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Abstract: Owing to its advantages of good controllability, high efficiency and reliability, and adaptability to the
connection of renewable energy resources, the direct current (DC) distribution system has become the development
direction of next-generation power distribution systems. The characteristics of energy resources and loads, disturbance
resources, and operation mechanism of DC distribution networks are different from those of alternating current (AC)
distribution networks, which lead to new features of power quality issues. Aimed at the widespread applications of DC
distribution systems, their typical topologies with the corresponding grounding modes are introduced. With the
combination of operation characteristics, the phenomena of various possible power quality issues in DC distribution
systems are analyzed, including voltage band, ripples, imbalance, flicker, voltage dip (short-time interruption) and
voltage swell. In addition, the main technical indices that can be used to describe the power quality of DC distribution
systems are proposed. The results of an example demonstrate that these indices can well quantitate the related power
quality phenomena. Finally, the research directions for power quality issues in DC distribution systems in the future are
also discussed. The research aims to analyze the power quality issues in DC distribution systems in depth, providing
support for the comprehensive power quality measurement and analysis of DC distribution systems.
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Fig. 1 Typical wirings of unipolar DC distribution system

ety

1EAR

A
1 BRI | iﬁﬁi%lﬂ i
+J

| %ﬁi%ﬁﬁlf f47 34

4l T
|
A2

+ £
|
|
|
|
|

T

(a) TN$EH 75 X

B2 BEREERFNRRGAREE
Fig. 2 Typical wirings of bipolar DC distribution system
TR LPRTFR, FETHORFIZT M5 i,
BN R AR B AR R TR . R R R
LR B R | A T R SR EOR | 4%
PFE . BB S5, 730, SERMARGILE, Bk

RY st B AR AEAT i R, R BN I
X F§
1.3 Eumﬁﬂ%gé}fﬁlﬁ;iﬂ!

FE A HF TP 2 IEEE(Institute of
Electrical and Electronics Engineers)FTE &%
HL BT fe i« 2 BBV A PR LAY H T FNAE 25 1) 42 b,
RAIIE A T E R T, WL, B
RGN 7 OO0 A BT i N A is T oA
R

BT, W B AR R Gy 8 TN 8¢
IT Jyx. SCRR[I31EH, B AC L FE AR X 4
FE R RGP RGeS U L M A R T
G, JULAHE B RE A AT, X E R

B b g T2 Al i A e s S R Tt i
HUF(EAL

X T ERAR LU L TR L O H R BT, TEARTR] Y
HURSEGOT , RITURAZHE) TN #2452
HAC T R G HA = R 2 TEGE; 58 ARS%
— M, Bt IT RGERERAR SR AL e tEhE
(BFFAE 24 25 W) PRI A T R, o), 5] Z:?ﬁﬂﬁlﬁ’ﬂ
L, ST 28 48 A H B0 i A7 X i 70 A L 2 v

APEIREBREL, AR RS ILT A R
i, I, MR TSRS E/ALT%%,E"J IT
RE LS T INRIXE, 2 ASReEafh i, a7
5 [ IR FET 1 R B Jo ik )



188 e, T & Eid o523 %
SCHR[14)00F T X IT RGathtEgedg 2.1 BERZE

[, Z5IRRH, DL i i R TR, R Tk
2 1.5 frgie U, o A s OB G B b T 4
W 5 g 2 [ B R 43817, X TF TN REGik
XoF iR, IT RS0 e e M e, i 2 s i B
()Tt e 42 S LA ARR BT 57 o 120 [ S B X X 422
HiuH T A AR A BRAEL, BN SCHER[ 15148, 78
752 BB EAS KT 240 V DC(H& il B FEHEL
FEM 2 45) . B 3 A% 750 V TN B il HL RS0 %
Mo e R B A AT 2R, mT L, FEdE s
FHAZ = X, HUSCR A IT RS¢.

