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Fig.1 Topology structure of double-bus DC microgrid
1.1 FEEE DC/ DC EE IR 38 pE iR EY
B 25 7 DC / DC HRAZ e e >R ] DAB ZZ 4 4%
HAANER WL 2, P, C L C, i PION E i B2k
55 RSB s L R, 53531 hy i Bl v e HC A5
RO R 5 4, 4 i B P R P 5 w2, 20 01 R BEER T EY)
LN FL T A A A AL 5 w0 i, 20 ) A BEER 2
B 00 0 P A5 40 EH L 5 0 e, SM 500 €
CLHGHLFE 3,y 7SR 38 T IILACEL

El2 DABZEHIFHIFRINEN
Fig.2 Topology structure of DAB converter
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Fig.3 Control block diagram of closed-loop small
signal model for DAB converter

A &1 3 AT A 2 DR P i DAB AR 425 14 [ 30 i
ABAHC Z i, o R RGBT Z o 20 51H
]nGﬁlterG\'tLt(:k Gv2i]j)AB G\'](LD-\B

1 + IoGﬁIterG»dJ(:k GVZ(LDAR
Zcuut_DAB = Zm)ul_DAB - UduZ Gﬁlleer(l_lckG\Z(I_DAB ( 6)
Horp 1 U, 57 58 DAB AR ¥ 2 fim HH HL AT 0, BEER 2
ELT LR wy, PIFRASE 5 Gy o DI ZRIA PLEE I 28
A% 338 BRI 5 G, R AEGEE Y08 4 11 1 328 PRI B

DAB AR 25 2R FH 0y 25 4 o) S 300 4[] 1 D) 2R 28
P, ] AT D AR AR, RIAT 25 5CA HA 9 5 BB FL B
AT T A A AR AR
1.2 AR TT Boost TS Ry PRI Y

FEFSCHRL 14 v 09 FF 2% H BT 2R3k 20, IF
A R T R S BR BE (MPPT) 5 36, 75 81 56 {2 T
MPPT $5 il HE & WL BH S B A2 B w0, 200N
AR BT s HHL i LI 5 d, OB Boost ZE 4 2%
FFRE G2 e, A MPPT #2115 Y64k 27T Boost
A g P FR s BT Z R

Z=2, -6, G G, l(1+G, T, ) (7)
Hor, Z o 4 Boost A% 45 £ (14 FF R i 14 BHLATT 5 G H
Boost R4 B A £ B BELE L R (A5 36 pR A G, L
JE P il 4% B 5 326 pREC 5 T~ G i 3524 Boost 75 ik
TS L AR g R R B AR T R AR
1% PR

Boost 28 # £ 5% F MPPT % il 5 88 £ K I K fiy
W B AR DR, B AT S5ER0CA B 3 R L
A VAT S AR
1.3 fi#BEE IC Buck / Boost T 25 I BEHT4E B

FeF SCk [ 15 ] i IF S BTk =X, IR
AN IR, 15 206 58 50T 30 4 i HE ] LB 5%
BIA3. I g, i 2000 A 6 BE R TC 0 0 HE FEL R

(5)

Z(-,inj)AB = Zninij -

HLYL 54, A FEUJBRHL U 5 &, A% BE P JT Buck / Boost 48
Bedw T R 2 o MDA 2 i il RE SR OT Y
e g AT 2, ST AR Z 200008

Zoh - kl)Ghu Gi(-cud - Giici:-cu(l

o= i
cout_t 1 + Ghu Gi(:Gud ( )
—Zob - kb Gbu GicGud + G“GMGU(]
Zin = ’
cin_b 1 + Gl)qu(;Gud ( )

Horr, z,, At AE BT B T B0 % BB ; &, M fif AE BA.
JCHY R T R 50 G o B P ME 3 iR G
TS F B B2k i TR ) 4% 358 PRV ; G R 738 i i 1 H
I B H R R I ) A% 3% R R G, LG 0 R HLFE PR
A L HEL UL PLAAS il 75 A% 328 R A

it HE BT Buck / Boost 78 e % % FH F T 4% ] 4k
TR RELR R B SR AR e g, T SRR R TR R
BEL Fr 58 4 Pl S5 R0OB Y
1.4 WELERMEMNHRBEER SRES

FRAE 2 48 v 4% PR T IS R IR, &l 43
HE RS2 G, R BT TR DK
HRI o R SR 5 A% BEBATT  DAB AR S 2k e
WMy 2R, TP gl 43 ok S 28N . P R AR 4
Pl =X, A A 2 B — Fh BRI 28 4 AR X1
R BTAR OLE 4. B w, AT R

