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Fig.1 Typical structure of DC microgrid
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based on virtual inertia control strategy
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Fig.3 Small-signal control block diagram of

grid-connected converter
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Fig.4 Simplified circuit of DC microgrid
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different values of C,,
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Fig.6 Bode diagram of Z and Z with different

load power based on droop control

BN L o A0 Bl S AR AR A Z A R R —
H/NTZ,, REHEE
IR 25 T, 1) Nyquist FH 28 Q0 B % & A2 Frs o

MABFSEE A2 0] DUA R a4 R G TR ok,
T, ) Nyquist fHZRATTOR AT 25 5 (=1,0) , RGenT IR R
FUEBAT, 5P re BT B 25 R — 5.

AL € =16 R FIWFGE BB ), R
A AT 2 e fa e PR 5 lz‘lhbﬁiﬁiﬁiﬂ’f
AT T R AU 43 ) 1) 2 (5248 ) AN Z, (e 2%) B
PR . RAEE 7 (a) , BB PEE ST, TR TR
5 KW HEKCE] 15 kKW I, 7 V(B3 A | W (ELS01 3 W ] 7
¥, Z, AR BRI/ . XF HE R EE g, Z, A0 e
IR/, Y IR R 15 kW I, 78 500 Hz [t T, Z.
HI IR AE /N T 7, AR 22 1800, ARFEIE 7(b) , 2%
IR KT 20 kW i, B 7 3838 K, 72, 06 % A5 ik
/N, 7, AN B AR AT 3G K H Z R Z A A A 2E Y
FHi197

150 - >
= Lo 2~ - .
N sl v 50 C;D‘)f\\\%é)/
g ﬂ% 20 03
_ -10 $
. 180 _;{_
3 0
N
a2 % \/\_{; _180 e
= 1l 450 525 600
-180 - s
10° 10" 102 10° 10¢
B / Hz,
D Pp=5kW, @ Ppu=10kW, @ Pep=15kW
(a) MBRIIFHHIH 5.10.15 kW
150 ¢
[=a]
50
H\J 25 ®>\\\ <
= 20 ¢ ®
L&_LH
-10
-100
180 ————— 180 T
e I
A ST ~180 mmmg1
B e J 450 525 600
-270 : : : |
10° 10! 107 10° 10*
B / Hz

© Pr=20kW, @ Pp=25kW, @ Pu=29 kW
(b) #EIH55H 20,2529 kW
BE7 SEIhERTAMETEMGR SR
Z M Z REE
Fig.7 Bode diagram of Z and Z with different

load power based on virtual inertia control

B3R TR AR IS 3 R FOUIBE I 4 o A G 4 25 T,
[ Nyquist {1 Z& QN B B A3 Bian o o] LU HE Y 6 4%
IR KT 15 kWi , Nyquist BIZR TG A0 15 (-1,0) ,
RYAFARE s TR N 20 kW B, Nyquist 128248
K, & RS ATRE G O 5 T 40K T 20 kW B,
AR Nyquist fi 242080 AR LS (-1,0) . AR



F 128

ARIEIR , 45 - T ALY P2 ] ) 00 ol e PR R A o T e FE et O i &

Pa o el LIS eSS DR ok )R
RF—Efdm, REHEANERE .

3 EREKEE #OLPE fu Bt =

H1 LA A ml R, Z2 A D5 R R A7 AR 6 R
HRAR  IEAEBOR A il RE SR AR SEATRE . BEXTE
DU PE-$2 ) R ) 2R G0 8038 Tty SR (9 52 iy, 8 S
HH R B R UL BEL 7T 1) D7 9 X e SO0 i ) BEL 7 A AL
IE, GnfE 4 TR R ERAE T/ o A SR 4 K SULRHLCAY H
F1% 2 K L DL i 3 BELTE 0/ N B/ T B M R , R
IERGRRE BT RIAT, R A TS LB B R/
H3 1K R DL BELC A At 42 A AE P A P 3 B /R, Ol 1T
Uy 3ty S B A R A FH GRS , i 3] RO 4 ol
FAR S R b DO AR, i 8 s .
5 B AU B 1 7 AR L, U7 R L
TN & AT G, T A FE A Il g A T 2, Pk
ARSC TR H K R DL REL T ) O 1 SRR BT AT

Ai,

[Zu)/Gul) 1G]

B8  EREXEE HUl PR Y4 HIAE

Fig.8 Control block diagram in series of

virtual impedance
HT T LR 2, P MR P e L, IR Bl
FCABSEL , BT AARSCA 7, (s) 9 — T 4 ) 38 D 10
v FHT e 20 908 e MR 30 0 O i R R ZEL K, R IR
KN
Z,.(s)=A