400

350

300

>
1 250 -

)
i 200

= 150 |
.
100
50

0 L ] ] ] L L L ] ]
2 4 6 8 10 12 14 16 18 20

e HLPH AR A/Q

B3 K750V TN Rkt EREMEETARE
Fig. 3 Schematic of grounding voltage of one 750V TN

system vs grounding resistance
BT BRI, T RS R I A R AN
ek e A T, 7RSI R G
PR BB R SR AYTE O T, AL T 2
AP PR NS HEd; [FIRE, 7R ELRICH RETNER,
A S - R C AR G e R A, S I
RIUCIT i 7=,

2 HiRELHERSZREAERERASH

LA ACH R BT LA | (] B A Y
IBATEIASG, 5 ELURAC H M) 22 AR g A e b
P I7 B UIASC, 2 DA ER O s 7Y
PP L I MR (R A B AR MR AR T BAE R T
HL RIS AT I IR B B G o A 1Y T45 5 EO I
HL IR )3 A 7 A o B HG RT REAE T Y 45 28 L RE L &
B,

RGIaATH R e i RE BT 4
HfaFr !0, (N, BF9T BT R S L BE R
it [ SR B A PR BRI RS T R Y
LR
211 ATHEHAFXGLRCER

HRAE 3 7 AR, BLRACH R G A 430 2
Pz i, BPF S R G Ak shlc i R 4t .
F B L AR e B R A o0 A 2R (an o A =X
KH ., AR EAE RS BT ECE M, F )
BLH R H LT A IR . s T 347
5 1 0 HL T H T A BB RN T
el R E R Ul MRS R SN
REH T, LRGSR IR 1| ARG
RIS AL, % s A2 Ak 3 [ AR L R Al (voltage
band). #% 2L AL FR 58 RIAREE FHE I (1 an S e 1Y)
Sl LT, ) S RE P 7 ELURBC LI, s i SR
— W FEFERITT, ER SISO A AR
FENREY EPOE G =

AL, HUBCHE RS S EMACHE RE—H, 1
FELEEL R A 22 7)1 JFLRE P Al 25 AN 32 H 1R R 7
A S FELZ B 5 | 1) R B A s, ] B AN [] ) R
Py 2 2 5 | P s s 25 78 9 T 2 S ) L
JRHZ—,

2,12 HAR®ARAE A R 69 E 5 AT

LI C L AR GE 1 B KR R TE T H A BB A T &
i T R B R BT R E
TRE A, TR B R i AR A P, 91 4n oK
A FEL YRR PR PR AE 1 N 1 AR A,
TR FL T L 2R AT DA R RE X AR 1Y L R R
HATSEIBTT .

H A 22 FHE TRk b 58 EE 6] PWM(pulse
width modulation )4 il (14 F, 7 FL T AR 428 R FH DK T
PRI AR il L0 R AR E , DA I Yz IR A
HUESAL, TR s AT LLHET 52 R
TR LLC 22 480 25 A 18104 28 O i s (2

IR LLC Apffuds 2 i LLBEASIE N SE72 F A
H A8k T s s p L e, HAZ G 2



555 3]

JESC, %% EUHCH RS0 H RE T E AR NT 189

FOBR LLC RUBAY RISt e By . H | g
NS 4 Bt Ed L Ly, CAUR
PR AL, RIS FL 5 I P Tl R AR T, ST
BR[2 1025 1 X Rz L ot g e ks, BP

oac | _

K(Q,g.F)=

Fl(g-1)
J@F2 =) + FA(F2 =1y (g - 1) 0°
K K R Voo SHIAHLE Voo HOH25 5
O WEEEL, M L. C RERAE R s g
B Loy Lo D52 Fo WIETRHARSER 7 1000 — L TF
KT, Ffilfon fo WIBRIFIIR.,

C, L

I I YL

Vinae Lt R[] Vou

B4 LLCIEiRrAEEKEEEmAEHBE
Fig. 4 Equivalent circuit of voltage gain of LLC
resonant cir cuit

SART (D) RTAL,  TEA B R 3 58 9 722 Ak 3
P, TREEFESMIR £ AEIRIRIIUR f AR Ak, AT i
UE LLC L FE I8 A5 2 AH GRS o s e e 671 28
FHH

i L, EBCH RIS TH IR 2RI 1
AN AT, F T AR A g o i el B
BORIMIENBE ST, TE—E A EEN, AR
FIBATHEREAZAEM 5 (H2, i ey 1 AR AL el
L —E AR BRI, H 7 R A A S s
(B TR, ABREITHERERE L, ik, H
C FHL 2 490 1) LS A 22 ] R0 s JFC P 78 I i ) L
Wz —,