Ly i

¥ H i :
) g i i
ldcpvlT @ Zop Urus Z‘b ‘ ? lept l @ Zein DAB MC'W Riua
cin_b
i I —‘7

| fEfENOrL DAB A

ke |
MPPT #ihl o A FEEgpl P
(a) fiA1
Ly o
. T A —
idcwlT@Zm Zl:j}% Upus icpl‘@zm,m\n Cg—‘— Riua
: B
Sl fAfENos | | DAB R
MPPT #isthl Rl 2o 4 Disedidil
(b) #ixk 2
................ L, load
K
éidcwlrﬁzqw ;iCPlT@ZcouU‘JAB; Unpus I szz}ﬁ CST Rigaa
: : i B e
ekt DAB B | | ARG
MPPT il R Zo Zri FIEAEH
(c) Mz 3
Ly iioa

+
. i} Q1
Lacpvi T Zcpv lept Zcoul,DAB Upus C~ R load
Zeows |
-~ _ =

et fHERT DAB e ||
MPPT ¥l Faiol  RES  Zo Z
() Fist 4

B4 4MEANERERE

Fig.4 Equivalent impedance models of four modes




%58

B2 XU P PR I IR T AT 37)

0] A 000 3 30 A A A D £ 38N 5 L, C R, 53 5
e LR VB A AR B, ALK T Ak
TCRHIT 2,05 Gt ~Lpt ~Erna 73900 R SGAR BRI 1 FRLUAL
DAB 2B e 45 i A FLIE TR U . 4 R A TR R
] BET 22, 6 28 00 e A BHT 7, DB 5
FAL

(DB 1 BR BT DR G RE T R
138 1 DAB AR 445 [0] - 1% 2 iy ik D) 5 1 48R
T T E

(2) 50 2 B R PR ITH DR S RE ST
T 1 3 DAB AR # 25% [n] - ) 2 6 Dy %, 1 2
JEIR TR

(3) 20 3B R BT TR fERE T R
T 23 1 DAB AR $ 2% 7] 1 ) 1 556 D % fr gk o
JEM TR

(4) B0 4 OB R BT DR fE BB A IT U,
i DAB AR ], 7 B AT IR TR

SRIG AT A PSR B 4. 1 —4 2
[E) F18) 22 S 2 v it B A 0 9 70 K FRDIRZS R DAB 75
i ) T A% iy s B o R, D& TR SR 2 TR Y
Y £ 8, — 7 T 2 7 9 1.2 67 28 B 28 2 119 B4 sk (o
012 [R]85 a6 2 (i B BT M T HL AR
A R RAS) s A — R T 1.2 19
A S Ay R R (AN I 2 0 28, 51 Ak R 2 TR
JUAR , DAB ZB 400 2% 1 Dy 28A% Ky 77 ) /R 090 1 [] 7 1% 2
e H DI Rt 710 2 ) 1R 1 AR ) . T EE
S, AT IR Ok i LA R — e B sk s Ak, A &
AR Y] , 75 A AT Ak F 8] — 85X, 4 FhAR
KAV AT .

(D) EVERRE TR 157 W 2 i R s b
FHAE FLR A S AR B, 241 M 2 B B 3888 sk
BB AN FE RSN, 7 ) 138 1 DAB A8 g 1] 1k 2
e —E IR . RS T ™ 1, HOe kg
JUH VIR G RE T T, DAB AR e #8  UA Th %
AT T

(2) FELRFRAEC 1 B0 2 A E AN AR IS DL T,
0] 671 28 7] Fsf 326 3457 438 oA ) 725 2, D) B 25 B i 1
it BB HA 7T AR S T 238 320 i aok 36 ) s T e R o)
FFM UM, HR o TR i BE ST
L, DAB AR # 28 I IS T %, AhFAR X 2

(3)FERE R 2 A £5 14 (F- I 1.2 4 7 38 AN F- £l L
BAEENEREN) T, TR 209 7205 8RR,
DAB AR 3 2% 7] 7 ) 2 S % ) TR 280 B, B2k
20, (HIEEHAL TR 2 R o Y47 ™ 2 [ 3k R
REAR AT, £ 38 25 e R i R AT, i B BA % 1T D i
TR R o U BT R BARR A S . BRI X
FFM U, HGR ook R R Rt
L, DAB AR 25 [n] 171 85 Hh Dl e, b P 3

() EABES 3 Y 28 4F (7 I 1.2 9 B 80 - i L
SEEOVREGOL) T, R 12 A AR R] R A
[ 75 5, 3T R AE  DAB AR B 2B 4 1 DR R
AR T A7 2 A G, DU BE B0 AR W R
o Py tH DR BARR A A BEIE XS T R 1T
w1, HOGOR BC I D)% fE RESAOC I , DAB 22 it
o 1) D BB S DR A TR 4

1 3R Al R R AN TN
(] 9 £ 81 P A AL AR 2 W B RE SO0 \DAB it
BRI 73 R RN sl B N, DA TATAE J 4 RS, T
SO Xk 4 R T B GBI AT BH T T

2 FREMESTREMS

2.1 M4 TR TRE S AN BRSO

LEE AR BRI T AR, B3] L ik 4 Mg
TEA AR S AT /AIMBE SRETE T . WU B
Tl el 19 ) 4 oo e A 2 T A 4% Bl S BEL T
A A A BEL AR 7 1 DL RS 3% o P A4, BAR 23
wmr.

