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AT % BT PSO-SVM (1Y B G L M) H R B == 4 B HE IR 21

Gt/ INEAR B E AR RAEL R/ R AE(E F,
B RAE R T BME S B (EEH o H &l ]
DA, o sl NpO e 85 SR rp By B RN R
T HABSE RS
1.2.3  HUimZE R A

B M PRI % 7 R (total harmonics distortion,,
THD) , 5& SCH e A% 2880 -

F3:(/§U5/UDC)><IOO% (7)

K on R BCERUCE U, n RELER(E s Une 4 ELIAL
OrEEEAEL . 5 R LA BE R T A ol i R A A L T
LU, 10 YA NI SR & 5 B A fL R
142 22 5 B Sk, 51 A PR i HL 28 48 (fast fourier
transform , FFT) JEATHRFAE SR I, FEALME FL BOR 1P
REF FET 0821408 7 s

F=3.97%

0 100 200 300 400 500
WU /Hz
() HLEHEL

- F=0.41%

>

i)

41

S

0 100 200 300 400 500

WL /Hz
(b) HLEWE)

E7 FFTHiRER
Fig.7 Analysis results of FFT

PRl 3 I A L F s S0 R S IR R |
R {EL L R M 7 28 B, 2 I B 4K P T A A SCE I
LRV AS R KL A FAB A S A 10 5L L
1.2.4  PICARUER

B THE 2 T P A A 3 o ke — A Bl 4R 11
RORRJE , Z0 W) T 45 B8 M GE i i e ik, R mT LA
B iz FH TP sh R F I, Hat 30y -

1 & —
F4:«/K—1;)<U(k)_m (8)

KA K O RAEBE U BRI T A
F P BE J5 R 1, TR Al 8 4 {1 1) R EE 4% AN A
Il , B ERE AR 22K e phy T v s i 22 B I 1)
ARG, DRI ik e RE 6 5 A 3t 40 3 HL sl 22
IRV, ) I DA FE AR A b (A B S FF o

1.2.5 PWIRIEE

G HEARAE BRI A5 N
1 X _
—ml;)(lf(k) -U) (9)
TZAE 20 ) 1 O B AL AR 5534 1 BE 22 R
P, RIREAE bR Ta b il A 3 A
1.3 HAESEMES T
RRIIHTREA 8 78 R AL AR Z 18] ) N TR 254
IR AHE A I T B, R, SOh
L k-means JEHEI3HT I okt FaRIE S FRAEHET TG 3
PEAT, 351 ASE BR 2 81 (silhouette coefficient, SC)
KA A5 HE £ 18] 114 288 A ARARL R 1288 1) 28 5 1 o
k-means JEA T IE AR AN [F) FFAE 17] £ x [] 1) WK
FRERB RN R R AE 1] R SR AL B b 28R, 287K
C BT ] LI IR AR S (L 0] F R

5

1
Mmezcix (10)
B SO IR 2% E AR N EIE RS R AR -
B=5.3 v, an

N R B 1 DR SR AE W] S A AR [1] 7 AR A
PRI, JEIR] 732 J3 ) P DA RE A [ A A (] F) A S A
B 5 PR R AR 4R TR 2 PN SR AR B B/ Y [ I B
RIS 3B B, LA A HL A 2 i R AE 25 [
BA R a] Do G AN [ AR AR 1) e A 52 3 T
FHEOP RPN RFER, REVPAETER SC [FHm45 &
THFIEAE RO N SR AR 5 28 W) 73 B BT, RE A8 0 AR AIE
BRI A K AT A A ROl

: n(i)-m(i)
5()= max{m (i) ,n(i)}
O em () SRk 1) i @ 3288 P H A ) R A SF- 2 BE
B sn (@) Jhy1a) o @ B2 8] 45 1) P RS, SC{E
BCHET 1, R FRAE AR A PN SR AN 23 28 1 s
AT DX 3P AR R