2.2 8Ll

SR GE RIS R TSRS A% i
EHMAEHHTHST 0, Wik, NMEEERE
SR (R, SEAE A B EAR L,
T HRECH R G 2 AR R T 8, il ik
TR R T L S Tt A R D PR S
FESLPRB AT B LR . FRIIFEAENK SIS , %

(D

IRGFR B IG . 1 5 Ffi7 hy = AH AR U H
iR BRSSO o RIRESRE T2 R e
FIA) R A P S A O PR T A A 5 T MR 4R G
BN Rtz sk, HETAE BERCHE R W R A
FLC L 26 B AL B 5 5, AR O R 9 L T (mains
signaling voltage)!'®, X#6( 5 di IR B NNFFE B
JEZ B asEERAEIEAKSI. TEC TR 63282
e, SO — R GVARXT T D A R BRI
it R Y AR R BRI H R G SR
e HCMR AE AL 3 2 R A R A R 0 f T8 e 8 R
e, ASCAHTEE,

HAAE | gy ;gﬁﬁm
SHIA bR S
XK AXX

E5 ZHEKEREERERIIKAR

Fig. 5 Phenomenon of ripples superimposed on DC voltage

FAR L3 L

delivered by three-phase full-waverectifier circuit

BUPAE B R R G AR IR AL S R B NX
BB faF BB SEEREMB . Xt
A R G BRI, [R]REX ARAY F o R00
BT . STIR(12148 Hh, AR TR L SRR R 2L
W5 B ELUR L T3 O SOOI 0, X AR
FEFH B s 7 ELIAL FL A4 D4 (-5 S U R, ) I 08 A
6], DR &0 a 2R AErE B sl i T REVE R B0 24
BB HIR SIS , T BER T B H AR A
HO N0 o T W SEHRTA ERIC L R ST
AETT AV EHARTEIRZ —
2.3 REE

AN SRER BN A R R A U b R B, LRI
H R GEMAFAEA T, SRR R, BT
PR B A T B AN 7 8 AT DA B A R 2 ) 23R
H S BT FL s i 1 A PR S ) K P45 S T S
AFHEFEG . [FIIS, XU 1T ZRG8 P i e
Ffl A R T 5 [ B L A1 ™ B Y
AN TR DR S R G S R B 4 AT, Bl
e AT PR R TR AR, Y



190 i, b

E 4 $23 %

Wb, AN ] R 2 9 R 2R 9 2 ) FL BB T
ML,
24 AZE

ARETFVAL, EIRACH RGP E202 LED
X1, SCHR[24]\ LED 19 A& 65 B K A [R] H jig 2%
F45381 T LED AT OGRREEAS b4 . BESR LED iz
Fr i B A B AR At — e A AE TN A [, 1IN
ARG NG A 75 F AR, 045175 A i
I HAORE SRR | AR IR AE SR, [ R
F DRI AE s A R i e b R AR AR AR O PR, A
TBREWE HRIHE RE N EEHREREIR
Z—
2.5 EIEEMEEF /SR PR

Wl hh, IT RGEM S IEHLERE . TN RGN
Pz bR L LE SR (] B Y S B IR L L R
G5 77 HE 2l A5 v R AR b BV R BT /4 T/ )
AP, Bk A, EFECH RS S R ARy
BT AR 56 T B L R 8 P R ) AR g 4
1 FEL 2850 F T B 25 R AR AR R S

AT R ARG DL T, R B s
T SO s R B, (R AR S A B
A PR T R 2 0 2 T b O 7 A R A P P HL U
DL T M A, 2R H R T RETVER T | R R G L R R
W, PR AR, HAh, MERMEEA
ELURACH RGN, BRI CE R 0 RistT, B
UL TC FEL 28 00 00 98 ]l ) LI £ 28R 4 g 4 11 L2
FEHLCUAIE 6 BT R)P, S8 78 H HL I FT g S | 22
filgs S A, B A R RIS

L B

EMIJEH A

SR

=

2

6 EMIRKEABRRBHNERRTE
Fig. 6 Schematic of EMI filter capacitor with inrush

current during charging

AU, DX TG R, BRI RS
IO 7843 DT 25 4 ik A TG B 1 LA AR E & R is AT
TR PR s S B shAS R ARk
2.6 Hft5BaEREMEKH DA

T R ACH R GRS VRS 4
PRI, ARS8 A2 Tt FR 40 H AR DG I 1) D) 28 e AT
TEL

SCHR[30128—FETEAH /0 T B8 8 B i)
e, HEE| ERNCH RGN B S0, A
AT HL RS VIR HE B A YI(Poc) . BUKH
YJ(Pac); TCHYIRGIELPETCTI(Oac), [FIBTELTF
TER AR T 531 (Dac)o $EIL, ELREACH REWAF
TEUPR RIS, How LSS ARGKML, TR
AHEA