(DR A% A BLBTATE R LI A4(a)
S ) BELT R T MPPT 44 1 (4 56 AR B 004 B, 72
A B A AH AL S —180°, 52 S A7 BEL T AR 5 S ARHL
DU 2 T T 45 i (9 6% BE L0 3k T 2 R Y
DAB AZ it MG A5 ICHA B, e P A RE S0 19 i A
L7 Wk (LA AR AT B Ik e/ ELARASE Sl -180°, sl i A
PHLUCRRPE S R SACIEML,  BL A ST I . Bl
PRGN LA R 3 LC UE P A 2 M , sk H BT (L
TR HARRLHT —180° 14 i 2 0°, 1% ¥ A\ 71 BH B4R
AR g A A 5 i A BEC IR {ELZE 200 rad / s £ 43
AR E AT H B0 AR A 0 L BH TR R i A AR

()2 iy i A BH PR P8R DL A4(b)
S T BELAC oh i RE SR T DGR SR ITHE I8, A RE ST
F1% i 3 ELA i (B RO B di /), DGR B 4 i i BHL
PUIREL 7 = Bt /0N , BV 1 LTS PE A AR B 5
JEIR BT, 1 B 5 i RE BT D), 1 1 B
BELME 5 S A BT i DAB 78 46 4% F1 7 40 5 0 A
ARG 11 i A BELAC IR 1 7 AR B fie /s ELAR S
0°, PR i A BB AR AR BE 5 T 3 o2,
EBAEBHYE . BEE AR LK LC IB I A
Wi , 555X 2 75 200 rad /s FARR BT A PR S5 1
FHME AR RIS 55

(3) A3 ikt A BELBTE S LI A4 (),
S B BT B G AR B TT R DAB S e 2 F B, S LE
IR IR BT Hh BTIR (E 2 B/, &
b 1y LB AR PR A AR BE 5 DB AR o2, 2 B A B
PR 5 S A BT % BE SR IT AN B0 2 R oT R I, e
Hh A fIE BT 1) i A BEL T I L RO B e /N LA A2



38} ® 0 & #H wE S

S —180°, Jb Hin A BT 4% 1k 76 I B 5 it fiE #A T 28
oL, G BHPTRR M . B ARG N L 152 LC g
B2, g BT R PE SR 1 28 (A A
BN S A BB R 5K 2 25l (B B i iR 2k
WERR

(X 4 1% i A BEPTAZE R DL A4(d),
ST BELT OB IR BA T  DAB 2B #8 FIAE BE BT
B, it e BTG A i S BE BT e (e 7 IR B f /N, AR B
JC A A H BELT B 7R 0 B die /)N, Bt o BT e
FEARA B 5 it RE FR oG ARL , 76 i A B 5 AR R oG 2k
1o, 440 B 1 2 B BELE |, AR fb kB S 2 2R L,
R R T /)N, RO 22 40 AU 5 i AP
Bk PR oT A A, HEBH TR R T e R Al
RHAE

MR 1 3R 43 A7 T 0, AE B AR B HLG AR BTk
H MPPT #2i] Ai# i S0 R T B 45 8 DL & DAB A8
P8 R FH 22 Tl SR e, AR PR OC AR S B L B
B BT R 1 5 % BE SR ITAE S Bl R s, JH BH e i L A
s FRASE R 00, AR R B 2R, AR S -180° , S HE
FBH TR s DAB AR H 88 Toi S MR AR & 1 28,
HH BT IR AR AR B A, FLARNL Y A —180°, 52 88 6 BT
ek, R, AR B GMPM 512, BURELR T 0 i,
W e ME R P 45 5 R 2T MPPT 45 ] A6 R BT
PR S T Tl e 45 il 1Y) DAB ZB 40 285 1) 72 ik e
PR T R G 6 B ST 1) 7E HLIR S DL K 1R
AT A LCIEIE A ILE
22 HMEMNSEH SRS

KRR 28 1 W H 0 7 4 R R =T Y A s B
Ptz et A RS Z, A0 5 ) WL E 5 (a) (b)), BHL
Pk Z /17, 1) Nyquist [ 22 5 Ry 35 750K B 43501
FI5Ce) (d) o H I, 28 B A X 10 i
REL I f5c A, i A BEATC I (/)N 5 245X g B
PULLARAELS (X Z A1, 528 18 X 25 O MR
WoREE1.3.2 .4,

FR 4 GMPM F 4 2 ] 1, #4850 /MG S Al
PIRE , JFRE AR UE 6 dB 1R A # 2 A1 60° A1 A #4 .
Horp 525K 4 i feoe M, X 1 R R R/,
U Re Iy 25 O SCRE U X 1 RS e MEFR AR 1R
h R Gk e R bR
23 ZTiEBEImAR
2.3.1 RIBFLILH FH R IBURIE