2 ETF PSO iRy SVM 43K ]t

21 %5H%ESVMEE

SVM J&—Ff ik T 48 127 R A Bl 22 1 331
Fil G T 4t AU S /M T U AT VE 4 (vapnik-cher-
vonenkis dimension ) Bt , BG LT 1 /IMEAS B8 24
STBES E A A EE L RE SR P S X 2
HeRE ARL S,

DI = T N ol T o g & S N SO
{(x,,y) li=1,2,-,n} ,x, e R FIRFEAR, y, €
{=1, 13 REAHR S AR i A 0 S - THT wx+b6=0
SEPR 2 FREEAREE 14025, BDANIEL 9 FrR . BRIk 4r 2k
() B2 A S S A0 P T G A ) R

(12)



22 & AH) ALK

(13)

BE B2/ ||

E8 mMEBTE
Fig.8 Optimal hyper-plane for classification
TEZHUGE DU A B8 et A v] g, A Ut
AR 2 ¥ XU e /N S L, £ A E A R B S 2 R A%
AT LA IR -

[ngn Sl +c3 e (14)
s.t. y,(wx,+b) =1-¢,

Krp: C HEESTHA ¢ A5, 5] A Lagrange
T+ a X (14) W5 R

max[ = iai 1
iz

T
— QALY X X,
2,j:1‘j:| i jytyj [} (15)

s.t. Yay,=0 0<a;<C
i=1

AR 1) A% PR K (x,,x;) = exp (= [|x,—x; |/
o) HEREAS SRR b I 24 23 i) S 22 gy 4 2 ), i
3 OLR AL AL VGRS SESE

maxL = Z o — % Z lozi(xjyiyjK (x;,x;) (16)

Fhy B/ N 1 20 8 75 0 T R R R Ko 232 1]
BT ZEAH N N, = [log,K, [(Tn BRARKFSTF n
(¥ dre/NECKO) IOBRIE SVM 432 880 04 it 4 21
G A1 BH B B R/ N T R A 1 20
2.2 PSO-SVM 4t HY

SCHSRATRL T AL S A X S R o RS
W C BEATIAL, LAE R SVM iz AL PERE .

15 PSO i, X T D 4efig s [ NI N Y
BLFAE X, B ER  ASRL T 1AL B AR A T
R x= Loy, 2w [ R0 = Lo, v, 0] 6
TR, AR T A S S AT 2 A B A
S i oA L S S A &, ST R — I % 1
7B, L P = [pil sPias "t 5pi,l):| Al P, = I:pgl ,
PerssPop )P INIC TSR @ AR LU R REAS R R BT 2
Rt R AR B . PSO Bk AR N

UZ;I = wkyfd + le’l(l’id - xfd) +
C;"Z(pgd - xfd) (17)

k1 _ K k
Xig =X T Uy

Ak N IEAE d N Y TR LR s}, ch Wk
B2 2T I F 57y, ry A TF O AL 1 RN B L
$ o' H b O AC B BEA R . SO R e ik
VB A AT 0 S A A A B 2 ST R T, i — 2B 4R
PSO M2 R RAE J1. 51 ASE LI (cross valida-
tion, CV) FYBAR ™ 6t s 3758 SUBGAIE AR 9 F- 24 43
HUERR ARV K PSO 35 I 3 pR AR

s l”'
FC:iZ (;xIOO%) (18)
A O AR EAE REAR B L IR IR SR
IIER4 250 PSO flifbit R ini&l 9 fiw o

B SRR

BIE
HEAL
RN
Jﬁmuﬁﬁiﬁn
RLFREAR | | SRR

N R [

B9 PSO ifi#z
Fig.9 Flow chart of PSO

3 EBIsHR

£ Matlab/Simulink H 4% 3 555 % B4 5 5 70
VRECHL A E R S A 10 R, RSES
Bk 1R BRI 6.4 kHz I 0.5 s,