3 XR/EREERGHEERESR—FIE

LR C L AR 5 S E H 2R 48 FEL BB R X L
WA 1o AT, s BB, AR
SRR IR 0), WISZIC fL R GE R L BE S5
HHRAE T M R R SRR IR
ARATEE A (G B AR L2 514 ITIC(Information
Technology Industry Council)il1£: " V#r3z H T
ARG BE R 5 — Rk

FR1 XEREERFHEEREHRIIL
Tab. 1 Comparison of power quality phenomenon between
AC and DC distribution systems

Fe WAL HR%
1 R 22 FHL P i 22
2 iR 2= o
3 B (BT 28/

4 ANFA A1y

5 INAE [RIAS

6 F R R

7 B R GNP

8 P s 4 s+ bR CERER Il
9 ] —

10 78] —

11 NS _

ITIC fhZe R ¥ R it i ARk, @ LT 728



555 3]

JE3C, %5 HBHRARSGH

FE AR 191

HBEBTE LR, R RAR S AR | i TR Tt | R
IR AR IR | B A R AR S
Fe, B V-o(H - 3R 3 Ry, B G
FIX | IBERRIX BURIX, Al 7 B

HRUE

200%

HURIK

S | EEE _’—!7
70% |-———————~ |
m%ﬁ&z

|
!

0.02s 0.155 10s i i

E7 ITIC %

Fig. 7ITIC curve
P EMREH RS, DUREERE R RSN
1], M AR IS AT i AR A S X R G iR &5 e 2 is T
fURZI, TEC TR 63282 RSN ITIC iR A i
¥ LVDC 2GR (&Rl fERistTiRas, &
RSB T M BOIRES )0~ Unax X434 7 ASHL T
(B1~B7), 1A HEH ULl~U6 For, HZ XK 4
AMBFTIRES S1~S4 . 7 AMEFT X IR (HE -] IR )
L 8, EIrh: BI fCRBkIFFHH R ; B2 U3k
BRI A TR L el , R GE PR ™ e ik 07 i T S Btk
HLRREAL, AR SIREETT, HEPERRR oA
HUE

U6
Bo| [A6] A6

Us =t A7
B3| |A4| _AS
Ul Taa| A4 A4
U3
HL R
02
B2| |A4| A4 A4 A2
Ul
Bl| |A4| Al Al Al

Ols1| s2 S3 S4 i ]

E 8 LVDC BEWRENMERFIEITREFIEITXIE
Fig. 8 LVDC voltage band with corresponding oper ation

states and ar eas of system

E, DZCRBUE KA F 50 H e (B 4R35 ) ; B3
R EIBFTHLIEM 5 B4 AU BB AT 5 H SR
ARV BRI BEAYIZAT , 7EIZ A IR TR ORI iR
HATREIEASIME; BS REL AT, (LA R
B BLETT, SRR SIfE; Be U3 HL R
i A LAY, AR 12 FL Rl R AR A DR it LS
MSFEEUER; B7 AAFRES ILB I THUEN

Kl 8 1 S1~S4 MBS [aIFZeHEA T40] 43, Hirfr S1~
S3 MRS SR, S4 MERAS . MHL R 4k
FERIAT 7 AR, Hop A1 CHEE X, A2 WIRRR
BATIX, A3 NEIEIBITIX, A4 HRHIBITIX, AS
Dyt R 1 X, A6 NidHUE 2 X, A7 AEkIkiE
fTIX

XF LGB 7 FNIEL 8 AT UL, DA HL FE R A HAF 2R )
[B] R RRIE & 1 &, TTIC M2z B e 4
SEFHIGE— L, T DA AL B ST e A R PSS LU
TAC P P FEL s 74 728 b B JHOXH R AR 25 R 52