P 2.1 7 ] JHUROURE 2 3 r I A e i 2
200 PR 2 i A LG I8t 4 RN T R BT ) G B
Prkrtk . H LCUEIE A% A AE SR IT A DAB A e 45 1)
iy ABHYTAH AR , 2 S ECR GE A A MP2 AR
PR . PRk, ml 3 Ak 38 i TG YR o A IR BH BT Y ik
KA R S A BT, ARG A7 1S IR AR 0 Ay 52 1, A T
RE R RE S,

F41%E
as]
o
~
e
=
-50
Y0
< 0 il
& 90t
E
- 180 ' : '
102 100 10 10¢ 106

SR / (rad-s™")
(a) S BT AE ]

102 10° 102 104 10°
IR / (rad-s™")
(b) B ABHBUA =

20 ¢
10
iﬂj
g of &
= X
—-10 F
-20 L L L | |
-10 0 10 20 30 40
Sh
2 -

0B, o
= 30 g Nt
0 I8 FP)in
RN
~
S

25 os 05 15 25
S
(d) R kA
B B2
— i 3, - B 4
Bs5 4MEXTHESEHMER.SENEAZEERR
FEHTEE Nyquist B 2%

Fig.5 Bode diagrams of total output impedance and
total input impedance and Nyquist curves of

impedance ratio under four modes

ASCH IR TCIR BRI 58 , FEEEN AT - DA I
BELBTL 75 58 T E RN — R A4 4 [ g, K 2 8 Jon 42 1
SR BE AN B PTARASE A2 2 JEE | AT 52 00 BELC 73 # 4 1
T 5 RURE2k B UL (o b I v i T 4 ol ) £
FATT A H BELE AR AR BE AT A8 R0k T 3 28, R



%58

B2 XU P PR I IR T AT (39

VR BT T 58 wOAR Byt B R A AR T T R AL
X 235 M i i B B i R T R 38 4 TS R BHLT
T5 EICTT RSN A, S PR 5, LA FE RE I i ik
TP 3 AR /N T A5 76 A B A E FETN

ST Sk [22 ] 9 3 Fp IR BB T 8, 5 o
ATCUEBEAT A 10 28 R BB AY 4 B 5% vp 1B AS
SR, A 28k A A BELT AP 7 ] 4 B s& 1B A6 BT .
FIA6H, C R, /5 A TEIRBHAT T %6 1 I FFER L2 |
HLBH 5 L, R, 43 500 2k JE R BT J7 58 2 B9 9 16 H JjK
L BE s R, A JC TR BHPT 58 3 B R BE LB . TE VR BHL BT
FEVEER, =8 Q, M C, ¥, iE kI 17
2 A PR A N —22 dB L F -9.4 dB, M3 4L
SN FAFAE— 2 WA 7 A 22 5 JCUR BHAT 7 48 2 1
R,=8 O, i L, W5, i P 06 &b 17 28 iy A BHL e iR
{H S 4R v AELTE AR B 1 BELATC T (A P JER A, 2
FEA R D) 22 5 IR BT % 3, B & R, 3
i, IR PRI 08 A £ A8 A B BT IR (B 5 4R R TR
A e 12 11 e LAV ASE B () IR AELAS 32 BT S B2 ) .
g5 b AR SCEE UG IR B BT 28 3 s/ N A B Bt
T PIRIRIE 520
2.3.2 Ao NTIR FLILJG 698 T AT

DL TAEERER 1A R 1 46, 20 B in A S TR BH
WHEIFARG R, R 6, mEm A,
MR, =00, B4 ABLPUAE 645 rad / s 550K A A7
TE-47 dB [ IS IR B 3 R, 3G K (N 03 K &
14 Q) , Sy A BHC I (38 K (TR IEH B -47 dB
M3 F-9.5 dB) , ELIL G AR e PR 5 L (R R 1
KEHEINAAE , R B S FE R, (RN, B
S8 C=100 wF,L=02 mH A48 FE#E R R (N0
HERKZ 8 Q) , BT L A% i {4 12 A A%, A A5 ¥ it
91.3°H i1 & 102.5°, H Nyquist Hi 28 12 ¥ 1c 55 4%
DX, WAL 2 B3 F P A e A B 5

i R oAl L, TR BB U 46 3 BB A 0 f
i A BHPURRE , TR R R G et HAE—E
T T P BEL 7 D)k R oA 35 67 TS IR A e R L, (L34
KE|—E R , ORI E . HIL, 2i B %5 &
FRAFE RO ROR AR SCEHE R ,=8 QAE MG S &

3 TESXWRIE

£ MATLAB V- & L #8 8 & 1 s SRR 26 fc i )
05 ELAS RS | BOE T 1 2 R HL R R 1 1 I RS R
IMESRUE M MICIEBH ST RIARE. (TESH
ULB S e A2, B2 T 138 3 DAB AR e 2% ] T
I 2 % (1) D) %k DAB A8 3 25 D)% 0E J5 1], B DAB
AR TR N 5 kW Kon T 1l DAB A8 6 75 7]
T 2 553% 5 kW TR (7 2 38 i DAB A8 e 48 7] 1
WIS kW IR ) . RSB 1 N R HL R

