA -~ # Wye-Delta i # » -+ i § ¢
Bonp o R T BAENTIRAEL o L RTAITEFE- B oo AEEN
FRAcp Pt 3404 49 B o d MPSO-ASSOS fi# -1k
RS IR Y MATLAB 2023 i& (74255 4% > & & * ETAP
PSS - BB AT EFERBRT L E S T ARERD
oo T A2 - o # " Intel Core i7-10510U 2.3 GHz CPU {r 16.0
GB RAM i £ T 55 F 347 o

% 3~ 16Bus & suiH B2 A 40 T R (DG)2 #icd

Installed Generation
Installed _
DG _ capacity power
location bus

(MW) (MW)
1 8 10 6
2 15 10 5
3 11 10 4
4 12 10 5
5 5 10 5
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4 4 16BUS & senf T AL

Percentage of Load Type Lumped load
Bus Constant Constant Active Reactive
kVA Z power power
% % (kW) (kVAR)

3 100 0 2244 1391
6 100 0 2652 1130
8 0 100 2412 1168
9 0 100 1680 300
11 100 0 1870 1159
12 100 0 2771 1717
13 0 100 2295 1422
14 100 0 2592 1607
15 0 100 3395 1446
16 100 0 2125 1317

Total 24036 12657

% 5~ 24387 R (DGs) i# 8 & ik
Statues DGs ON DGs DGs Power
(Condition) OFF Injection
(MW)

1 None 1-5 0

2 1-5 None 25

3 2-5 1 19

4 1,2,3,5 4 20

5 2-4 1,5 19

6 1,35 2,4 15

7 1,3 245 10

8 2,5 1,34 10
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2200 kVA

Cable6 CT11

1
161 kV

CcB1
cr
mn Relayl
50000 KVA

L1z
3260 KVA
Bl6A
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22.E RV

Cables

2640 kWA
669 A

CT12

Relayl2
Cablez Relavd

CB12

p 228 K\

L16 CB24
2500 kVA Cableld  CT13 257.9 A
633A Qpen DGS5
10 MW
13 Relayl3 .
15 3
223Ky 114 @ a7 2883 kWA
) N 3050 kva 113 228KV
ce17 2700 kVA Relay? Relay3
Open A Lis Cableg 73 A
3690 kVA EE4A 7 3
10 Mw 9344 7724 ) 22.8 kV
228 kV Cablel?

B = R

SRS AR

(- VB33 3E BR B IS P FE -

B4 =7 cipl s e
Fogt 7] 5 4ok 6 7T o
% B T FNTMS -
Fita

- t% tie
T A fris |

1706.6 kWA

g o1 43.2 A
228 kV
2680 kVA :.';
679 A
10 MW
kb2 16 Bus fie Tk St 2E R
>
TANREE S VUHREALRRISEFA S
FAINNT LT BRI o f T PR
hefgz b & BRSY S| B A BT TR
TH el daff 2o Tt > 25 BT AL
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chfs (TR LB w5 CTIE -

4 6~ 16 Bus Blif & B * 2 B

Path List of Relay No.
(RGN FRMERERT])
1 1,2
2 1,2,3
3 1,2,3,4
4 1,2,3,4,5
5 1,2,3,4,5,6
6 1,2,3,4,56,7
7 1,2,3,4,5,6,7,8
8 1,2,3,4,5,6,7,9
9 4,10
10 4,10, 11
11 4,10, 12
12 5,13
13 5,13,14
14 14,15
15 14,16

(= )T Ao PR B 1

A3+ % #% 9 59 MPSO-ASSOS 4 PSO R 4573 #-J * + Kjz &
7 DG BBET MRERABR T PR S/ EFFRY R
f2 1 it 16 Bus x SL iR Fen TMS S8 & - 1345 % 6 ¥ #1772
BT R () E R T PR R L P e £ 7 T
HPSOY 232 FER - 428877 A% Fi#EDDGC & i
T d PSO 4= MPSO-ASSOS i i trifh & TMS % B 8 3512 e 34 §2
BREE TP R ARG EEER o VOl Y IR ¥ B DG #c
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B A 0 BT A g RN = d - RS B =4 -]

ﬁmﬁ¢,@ﬁ@1@?§4ﬁﬂﬂﬂMS’ﬁWm4E%m%mﬁ

=1

VJEA R RE TR F 20 BT N RASER T L A
A EREFTHFR AR EIATMS BT 4P 2 2% 2 A% B
DG #ic & Hm ™ {7 30 A5\ (S e acfRenT 5E » & =t {7 100 5

koo & =g r 160,000 B kF o P & > MPSO-ASSOS £ 5 ift
PSO z #% i # » 7 M R EFREBRTFE TR F 2 3§ § TMS Sodicle

b o
v
7~ 2 DG 3 T a3 7 Fd (TR R
) Total DG
Quantity o
Injection PSO MPSO-ASSOS
of DGs
. Power (sec.) (sec.)
integrated
(MW)
0 0 30.75 30.31
2 10 29.43 28.65
3 15/19 33.15/32.95 29.65/29.10
4 19/20 29.32/29.51 28.99/29.10
5 25 29.57 28.74
(=) & TMS % HROCTI g1

Ay P 3 S OCR % BK 3N 2 T T 4od o & T
o & EpRADPCS 7 RAATFARTES FAK - & 8917 5 &
Z @A Ieih DG HIEH L ET (L F 97 71| 2_ (B E Ik i) d
MPSO-ASSOS 427 1¥ 2. OCR & i TMS 3% % -
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% 8 OCR b 4 TMS % %