&
Y Detkrw]  [Roakdw] o [fEfeE]

l

(B ]

l

[Evis]  [Ei

S =—

5

10 EHiRALEM&EH
Fig.10 Structure of DC distribution network
R b S R BB P i 22 P TR 3 L
PSSR e A e s 28 e S ol Jo it [) Al
HEATO B, 34T T 3k 150 41 R s sh B AR AR
BRI 30 450 B AL PEAE I anIE 11 s, %
24 T EA R BE R SRR 2 4 SRR AL 1)



AT % BT PSO-SVM (1Y B G L M) H R B == 4 B HE IR 23

®1 ERRZSH

Table 1 Distribution system parameters
SRR IBUE SRR A
BV 380 || EMZWMZHE/V 400
SRR/ pF 3200 I8 L%/ mH 3.5

BRI RIR/kHz 8
BCR AR A/ uE 15

HE L 2R B AF AL/ Q 0.25
BCH AR B AR /mH S

G B RO
e R [T
L FF] %?EFZ L5 ?J]EF}

SYERFAL S

R BRI
'
PCA PSO-SVM|__ [##H 4,
AT A WAPER | R
B 11 HiEaE
Fig.11 Flow chart of data processing

K2 FIEE

Table 2 Feature vector

i) FHEFE AR K/
P F, F, Py F, 7

g 08657 0 0.0142 0.0005 0.1420
W% 09561 0
gfE 08059 07142 01383 0.0104 0581
B 07960 0.8571 0.1105 0.0138 0.677 2
gfE 08532 0.1428 0.9373 0.0032 0.820 4
UK 08602 0 07819 0.0027 0.994 4

shpesy 02265 0.1428 01255 0.9535 0.4610

BEEFE 03624 02857 0.1080 09130 0.3797

0.1486 0.0411 0.29 56

0.1103 0.0754 0.354 4

0.0204 0.0007 0.1351

A, 0.775 6 0
R 0.724 8 0

3.1  k-means $F4ED 1T

XA 100 SRR AR (R 325 20 2%)
17 k-means I3, 8] 12 Ry REAULALE S,
AR S SEFEECH g S ) B R B I T 1, R
FEIESEAE 2 YERFIE 25 18] P RS AT 35038 5 Fh IR AR,
AES i E 3 A9 R AL, 455 3 L 20 B (principal
component analysis, PCA) yE7E 41 X R85
AIE RS T Al A s, I 13 fias, nT LB R
B, A 2 TR A T 1) 5 PR AR DG AR ) 25
AP
3.2 PSO-SVM ##h##i3

VEICH A 125 AERAE R 73 8 A I ZRbEA 5
MHAREAS , FEA HAR PRI BL IR 3 s o

095
0.90

0.85
= 0801
¢u}

o075

0.70

065
2 3 4 5 6 7 8 9 10
FEHH
E12 BERMELES

Fig.12 Trend of silhouette coefficient

0.8 N S
:  HU i 2 - PR )
-
06r % L MBI
S I P
g 0.2 C. ‘:
Ay 0+ 0‘;*0‘0
0.2 N
£
04 W

0.25 0.50 0.75 1.00
PCAl

B 13 PCARELRHL
Fig.13 Clustering result output based on PCA
x3 BEERZIT
Table 3 Various sample statistics

0.6 L L
-0.50-025 0

zhR! YIRREA  DUUREA
H S 22 20 6
W EPIE 24 6
H RS0 24 6
2 ST I 12 6
Bl L BT 15 6
Bt 95 30

PSO-SVM {1ty HL AR A S 500y < b T HFRLARE
105 PSO I RIEARECH 1005 73 KBS Ky C F
o PR R IX ] 7350 & [ 0.1,100 ] FI[0.1,10]
®;=0.85,w;=0.15;¢,,=2.5,¢,,=0.5,¢,,=0.5, ¢y =
2.5;CVITECH 5. LALPT Y SVM B R 2 4L
Ky €=81.736,0" =0.832, H5 MK FEA it A S 5N
I B 73 AT RS R AN 14 PR o