50 -
m
N vﬁ———i
~
@ 0
l:élg
-50
%0y
< ) /_V
& 90t
junng
=
~180 s . )
10-2 10° 10 104 10

AR / (rads™)
(a) K BT

%
Z 0
& 90t
=
~180 . . . ,
10-2 10° 10? 104 10°
fadie / (rad-s)
(b) &k ABHBTIATE R
20
10 +
= L
= 0
~10
-20 " . . ,
-15 -5 5 15 25 35
S2hi
(c) BHPLELAY Nyquist 4k
2 rya 0dB ‘ 7 -2d8
7R WK
1 R 4dB
6dB
=
= 0
-1
2 . NG G
-1.5 -0.5 0.5 1.5 2.5

S

- Ry=14 Q)

Eo6 MALEERARIERXINFTEESR
Fig.6 Simulative results of Mode 1 after adding
passive impedance scheme 3

TEE , WU L (B 5 D) R (B AR — 3, N SCR LA
FIRKAICI TR TE DL

XFF- 101119 2 264 sk 28 DA 56 2.2 45
4R IME SRR e T D A LR 7(a) L (b) s
TINATCIRBHBT (R =8 Q) J5 (I ELEE R WLIE 7(e) o
ATCIRBHACHT 5 B AR A . A, AR 1.2
NN TR 1,25, A DAB AR g4 ) HL T



40} L/ AR {7 G-

F41%

60 - L, B A3 R
20 i 4343 A
[27 80A 29.09A
20 £ 13.90A i foa
; e AT T.22A
< 0 poeoidb -
NP CBWOAF ™™ "N T 00A STHA
i_pé 60 - B 3 a4, B, R 2,
A0 coal2s36alB0A] 72 |29.004
20 1290 Al —
S LLLA PRTOA (- R2AL
0 prommet 720 A I
2 <1350 A fa> [7700A ;
0.5 1.0 1.5 2.0 2.5 3.0
] /s
(a) ARIMATCIEBHBCHT (14 L eI
720 718.1V Upus
S
~ \uhu,l
1 700 +
® VﬁQO.QV 690.8V
680 1 1 1 1 ]
0.5 1.0 1.5 2.0 2.5 3.0
] /s
(b) FREH R
60 figadi
40 L Ipvi
\ N, prmmmmanmal Voo
20 + it Igep)
0 r..A..__.._’//._“_‘__ﬁ L _ _
< T A
- =20
4’}; 60 fioad2
40 r—; ipo
/ A
20 Q /iduh .__—‘ Tge2
PRV _ 4
(Ul e | NS IS
_ —
-20 I L L L |
0.5 1.0 1.5 2.0 2.5 3.0
) /s

(c) IMATCIBHYTE i L e

BE7 MNTTIREBBSURT. E YRR Rk FE R R
Fig.7 Current waveforms and bus voltage waveforms

before and after adding passive impedance

M 7(a) (b)) AT A1 R 458 .

(1)0.5 sBF, R 1 55 23 & DAB A& 45 .
6,7 (0.5,2) s BB PY, 7 1.2 (1) 5 31D 54553 hy
9.9.10.10 kW (£ 2 -4 ) , 7 1.2 60K 50
By IR 0 19.99 kW, T 1.2 4if g 250 78 HL I
1447 9.98 kW, DAB B g ki tH TZ K 0.,

(2) 1 sBf, F M 2 2k D 5814 % 20.10 kW (F
W 155 2 (1) SR TR RS ), 280 0.15 s TH Y
B , 7R 1250 ik 2401 .3, TN 1,256
IR EBATT I D222 20.1 kW, T/ 1. 2% RES T
P HL D)k 5.13 kW, DAB A8 40 28 (1) 5 HH 0y % Ky
513 kW, B0 1 FRER T 13.90 A, 80 RECh
14.3%.

(3)1.5 sBF, W 1.2 /4 £ 28 43 il 5 4 22 19.98
29.76 kW, 283 0.2 s P&l TS B J5 , 7 9 1.2 4351l 1) 46

22 40 F 1 2B0R B IT Y S K S D o
524 20.10,19.82 kW, 1~ 1,2 i AE BT Y il L 1) 2R
FIDAB B fe g5 4 th DR Y R 4.91 kW, #502 F i
RN 28.92 A, B R BN 5.1 %,

(4)2 sBf, FR 292X 2 10.10 kW, £33 0.2 s 1
FIETEE, T2 e A3 1 1.2
etk BT i DR 40 ok 20.15,19.85 kW, T[]
1.2 ff RE BT A H Th R F0 DAB 7% H it i Y oh R 1
F14.95 kW, 3 RN 28.22 A, L0 R AL
F7.7%.