2 2
$ w;

SH2éw,s+w] sS+2w,5+ 0]

Horb A R34 25 € HBHJE REL; o, Sy o3 I 4 1

AT o, A P38 8 A X AR LR A
FRIX R PIBHAT 2., )5 . F UE I b BB i Rk =X

AEN -

Z.(s)

(20)

G, (s)+Z,.(s)
1-6,,(5)6,(s)(G., - 1/k)
38 o SR AT, TR E=-10.6=0.9 . 0,=100
rad/s .w,=400 rad/s I}, RGFE T K. B9
B A4 L €= 16, Py =20 KW K451, il A R 42
FETCHT e FE 5000 b BEC 0 R 1 DA B2 Nyquist 11 4%
B xF .
K9 W] LA, SR B B R BT, Wi s o P
U1 1 L O (A0 B R i R, T ko JEL A 45 B )
SO, H B S R A4 T ER I R BB RS L 3R
%8 25 19 Nyquist 22 24 AR /0N, 76 J5 A5 B3I 96 2%

(21)

40
g ©)
@ -20 1
& ®
-80
180
N @®
,Q 0 _\fl
N ®
~180 L L . )
10° 10! 10? 10° 10*

W / He
O RIMEEBLIT, Q@) 15k 8L 5T
B9 SREXEMFRRAT.E ZKEE
Fig.9 Bode diagram of Z with and without

series of virtual impedance

W RL(=1,0) A0 FLER IR AT , RIESR R T R 58
TN

4 {FEIGIE

T BAIE IR EES AT A B IE B AR SCHE
Simulink H#5 EE T W0E 1S B4 B SR I ) 45 L
R, B TN E R, RESEEE
27—,

WG R R A 5 kW, 10 s IFE N 5 kW, €, 4%
A 0.10 21 B RGN BE5 R WE 10 R . XL
3FhE B0 B TR L A0 Bl 25 e N il £k R AE
Ffr I AR BL T A0 EE T o], 4B 4 i
PO B R SR R T R A B
PUBHE R B, R BrE ok, ¢, =100 REe1)
REf i fa 2 BT H ¢, =21 i, JRMIBH T 2. 5 a2k )
BELBT Z, IR AELAH 5 R A7 AH 22 180° , IR I 22 ¢ 1 80 i
BN, HR R R L& T — iR

400
3 396 t @
394

6 8 10 12 14 16 18 20
Af I /s
® C€y=0, @ C,=10, @ C,,=21
10 CEUMRFHAELER
Fig.10 Simulative results of system with
different values of C,,

11 HAR s i, B0 B2k Fi T Bl 17 2
VIR TE B . WIER T80 5 kW, £E 10,15,

405

395 ¢ ‘—\_\_\I

385

ue/ V

5 10 15 20 25 30 35
1] /s
11 TEEHTHREHTEER

Fig.11 Simulative results of system with droop control



120 L/ AR {7 G-

®39%

20,25 s W23 0l 3G 4 2 D 3 5 kW, 7 30 s BF 35
4 kW, o] WL R GAR T ARG R E 81T o

2 ¢, =16, TR DR A SR E 11, RS
PFEZERME 208, ATLLE, 10 s3I0 5 kW 1
G, RGBT HUNOTRS B HRIE S, B
ARPR 3] T R RS 5 15 s FREE I S kW 1385
T Z5ZME/ER, RGELE T RRYE ;20 s B
ARG MEA 20 kW, i TR IRBHST 23K, 4= 37 R AE
Bt 2 3, AR T 10 kW e, 318 775 W5 18 [ i 5 BEL B
PN/ IME — BN T B e g R3S . AH BT g
il L R DB A ) EROR AT A 5 R e RO, B R
JER i H R H 55 T RE AR E

398.4
397.2% "”*;
405 39

6.0
990 10.15 10.40

ue/V
w
)
W
T

5 10 15 20 25 30 35
W ] /s
B2 ETEMREEHHREHESER
Fig.12 Simulative results of system based on

virtual inertia control

K13 S BRSBTS 9 R G AR . Al
BT s B TA REAUBHAT , (8 Z R (E R R/ 1, 6 A2
FHATIE FCAEI , R AR R T A2 E 5 TRk e ok
J& , R REAER R RS, HLRE S IT A I AR AR
TEAMRE N B ELR B B R A AR . X B T AR
SCHR A SCRE T vk BE A R AR R RO i L BELBE , 2k
B RGRLERHE, MHIRG , 205 R EM L