4 HinBRRSHEEREEIRENHA

H 7 E PRy B N %A B A RS R
ﬂ%%ﬁﬁhﬁw$aﬁ?mﬁﬁm%%%%%
Frit IR R AT, PRI A B C FE R 45 L BB T
MR RIENR, T ML b 2 H e
IR E R
4.1 EREERSGEERERR
411 wERE

BB G i R 22 1 X, BHE AT R AR
TAE R A I SRR R, BT L R S A R A 2
AR

AL@6=Eﬁ%%££m~IOU% (2)

DN

=

i

Kb Uy WERWREE; Uy AEFraiTHE
PR E(EM B ) ;s AU, N H i 2% (FERHE)
412 BUK

X TS AR, TEC 61000-4-70245 11, S0k
K/INO] BTk Sh 25 22 b A T ik, Gni&l 9 i
Ro B Unax WECRIE(E ; Upin FE/NYE L IEV



192 i, b

E 4 9503 %

161-02-25 f511, SUHRIKSIF 50 2 H i &
PR 53 . DRI AT FH S0 A 2% e MR (i Al 2
U, TEC TR 63282 $& 1, Sri il LUK FHWRRHE oA
FUEIEAL o 25 LR, AR FHEUE R B S0E E
R SEPRZ T B R GBI R

a=UPP -100% (3)
Uav
K. a NEUEREG U, MRIEHEEE; U N
PR
}/=l(]]—‘::s~100% 4)
Kby WEER, U, HEOE T EIRE.
Unmx éii)i
e Ty
>/7L__\\___\/L7l_\\__‘_ /——A—————
% / \ / Ve \\U" / \

t/s

9 |EC 61000-4-17 #FH LUK EERE

Fig. 9 Schematic of ripple measurement recommended by
|EC 61000-4-17

413 RFHE

TEASTR ARG, = AN BE R P AR 0 ik
G0, ST 8o i 5 IR 7 i LU (R IE A
AL

TERU B R GEH, Al R P AR, s S 22 A,
Js BB A 1E SR R H T R AP R HE i3
IERXS R U, , SRS U, ,

75 5 2 B Y U, =
U +U
mzp;“,wm\m%mmﬁﬁq\mﬁ%
AT 2 A HUE
BT KU E 0 3 e o AT AR E
XU PR, U, AT, JfE S
Ry
L2,

Uu,-u " .
pz",ﬁm%Eﬁ

-100% (3)

414 MNE
DA A8 1) 52 o A T A kv T A9 B Bl 7K F- o TEC

61000-4- 15" A T 65 5 fi 381 1) 22 i A et 3R
GERINASI BT 9%, A I B2 S I B A5 A1) O
H0), BT ATIO AT T B C H R SR IN S
JLill8

XTSRS, A

u(t) = A[14+ m-cos(£2¢)]cos(wt) 7
b A N TR R BR{E s m SRR R
WP 55 T AR HOU R IE(E 22 L 5 o SR8 T AR AR AT
Ry QWP AR A5 T T S
AT RN 2 5 2 B IR A S EhR Q
X E SR mA,

x2 ZHEHRESTEARHILESE
Tab. 2 Spectrum component after squaring of AC

and DC signals

HIR A2)(1+m*12) A*(1+m*2)
Q mA? 2mA*
20 m*4%/4 m*4*/2
20 AX A+ m* )2 —
2(w+Q) m*A%/8 —
2(w-Q) m*A%/8 —
20+Q m*A4*/2 —
20-Q m*A4*/2 —

T E AN 5, (7)) e=0, W
ST RVRL G L A A IR T B N ER 2 5 3 SR,
IR B IR AT 3 Q XERE MR, B

u(t) = A[l+ m-cos(£2¢)] (8)
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5%Upn@1 250 Hz,, 1%Upn@ 375 Hz.
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Fig. 10 Changesin positive and negative polar voltage
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Tab. 3 Calculation results of first group

Bty 1E ik
HEAE/V 154.683 7 142.5522
AV 154.194 9 -142.021 6

BUEREUY% 0.029 7 0.0313
SO/ % 7.969 3 8.6523
350 Hz 80%/% 10.000 0 10.000 0
650 Hz 800%/% 5.000 0 5.000 0
1250 Hz 800/% 5.000 0 5.000 0
375 Hz 80H/% 1.000 0 1.000 0

A /v 148.108 2

AN LV 6.086 6

AV 1% 12.173 3
PR AS 4.0103 4.0328
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