(5)2.5 sBf, FM 1.2 572505145 4 30.20.10 kW,
238 0.25 s THATBT RS, T 1.2 43 511 3 L
4.2, F 1.2 60K BT B d s DR 40 ok 20.25
20.10 kW, I 1.2 iff & 5 T /9 5 HL 2 R 30N
4.99 kW, DAB S #a g5 H D)% Ok -4.99 kW, B4
TR K 43.43 A, BL RN 2.3 %,

R EAS R BGUE T TR R w4 s
OAF—AF W Ty 5 Az 58 748 B #4503 5 DAB A5 8
AYERE I M SCEF M 12 RS RE TR T R
Y45 s @Iy g i) 0w BB AR UE 2 25 B2k 19 L R i
el (1:1) 3% & . B FiRgs R IIE T 4 Fhpk oL
TH/ME S RE N QRGAE 4 R B RERIE
IMES R ;@ F M 1 AT 2 7ER S 1T A f ke
TBCE R, B PR i 22, 4 T Y f gk i it
S /N U RE AT, 5 2.2 T I B BT A BT 4
—F

H I 7(b) (o) T %0 A0 b T A JCIRBEAC R, Jin
ATCIRBAAT G SR BATT it BB 570 9 L I B FN B
2R L R A B AR A, (8 G 3 e R SO N s
1 FEBLEC 1T B B 2 L I S0 R AR 14.3 % FEAIG
2 1.9%. AU, JoUEFHBTAE CRIEF I 1.2 i i
H PR FIRELR B AN AE B BT, AT S L
TE I A A BESAIT N DAB 224 2% 6] AH TLAE FH i e 4R
() TR PRS0 B85 T LC I8 I 2% 0 £ 2% F O 1 e
RO RS T TR 2 Rt R R E T, 5 2.3
RELE SRR T S

T P IAE TR 1 2 B R o 122 B
ARG/ S R e v AOC TR BB 7 09 A sk,
K H RT-box 2 52 W 45 BV 65 #5 82 0UR: 26 B il
DR AEE Y 37 2R G0 A R R A A O R B 15
TE T M 181 E 4568 Buck / Boost 28 He s FIEH M 1711 78,
FFEE, T 2 24 96 Vi e ARH M 2k OF B, BT
YE T2, Hir  BEZRHLZE R 2200 Wk, FFOCH4
10 kHz, T3 R BN 0.08, 11K | /= 1 Ml £ 28 %51 22 L &
SR 48.96 Vo BEE LT 30 T.00 47 52 56 584F -

(D) T8 L ARIMATCIE ST, BHEIRES T F ™ 1,
2 1% 97 25 L BELAE 43391 20,30 Q. B A T 3R B BRI 56
Je, P12 ) B2k e BEAE 20 90 R 12,30 Q, R 42—



%58

B2 XU P PR I IR T AT (41)

B[] J Wi T 67 3R B BRTF O, MR I L IR 2 5

(2) T2 M ATEIRBEPT (R, =8 Q) , HoAR
5T8% 148

(3) T.0 3858 7 1.2 By 17 2% e BEL1E 40 51
36.20 Q, ¥ ZFa g i 17, — Bt a5 i A TG IR
FHBT(R,=8Q),

3P T LRSI S R UL SRR B A7, HHIEIAT(a)
AL, T o0 T R 1 2 L R 435 47.5.95.2 V,
T R A 5 AR JE R 1. 2 (I HL R 4301k 46.4.93.2 V5
T 1.2 [ i B ST K H L B2 4.2.2.1 A,
T 1Y) 2 L IR AT DAB AR it H IR 4 24 R
231 A, RAEER S DAB Z5 46 254 ) H s/
F0.55 A, FM 1.2 A RE Ak R AT IR 1Y
AR I N 2 5.3.2.6 3.7 A, T | iz i
QPR MN11.5%, HE AT RTH, 5 T8 14
I, T2 T F M1 AR B st R8N 11.5% &
FE512.3%. MEIAT() AT, TOL3 T FM 1.2 1964
AE ML ICH L 2R 3.8 1.6 A, T 111 11 2K,
FL I FI DA B A2 46 2 it HL 3 o 1 208 1.25 1.3 A,
IMA T BTG (RS EAE) & ot i S A
AAR HAETF 001, 1M 10 3 i i S0l R 8
M11.5% FEAR R 2.3 %

M B RSEIG 25 BL AT AT, DAB Z5 e 28 i 2 M R
4 e SC I TR X N B BE B T Th 3 A Bl 3493 B
2 F A B8] 4 ) 5 TG VR BELBT 7E AS BCAE fifh RE R G A
DAB B 28 DR B AE DL |, BN AR £ 28 L I i 8L
W R B TR B R G R R e T

4 £t

ARSCHFTE TR B RO R e A R AR A ia Ay
RN R PIRARE T, 25 T 4 R REXTR B TR
fity e S e e T YR BELAT B4 28 MR 48 A0 45722 4 2% ) BEL
PURHE , IR 451810 T .