395.00
405 393.50

5 10 15 20 25 30 35
i [H] /s

E13 BREEMENRSEHESR

Fig.13 Simulative results of system in series of

wge/V
)
©
Q

virtual impedance
5 %it

AR I o0 f5 G s AR D 3R A7 AT /M 5
155, INBELATC A1 836 R G A e PEEAT WP ST 4R 1 1 ik
T3 ol B S3 Ar i AL DT i v D], 45 3] i
OUIBE I 2 Tl 2 49 O R R0 i o BELBL , FEAR R SR
HEIE T M PR 28 B R sl fE D AR A R 1Y
MO, 2 RGR A RR G 458 . $E i e
K KEE U0 SEL47T A e 7 8] 05725 B D A e AR o 500 i

FET AR AE , ko3t R GE RS Rk , A 3R & R Gifa e
PE, T R ST R A/ ME SRR LA, TR TE &
GRS AT LEAEH]

TEARA BT A5 R /MR 8 2 48 o EE Bl I
AR A 5 i — 2B 00 b o 53 AN S F B AR
I 45 it A FEAT A ST , T i £ IR R UL BELAC R T
HL (IR 12 A TR T BB A A A8 K RGP JE b 7 TR
ATHE S G0 Ko

P S LA ) M 25 38 (http : / www.epae.cn) o

Sk

[ 1] CHANG X,LI Y,LI X,et al. An active damping method based
on a supercapacitor energy storage system to overcome the
destabilizing effect of instantaneous constant power loads in
DC microgrids[ﬂ. IEEE Transactions on Energy Conversion,
2017,32(1):36-47.

(2] #5080, BakNS, 55 . M MBARERT]. hEEILT

Fes#4,2014,34(1) :57-70.

YANG Xinfa,SU Jian, LU Zhipeng,et al. Overview on micro-

arid technology [J]. Proceedings of the CSEE,2014,34(1):

57-70.

TR A . FLRACH R R SR ST ]. BT RS A

Fi1k,2012,36(8):98-104.

JIANG Daozhuo, ZHENG Huan. Research status and develo-

ping prospect of DC distribution network[J]. Automation of

Electric Power Systems,2012,36(8):98-104.

[ 4] DRIESEN J,KATIRAEI F. Design for distributed energy re-

source[J]. IEEE Power and Energy Magazine,2008,6(3):30-40.

AR ER DT, FRl L AF L BB OCSEROR AT T LR ()]

o FUBL TR 2441, 2016,36(1) :2-17.

LI Xialin, GUO Li, WANG Chengshan, et al. Key technologies

of DC microgrids: an overview [ J . Proceedings of the CSEE,

2016,36(1):2-17.

[ 6] P, SEmedl, k00, 45 . B =U0 IR & e R 5
PR L) ], TR 241, 2016,31(4) 1 194-202.

SUN Jianlong, DOU Xiaobo, ZHANG Zizhong, et al. DC peer-

to-peer coordinated control strategy of hybrid energy storage

—
w
[a—

—
W
[i—

system for microgrid[J]. Transactions of China Electrotechni-
cal Society,2016,31(4):194-202.

[7 ] 9877, Rt , 2R bR, 45 . LI (R AR E 1 20 R L 22
JrEBEELT ). T E AL TR, 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.

[ 8] ], BRI, 9 B, 55 BT D300 28 i B i e o) Pl 42
wilsEms )], 1 Ak, 2017,37(4):30-37.

MENG Ming, CHEN Shichao, LU Yuzhou, et al. Coordinated
control based on power hierarchy for DC microgrid[J]. Elec-
tric Power Automation Equipment,2017,37(4):30-37.

(9] Bt R, F B, VL4, 5. 2T VSC Ay ELTRC i o) i 1p 9
P ()], R S TR, 2016,32(5) 1 7-13.

JING Shiliang, WANG Yi, XU Shijin, et al. Voltage regulation
control strategy of DC distribution network based on VSC[J].
Electric Power Science and Engineering,2016,32(5):7-13.

[10] GAO F,SERHIY B,ALESSANDRO C,et al. Comparative sta-
bility analysis of droop control approaches in voltage-source-
converter-based DC microgrids[]]. IEEE Transactions on Po-

wer Electronics,2017,32(3):2395-2415.