A |~ IEHKE
Mg | o RS

.
il

0 5 10 15 20 25 30
T

14 WiKBEARZEKER
Fig.14 test sample classification result




24 & AH) ALK

BRI EE R T LU 30 A4S iR A
A 28 DHLERR TS, A 1 AU B sh A 1 4L R
SRR IR T2 . ISR DRI T, 7026
BRI HER R IR E] T 93.3%,

N TR BRI R ar R ROCR, SO A AR
150 HFEAKE (VNZRAEA 105, LFEAS 45) 73 5]
% BP i 28 %) 2% ( back propagation, BP) £ /)33
SVM DA K SCrp J7 ik b A7 1 X He sk, 26 4 g il
iR,

x4 ZHEEBIFLER

Table 4 Multi-group model comparison results

By i HER 2/ % YIGrmbia]/s PR /s
T 95.56 20.3 5.4
£/ SVM 88.89 11.7 5.2
BP 12 M 2% 86.67 18.6 5.5

MEHRER AT LA ), BP M2 M4 5517026
HERR AR TEAR, L SVM BRI T I 2Rk A i St
T PR Ry 2 T 2 3 RIS, i /0 HO) A 28 ) 245 SR A e
AR — 2 B B0 0 (0 300 B KU s B /Do
11728 T 4544 AU e /N B SVM b T RIS 5
7R A SRR AR B AN A, DR T I Afy 3 B g, g SVML B
A T/MEAR I RS 2K

B3P k5 24325 SVM R 7 H A vl 2 31,
SCHITIERA B I JEHER R R BLH T PSO Y
SRR B TE N R 8] | A0 58 T 2 43 2
SVM, i I 1 T 5l ASBAL G SE T BT kit
SRR R] T T 1) ol e A B AOIRAS TR S8 Y,
O AN I 5 S 4 8 ) 572 R 3t ]

4 Z5iE

SCHVR BT T LSS B I T H ) R B R
[F) A0, £ Hh T —Fhid T O H AR T A R Bl B ER
T3 A0 TS0 B B U AR R T A R IR A, A
Bl 5 4 b i B3R I FH H R 8 A A

FETF T B G F ) PN R R T A IR R AL 3
KT REAE BB 2T, SCH 45 & /NI AR e Fl FFT 75
SERPOERIN i 3 T S RIS T E A s HER
MIFRHEFE PR o R k-means B ILIFRL G FE I &R
B0, X BT R IBCRAAE S 19 28 P SR A M RN 2K ] 43 g ki
T TR, i PSO ZE AL SVM 43 B X}
SR FATHA . IS5 A BB X T 4
BHEATIRE, B 25 RAE R, Soh ik e IR T AR S
BER TR U SR A B AR DL K 5 F 15 A Jm)
PR AR A 5k £, B8 A S50 VR L T TG P, TR o ) L B
g AU

S % 3Hk:

(1] gEMfE, Z2F, 2588, 5. EIRECH B RS AR B AR S 7RV
giak [T, o [ ML TR 2% ik, 2018, 38 (23): 6802-
6813,7115.

XIONG Xiong,JI Yu, LI Rui,et al. Summary of key technologies
and application demonstration of DC power distribution system
[J]. Proceedings of the CSEE, 2018, 38 (23):. 6802-
6813,7115.

[2] KAKIGANO H,MIURA Y,ISE T. Low-voltage bipolar-type DC

[}

microgrid for super high quality distribution[ J]. IEEE transac-
tions on Power Electronics,2010,25(12) :3066-3075.

(3] TS, 5. 2 o 52 M 1 Ui IC v R I8 AT SR s DAL TF 9
[J]. &% /7,2018,46(9) . 72-78.
YU Lijie, DONG Peiyi. Operation strategy optimization of multi-
terminal flexible DC distribution network [ J ]. Smart Power,
2018,46(9) :72-78.