(1) ek B e S B B TR , R RE SR ITAE N
A S B BRI , DAB A8 B 8% JCIE 2 A A iR
iR A, AR BB . P, R WU
WL H AU PR 11 32 22 R R 2 T MPPT 423 (1t
PREATT AR S T DR 42 (9 DAB AL e 19
FERCHLARAS T T S il A A RE R OC Y FEHLIRES

(2)24>F WA 7 3t >R 22 S PlioR, U DAB 72
o A i DR ) 4 RO, 97 38 A BT B
WK, A AR e A

(3) Dy R s il SR W AE AN [ BT Y REPRIIE R 42
0/ ME SRR P, (HE S A BB A TSR I (ELAS [R] 1T
IATE IR BHLHL RE WL/ IN I IR W, I A T IR B4 S
BOMOR , TSR (R P22, XUREER BRI A 0 AR el

P 3% I A M 27 (http : / www.epae.cn) .
SELHK:

(1] 2k, 3800, B, 45 . B P OC R AR R st 2R3k [ ).
o [ HUBL #2440, 2016,36(1) :2-17.

LI Xialin, GUO Li, WANG Chengshan,et al. Key technologies
of DC microgrids: an overview[]]. Proceedings of the CSEE,
2016,36(1):2-17.

[2] BRA, BIRT, RIEA, 55 BT Iy 778 JE 4% A9 2 AL

TRA R s AT A G R T sk ()], W F sl i s,
2020,40(10):126-131,138.
LI Junjie, LU Zhenyu, WU Zaijun,et al. Adaptive switching
strategy of AC/ DC hybrid microgrid operating mode based
on power electronic transformer [J]. Electric Power Automa-
tion Equipment,2020,40(10):126-131,138.

[ 3] MENG L X,SHAFIEE Q,FERRARI T G,et al. Review on
control of DC microgrids[J]. TEEE Journal of Emerging and
Selected Topics in Power Electronics,2017,5(3):928-948.

[4] LEE M,CHOI W,KIM H,et al. Operation schemes of intercon-
nected DC microgrids through an isolated bi-directional DC-
DC converter[ C]//2015 IEEE Applied Power Electronics Con-
ference and Exposition. Charlotte, NC, USA: IEEE, 2015:2940-
2945.

[ 5] s, 3% AL, 55 . Gl W 3T e M e i pr L) ).
ML T AR, 2017,32(10) : 111-122.

ZHAO Zhuoli, YANG Ping,ZHENG Chengli, et al. Review on
dynamic stability research of microgrid[J]. Transactions of
China Electrotechnical Society,2017,32(10):111-122.

[ 6] 24, B, 01 2%, 55 . JET R AL RIAE sl LA il ) ] 25728

a Xk Z 4 2 AL A A IR A & RS T LT ] B A3
L4 ,2020,40(9) : 80-90.
LI Zhen,L.U Zhipeng,SHENG Wanxing,et al. Adaptability ana-
lysis of VSM controlled SST to distributed generation with
multiple control types[J]. Electric Power Automation Equip-
ment,2020,40(9) : 80-90.

[ 7] FENG F,ZHANG X,LIN F F,et al. Impedance modeling and
stability analysis of dual active bridge converter with LC
input filter[J]. CES Transactions on Electrical Machines and
Systems,2018,2(3) :289-295.

[ 8 ] 9877, iRt ZRRE bR, 5 . LI IR H AR 1 20 R L 2

kg L) ] AL T2, 2016,36(4) :927-936.

GUO Li, FENG Yibin, LI Xialin, et al. Stability analysis and

research of active damping method for DC microgrids[J]. Pro-

ceedings of the CSEE,2016,36(4):927-936.

AR TR, TELTE AR HAFSUBR A SSSC Y B A5 B2 K/

THRE T[T ]. 0y A BB ,2020,40(2) :35-42.

GAO Benfeng, JIANG Ting, YU Hongyang,et al. Dynamic mo-

[9

[—

del and small interference stability analysis of H-bridge cas-
caded SSSC[J]. Electric Power Automation Equipment,2020,
40(2):35-42.

[10] Z=5°, AR, SR200K, 45 . 48 i EL e RS R M A AT R BEL 2

JridlY]. T HARE,2018,33(2) :370-379.
JI Yu, WANG Dongxu, WU Hongbin, et al. The active dam-
ping method for improving the stability of DC micrngrid[]].
Transactions of China Electrotechnical Society,2018,33(2) :
370-379.

[11] WILDRICK C M,LEE F C,CHO B H,et al. A method of
defining the load impedance specification for a stable distri-
buted power system[J]. IEEE Transactions on Power Elec-
tronics, 1995, 10(3) : 280-285.

[12] FENG X G,LIU J J,LEE F C. Impedance specifications for
stable DC distributed power systems[J]. IEEE Transactions



42] L/ AR {7 G-

F41%

on Power Electronics,2002,17(2):157-162.

SHAFIEE Q,DRAGICEVIC T,VASQUEZ J C,et al. Hierar-

chical control for multiple DC-microgrids clusters[J]. IEEE

Transactions on Energy Conversion,2014,29(4):922-933.