Condition
Relay
1 2 3 5 8
1 0.1098 0.3542 0.3219 0.3116 0.2669
2 0.5473 0.5414 0.5326 0.5708 0.5774
3 0.5856 0.5636 0.5601 0.6099 0.6244
4 0.4797 0.4539 0.4539 0.4965 0.5070
5 0.3751 0.3736 0.3769 0.4206 0.4167
6 0.2752 0.2802 0.2801 0.3181 0.3165
7 0.1918 0.1815 0.1815 0.2222 0.2222
8 0.0990 0.0817 0.0731 0.1081 0.1222
9 0.0954 0.0729 0.0703 0.1080 0.1272
10 0.3771 0.3726 0.3721 0.3538 0.4069
11 0.2697 0.2670 0.2676 0.2624 0.3086
12 0.2755 0.2696 0.2727 0.2603 0.3126
13 0.2673 0.2804 0.2857 0.2776 0.2771
14 0.1652 0.1664 0.1771 0.1716 0.1690
15 0.0667 0.0582 0.0767 0.0755 0.0694
16 0.0658 0.0591 0.0763 0.0739 0.0768

A SRR SUE RN IVERCER 3 FISARENIFY gik i s By
T EERZ E CTI A 454cBl L e ~L 977 o B¢ e i th fotp 4
u E LB ERERS FR Aol T (TR > A CTI v 1136 th
AP RFTFRZ cFRALDE B Bl AP AR ERER
O 12 F MDA RN B FZ G iR BT ik
Lo HRCTIA* 024 B4FRTEd L BiEn CTI ¥ v B KA
302 4 0.24 Fy2 f¥ o
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(=) =] — (3% i (=)

o
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0.2

e th mtp ——CTI

1 2 3 4 5 6 7 8 0 10 11 12 13 14 15
No. of primary-backup pairs

B+ = & DG @ 4 pF(Condition 1) 1 /15 7 B4t chds (e ps
/4o CTI 4 45 ]

- th mtp —CTI

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
No. of primary-backup pairs

B~ 1 ~ 1% DG & p#(Condition 2) 3 /18 R Fr¥t s (TP
¥ e CTI A 4% ]
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1.8

Time (sec.)
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No. of primary-backup pairs
Bl =~z 3% DG & 4 pF(Condition 3) 1 /s 7 gt ends (epF

¥ 4o CTI 4 45 Bl

Time (sec.)

"]

8 DG
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No. of primary-backup pairs

N2 g
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/4o CTI A 47 ]
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L9
1.8
L7
L6
L5
L4
L.3
1.2

1.1
1
0.9
0.8
0.7
0.6
0.5
0.4 RS
03 =411

0.2
0.1

Time (sec.)

1 2 3 4 5 6 7 8 9 lo 11 12 13 14 15
No. of primary-backup pairs

B+~ -~ = 3% DG # % p#(Condition 8) i /{5 fira Ftends (T pF fFF o
CTI %~ +7 B

(z )8 & TMS 22 PCS %#c3k 3+

Bt if 16 Bus BlzE & )¢ o 7 g o H it TMS Sdcie
Fh P §F CHEE RS RERA SRR kA
B it gl WL BIRETH2L PCS B REAN L g o
Flp A A ) &P B pF R Y MPSO-ASSOS 2@+ = 2. 16 Bus B
RA Lt E BRETHL 2 TMS 22 PCS 4o#icom & B S8z B anpd
BB A RSN (1) (14) (18)#77 > bt A R e 7 i Aen
Byt E HE4HE 4 5 ¢ Condition 2 & 75 538 DG I pFIL ~ i Bz gk

—_

A

‘ew

L 3B BMW B2 Al ) a8 g
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2 97 ZAEFRL - BLEPMRTERAFYUET LS HFRE
Condition ehf. i f2 » e pt - B & 2R g * oy DG Hpe s r

B LA A Ao BRI o

% 9~ OCR e i3 TMS £ PCS % Z_iE

Relay TMS PCS
1 0.59 0.05
2 0.54 0.45
3 0.49 0.95
4 0.404 1.4
5 0.347 1.35
6 0.282 1.00
7 0.194 1.20
8 0.108 1.40
9 0.067 0.80

10 0.315 1.00
11 0.210 0.80
12 0.216 1.00
13 0.23 1.05
14 0.14 1.45
15 0.05 1.80
16 0.05 1.20

\

BlL4~Bl=-L=-573mDGC kT Esdsut Bus 86
14118 4 =BT (F %3 Bl = 2 16 Bus Bl % b)) » 4 /18 rinsg
T4 TR A H CTI A5 & > HépmR it sy
FOEERE DERERD o FRIAL DA LR A FERET AN
FRERIRALBERER CTI %7 4302 40024 fy2 fF o

"
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Abstract: More and more distributed energy resources (DERs) are being added to the medium-
voltage (MV) or low-voltage (LV) radial distribution networks (RDNs). These distributed power
sources will cause the redistribution of power flow and fault current, bringing new challenges to the
coordination of power system protection. An adaptive protection coordination strategy is proposed in
this paper. It will trace the connectivity of the system structure to determine the set of relay numbers
as a tracking path. According to the topology of the system structure, the tracking path can be divided
into two categories: the main feeder path and the branch path. The time multiplier setting (TMS) of
each relay can be used to evaluate the operation time of the over-current relay (OCR.), and the operation
time of the relay can be used to evaluate the fitness of the TMS setting combination. Furthermore, the
relay protection coordination problem can be modeled to minimize the accumulated summation of all
primary and backup relay operation time (OT) subject to the coordination time interval (CTI) limitation.
A modified particle swarm optimization (MPSO) algorithm with adaptive self-cognition and society
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