(4] AR DERT, TR, 45 JETISRIE 5 AR I RS2 14
MR RE B SR BTG [T ). 20 J1,2018,46(6) :55-60.
QU Mengran, PANG Chengyu, WANG Quan, et al. Integrated e-
valuation of power quality based on game theory and ideal grey
relational projection method[ J]. Smart Power, 2018,46(6) :
55-60.

[5] KONDRATIEV I, DOUGAL R. Synergetic control strategies for
shipboard DC power distribution systems[ C] // American Contr-
ol Conference. New York, USA: American Automatic Control

Council (AACC) ,2007:4744-4749.

—
=)}
[}

Darnell Group Market Reports. DC building power: economic
factors, application drivers, architecture/technology, standards
and regulatory developments[ R]. 2010.

(7] BRMEAR, BT, P LA ol P90 b B B ok ) AL [T ] o
J1& 4% 5 3h1k,2016,40(10) ; 148-158.

CHEN Pengwei, XIAO Xiangning, TAO Shun. Discussion on
power quality of DC microgrid[ J]. Automation of Electric Power
System,2016,40( 10) ; 148-158.

R, B, X SCHe 5 AR B IC L MURTR SRR [T]. hE
AL L2441 ,2013,33(25) :9-19.

SONG Qiang,ZHAO Biao, LIU Wenhua, et al. Summary of re-

[8

[}

search on intelligent DC distribution network[ J]. Proceedings of
the CSEE,2013,33(25) :9-19.

FEEL L VLE XY, T R, SF. BV TG R I A A L A
[J]. By Ashfbisss,2015,35(1) :139-145.

DU Yi,JIANG Daozhuo, YIN Rui, et al. Topology structure and

—
=)
[t}

control strategy of DC distribution network [ J]. Electric Power
Automation Equipment,2015,35(1) :139-145.

[10] JOVCIC D, WU B. Fast fault current interruption on high-
power DC networks [ C] // IEEE Power and Energy Society
General Meeting,2010.1-6.

[11] F—i, 2G5, R, 5. —Fd T 22 M B Ac il R
R 4 s [T ], A B B L D 2 4, 2016,36(2)
335-341.

JI Yirun, YUAN Zhichang, ZHAO Jianfeng, et al. A voltage

control strategy for flexible DC distribution network [ J]. Pro-



R G5 5T PSO-SVM 114 B Jit I i 9 v e T st 3l R R 25

[12]

[13]

[14]

[15]

[16]

[17]

ceedings of the CSEE,2016,36(2) :335-341.

BRI BRTe, LA EURBCHL 2R 4 H e O 22 KB B 52
[J]. RIPAABFHA,2016(3) :1-5.

HAN Minxiao, CHEN Yu, WANG Haojie, et al. Research on
the limitation value of voltage deviation for DC distribution sys-
tem[ J]. High Power Converter Technology,2016(3) :1-5.
R T N = W o G N DA R e VS O
R RS R I 5 R kLT ] T E
HUHL T4, 2016,36(6) :1613-1624.

YANG Ling,LUO An,CHEN Yandong,et al. The second har-
monic current suppressed by two band-pass filters and current
sharing control method of bi-directional energy storage convert-
ers in DC micro-grid[ J]. Proceedings of the CSEE,2016,36
(6):1613-1624.

E Rl 2, BB, S R M RE i R P B A 2R
LAl 77 vk £i iR [T ], v [ i ML TR 24 40, 2017, 37 (1)
84-98.

WANG Chengshan, LI Wei, WANG Yifeng, et al. A survey of
classification and suppression methods for DC voltage grid bus
voltage fluctuation [ J ]. Proceedings of the CSEE, 2017, 37
(1) :84-98.