[14] LI X L,GUO L,LI Y W,et al. Flexible interlinking and coor-
dinated power control of multiple DC microgrids clusters[J].
IEEE Transactions on Sustainable Energy,2018,9(2):904-915.

[15] GUO L,LI P F,LI X L,et al. Flexible control of DC inter-
linked multiple MGs cluster[J]. TET Generation, Transmission
& Distribution,2019,13(11):2088-2101.

[16] ZEEEAR, ZA5RE 387, &5 . 22 BT v rbs o0 B A 2 M4 ) B AR
EVESHTLI]. hE AL TR 4], 2019,39(20) : 5948-5961,
6175.

LI Xialin,LI Zhiwang,GUO Li,et al. Flexible control and sta-
bility analysis of AC / DC microgrids clusters[J]. Proceedings
of the CSEE,2019,39(20):5948-5961,6175.

[17] WS A 2R bR, 5800, 45 . 2 B T 1ol el DO 2 P 0 g 4 o
L] s R A Bk, 2020,32(4) 1 18,

[13

[

dual active bridge DC-DC converter [J]. IEEE Transactions
on Power Electronics,2012,27(4):2078-2084.

[21] MUELLER J A,KIMBALL J W. Modeling dual active bridge
converters in DC distribution systems [J]. TEEE Transactions
on Power Electronics,2019,34(6):5867-5879.

[22] CESPEDES M, XING L,SUN J. Constant-power load system
stabilization by passive damping[J]. TEEE Transactions on

Power Electronics,2011,26(7):1832-1836.

EEEA:

RO (1963—), B, H LKA, K
B R AT, ERFR T @A S
W IEATHE ) 5 A ¥, ) A Al R A A F
3% 3 (E-mail : zhangh@xaut.edu.cn) ;

AL (1996 —) , B, e % 8 A, A
TR A, LR T 6 kol W4T )
5 135 #7 (E-mail : 798169975@qq.com) ;

GU Housheng, LI Xialin, GUO Li,et al. Flexible interconnec-
tion and control of multiple DC microgrid clusters[J]. Pro-
ceedings of the CSU-EPSA,2020,32(4):1-8.

RASHIDIRAD N,HAMZEH M,SHESHYEKANI K,et al. A

simplified equivalent model for the analysis of low-frequency

(1977 —), F WA, 8l AL,
WEHRAEFIT, B, MR TS
A HRER A B BB T R T AR A b F KR (E-mail :
sun-kai@mail.tsinghua.edu.cn) ;

kAP (1982—), B, a6 REA, )7 , LR A,
EBAFR G @ K B AR PR A R A ) S RO AT
B A% 3 (E-mail: zhangweiliang129 @163.com) ;

R (1992—), B, "l A, AT 5 A, AT
7 B A AR WP SRR 44 5 4R A 2 47 (E-mail:
a386127279@163)

%

[18

[l

stability of multi-bus DC microgrids[J]. IEEE Transactions on
Smart Grid,2018,9(6):6170-6182.

[19] ZHAO Z L,YANG P,WANG Y W,et al. Dynamic charac-
teristics analysis and stabilization of PV-based multiple micro-
grid clusters [J]. IEEE Transactions on Smart Grid, 2019, 10
(1):805-818.

[20] QIN H S,KIMBALL J W. Generalized average modeling of

(%m%E [JT)
Cascade stability analysis of double-bus DC microgrid
ZHANG Hui'*,DU Mingqiao',SUN Kai*,ZHANG Weiliang', CHEN Shouke'
(1. School of Electrical Engineering,Xi’an University of Technology,Xi’an 710048, China;
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Abstract: Double-bus DC microgrid has become one of the main power supply architectures for homes and
buildings in the future due to its features of reliable power supply, high load matching and flexible and
convenient access to medium and low voltage distribution systems,and the cascade stability analysis is an
important issue in its design. The cascade small signal stability of double-bus DC microgrid under different
steady-state operation modes is analyzed. The impedance model of the converter is established by the gene-
ralised state space modeling method and the conventional state space average modeling method, four modes
are proposed according to the source-load property of the steady-state operation modes of each unit in the
system, and the small signal stability of the system is determined based on the impedance ratio criterion.
Simulative results show that the stability margin of the system is the least in light load mode,in which the
impedance characteristics of dual active bridge and photovoltaic converter are not affected by power interac-
tion and always have negative impedance characteristics, while the energy storage unit only has negative
impedance characteristics when it is used as a load. Three passive impedance schemes are compared to
improve the load impedance characteristics and increase the stability margin of the system. The experimental
results show that the load current ripple coefficient of light load mode decreases from 14.3% to 1.9% after
adding the passive impedance, indicating that passive impedance can improve the load impedance charac-
teristics and enhance the stability and anti-interference performance of the system.

Key words:double-bus DC microgrid;multiple modes;cascade stability;impedance mode;small signal stability
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Table A1 Equivalent impedance of micro source side and load side under different modes
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Table A2 System converter parameters
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Fig.A7 Experimental waveforms of current and voltage for double-bus DC microgrid
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