%124 ARIEIR , 45 - T ALY P2 ] ) 00 ol e PR R A o T e FE et O i @

(1] SR, EAS RV . LU0 9 3 0 At SR [ ], B hy pedance analysis method[J]. Proceedings of the CSEE,2018,
HEh ki % ,2017,37(12) : 138-217. 38(7):2082-2094.
ZHANG Dan,WANG Jie,MI Xiao. Adaptive sliding mode con- [17] Wbk, AWl PNVEE S &5 . S TR MRS A9t 8 E 378 ek
trol strategy for DC microgrid [J]. Electric Power Automation kL)), B A gz ,2016,36(11):27-32.
Equipment,2017,37(12):138-217. YANG Zhonglin,ZHA Xiaoming,SUN Jianjun, et al. DC mi-
[12] H3CHE, WRaEZR , B0 2 A — Tl BT AR I X ] I o 2 245 K 401 crogrid stabilization based on linear state feedback [J]. Elec-
TR ]. PEBE LT A2, 2017,37(2) :360-371. tric Power Automation Equipment,2016,36(11):27-32.
WU Wenhua, CHEN Yandong, LUO An,et al. A virtual iner- [18] RADWAN A,MOHAMED Y. Linear active stabilization of con-
tia control strategy for bidirectional grid-connected converters verter dominated DC microgrids[J]. IEEE Transactions on
in DC micro-grids[J]. Proceedings of the CSEE,2017,37(2): Smart Grid,2012,3(1):203-216.
360-371. (197 5%, EAH, REDK, 55§ v B0 R WA E 1 YA DRRELE
[13] BEJT 24, XV, R0 0E, 4 . —FhIEF 400 r ML ] %) B o 6 F Jrikl)]. BT RS, 2018,33(2):370-379.
Ze[T]. P EEML TR ,2015,35(14) :3541-3550. JI Yu,WANG Dongxu, WU Hongbin,et al. The active damping
SHENG Wanxing, LIU Haitao, ZENG Zheng,et al. An energy method for improving the stability of DC microgrid[J]. Tran-
hub based on virtual-machine control [J]. Proceedings of the sactions of China Electrotechnical Society,2018,33(2):370-379.
CSEE,2015,35(14) :3541-3550. [20] RAHIMI A M,EMADI A. Active damping in DC / DC power
[14] JemedE 2508, T8, 25 RGBS BT i ™ i s s bl B AR (7). electronic converters:a novel method to overcome the problems
o L T AR AR, 2016,36( 1) :49-58. of constant power loads[J]. TEEE Transactions on Industrial
ZHU Xiaorong, CAT Jie, WANG Yi, et al. Virtual inertia con- Electronics,2009,56(5) : 1428-1439.
trol of wind-battery-based DC micro—grid[ﬂ. Proceedings of
the CSEE,2016,36(1):49-58. fEE R
[15] RBesk Az RS 0ol e BB R Bz KR (1972—) %, 7P T A, 8%

HEAHTLT]. WA, 2017,41(12) :3884-3891.

ZHU Xiaorong, XIE Zhiyun, JING Shuzhi. Virtual inertia con-
trol and stability analysis of DC micro-grid[J]. Power System
Technology,2017,41(12) :3884-3891.

W BER O 6 #T AR R K B RS R 3
R 5 & %4 % (E-mail : xiaorongzhu@

ncepu.edu.cn) ;

[16] BRHT, TR, 380, 55 . SR BILHT AT 75 ik () JF: I 0542 e %ﬂ‘%( 1993 f‘) , % ,0h ?Ej?fiiﬁ/\ , ﬁ
EFERFTELRAR . PR TR, 2018,38(7) :2082-2004. EAR L, ERIRT 61 RIRA A
CHEN Xin, WANG Yuncheng, GONG Chunying,et al. Overview - (E-mail: 893247073@qq.com) .
of stability research for grid-connected inverters based on im- REER (éﬁiﬁ ?I% )

Stability analysis of DC microgrid based on virtual inertia control and
its improved method
ZHU Xiaorong, HAN Danhui
(State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Baoding 071003, China)

Abstract: Virtual inertial control can enhance the inertia of the DC microgrid and prevent the sudden
change of DC bus voltage,while its impact on system stability is still unclear. The DC microgrid based on
virtual inertial control is taken as the research object, the small-signal models of grid-connected converter
and constant power load are derived,and the source-side output impedances and load input impedance are
obtained. According to the frequency analysis method and impedance matching criterion, the influences of
virtual inertia coefficient and constant power load on system stability are analyzed. From the perspective of
impedance matching, series of virtual impedance is proposed to reduce the source-side output impedance,so
as to improve the stability margin of the system.

Key words:DC microgrid;virtual inertia control;small-signal model;stability analysis;virtual impedance
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Fig.A3 Nyquist plot of minor loop gain T, with
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