TREEER TR AR IR AL F R Y L R T
ARG, S ,2016,37(5) :125-131.

ZHANG Bihan, YIN Zhongdong,ZHAO Haisen. Comprehensi-
ve evaluation of power quality in low voltage DC power supply
system [ J ]. Electric Power Construction, 2016, 37 (5):
125-131.

PR DO R, BT, 4 M IR AT HL ) ST AP B
LML) B REAR ,2017,41(6) :1726-1733.

JIAO Jinrong, JIA Qingquan, WANG Ning, et al. Ripple forma-
tion mechanism and superposition characteristics of flexible DC
distribution network [ J]. Power System Technology, 2017, 41
(6) :1726-1733.

S R 2 R S T L s Y s i

[18]

[19]

[20]

[22]

[

PR [T]. f o TR A ,2018,37(2) : 102-107.
ZHANG Chenyu, SHI Mingming, FAN Zhong, et al. Research
on voltage sag event classification and short circuit type identi-
fication[ J]. Electric Power Engineering Technology,2018,37
(2):102-107.

TR AR, S, 45 BT /N AR e B E SIS
P F, s e Bl HER L T] . f ) TR R ,2017,36(4) :21-24.
ZHANG Chenyu,DENG Kai,SHI Mingming, et al. Identificat-
ion of voltage fluctuation sources in dc active distribution net-
work based on wavelet transform[ J]. Electric Power Engineer-
ing Technology,2017,36(4) :21-24.

RFETL, THIRSE, B2 R TR0 30 28 B R UM A0
[J]. 3L ,2010(S2) :139-141.

ZHU Lianjiang, MA Bingxian,ZHAO Xuequan. Clustering ef-
fectiveness analysis based on contour coefficients[ J]. Journal
of Computer Applications,2010(S2) :139-141.

VAPNIK V N. An overview of statistical learning theory[ J ].
IEEE Transactions on Neural Network,1999,10(5) :988-999.
KLAUTAU A,JEVTIC N. On nearest-neighbor error-correcting
output codes with application to all-pairs multiclass support
vector machines [ J]. Journal of Machine Learning Research,
2003(4) :1-15.

HSU C W, LIN C J. A comparison of methods for multiclass
support vector machines [ J ]

Networks ,2002,13(2) :415-425.

IEEE Transactions on Neural

TEE R

=

REF(1996) 5 WA, DR T 19l
HLRE i B 203 40 B ( E-mail ; 220182734 @ seu.

edu.cn) ;
IR (1990) , 53 WAk A58 7 18]
HL BB T 1 R 40T 5

KT (1989) , 95, 1, AR W, A5t
YA 5 TEIAMEAE S TAE

EN

Identification of power quality disturbance in DC

distribution network based on PSO-SVM
WU Jianzhang' , SHA Haoyuan', ZHANG Chenyu”, YE Yuyuan', SHE Changjia' , ZHENG Jianyong'
(1. School of Electrical Engineering, Southeast University , Nanjing 210096, China;

2. State Grid Jiangsu Electric Power Co., Lid., Research Institute,Nanjing 211103, China)

Abstract: DC distribution network is the development trend of power distribution system in the future, in order to achieve the

targeted improvement of DC power quality problems and promote the in-depth development of DC power distribution technology,

it is necessary to propose an identification method suitable for DC power quality disturbance characteristics. In this paper, the

formation mechanism and disturbance characteristics of four types of power quality problems in DC distribution network are

deeply analyzed, and five characteristic indicators are proposed for the characteristics of various problems, which are used as

the characteristic elements to identify DC power quality problems. The intra-class aggregation and inter-class separation of the

proposed feature set were proved by k-means cluster analysis. Finally, the PSO-SVM classifier is used to accurately identify the

DC power quality problem. Simulation examples verify the accuracy and effectiveness of the proposed method.

Keywords : DC distribution ; power quality ; k-means cluster evaluation; PSO;SVM
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