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Abstract: [Introduction] The potential positive feedback of virtual inertia and damping control (VIDC) may exacerbate the interaction
within the control loop, causing low-frequency oscillation of bus voltage and disrupting the stability of electric vehicle DC charging
station (EVCS). Although the existing multi-timescale impedance model explains the stability mechanism of VIDC and the low-
frequency oscillation mechanism of VIDC-controlled-EVCS, it is essentially a high-order transfer function, making it difficult to obtain
analytical expressions for damping control strategies. [Method] Therefore, a detailed impedance analysis of the virtual impedance of the
loop was conducted to intuitively reveal the fundamental reasons for the higher-order properties of each loop impedance. [Result] A
closed-loop gain fitting method for the control loop was proposed through Bode diagram approximation, and a low-order impedance
circuit model was established. [Conclusion] The effectiveness of the proposed multi-timescale impedance model is verified through
Matlab/Simulation.
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Fig. 3 The multi-timescale impedance circuit model of EVCS.

1

Zvcl(s) = ”Rc 1 ( 6 )
kviGic P
/kapGicl(S) + £ I(S) + Couts
S
Z = ] = G
vir(s) - SJvir ka ksvr - vir(s) vcl(s)
Gua(s)  Guls)  sGya(s)
(7)

Yia(5) = =kuaGoir(5), Yepi(8) = Goir(5)/ Ry
Yiroop(5) = Goir(8)/ Ry (8)
;thj
Gio(s) — FL L IR ARG 255
G.o(5) LRI P A4 43 5
Guls) —— I PR A 25
HVRANF AT WSk [10]. K 3 tha] LUR
B RGP Z,n(s) TTLAHZ(9) TR, Y(s) JEH
JE IF 1) 38 38 1 1 38 pR 8, B Sy dE R, an=i(10)
FIiR o
Zoun(8) = 1/ Yepr + Yea + Yaroop) I(Zyic(8) + Zya(s)) - (9)

1
Yv:(1+Hl)(R_d_kvd+chl)Gvir (10)
1 1
H] = 1 + 1
B kvd + chl Hvir IUchl Y kvd + chl HvierGicl
R, R,
(11)

22 i i) R LA R S5 Bk T s i) B % 4 BEL g T
ARG . LFO ALEE AT 3 i AS W] B i) RO A9 LC &8 1
VE R AU [ Bt 1) )R =22 TR A SRS T I . FELR R
B ROBE P, B0 TR 5 P S 2 () Y 58 LA 7
Az HL R BB () RUBE Y A IR 3% , 1 158 o 2 B R A
PES B B0 28 HAE R 251 & B PR a) RUEE P 1)
AR o NOIZTE R A A, BT 52 309 i 20 i 1] 2R
B E5 B AH, BEAS LVI A Z,,, B2 R B B8, LFO
G S ) P HE 7 X BB AR B BT H i (&1 A (e
SERAAHE BRI o 7E 22 i a] RO BH AR Y G LAk
b, SCEA B — A8 AYRBY RLC BH0RR 7k 2
A LV, FI A2 R A] DUAR 25 5 3 oK A B e 4
il W () A BT 28 1 2, AR S B TR o

2 KM RLC BE¥TH IRIEAY

RIE(6) ~ 2 (8) Al A1, HL R RIBHIT Zo(s)
15 5 R R A BHATT Z,0(s) FIF 2 6 BRI S 90 Yoo
Yorr Yoy 75052 BN LR BRI 25 Goo(s) L FEIAA]
IHEEE Goo(s) RS IR A 25 Gals) FIZIR . 3X
2 B BELJE BEA RN -T2 20 52 30 7 s P A AR A i A
TR, BT IR S R, BT Gu(s) 7T LAFE
BEAPE AT T8 N S 8Oh B IR 7, PR Z,o(s) 7T
TEPE A 5E N AT 16 — B RLC JRBRHLES . IR
IR EE Goa(s) R IR A3 25 Guls) IR RE



55

RN, A5 ALBNIRAS B TE R G BT RLC BHATC A g A6 Y 83

TR0 R B B 4 25, IR i B A% 38 R A, Bt
R IUBEST Zi(s) 52 G,u(s) AWK 3L RLC I
XL, T A 95 6 R KR SN Yign Yo Yo 22 5
Gi(s) LI B AL T8 o 3 Sy o ik BELJ2 42 o SR s 114
fife M s ok T ANRY IR HE . R, AR S ETE
G.u(s) Tl Gyi(s) BRI 5
21 IREWNMEMELEST

HR A = (7) ) 0, 5 ek B S B B2 — A = B A
B PR, o YR MR B PG R Glu(s),
I XS Go(s) AT REBT L5 AT LRS- 158 5 PRAIR
BRI . AnF 4 BT, T DUARSE G.o(s) 9fA1E
P HEA TR B P, SRAF— A TR0 fif b7 22k 5K,
BRI

1) 80 TR IR A W H A T E AT LA — 4~
B AT, W (12) B o FE A A IR B 2 #—90°
S E 0,=26.4 rad/s.,

2)45 58 T A, ME{E W B R34 —-20 dB/dec HARTL
M) 107 7 []—-90°, Bt FHAFAE — B AT, an=X(13) Jir
7N o TEAIAL T4 58 WS 8- 1350 ff 2 A i 3 15
YR ,=252 rad/s.

3)a 5 11N, WEE e L #3428 A —40 dB/dec HLAHA L
2 2 87 1] —180° % 3, bk BH A7 A — N0t Jm R 19, 4
K (14) IR o FEARAL TS — R o 8- 13500
i IS I EYTINR ,,=3e5 rad/s.

4) fi Ji7 38 5 1 R A 0 o B JE 2 8k ¢=0.011
HRAAFE] Gols) BIERUFENTE G ap(s), W (15) 7
7o Hobode FUNK 4 iR, HA S G ) BL -

a)Z

G(s)= ———— 12
1(s) 2+ &,0,8 + w2 (12)
s+ w,
Guead(s) =—" (13)
C()vl
o,
Glilag(s) = 2 ( 14 )
S+ Wy
G () = 3e5 26.4° , $T252
v T 050 T 2 1 0.011 x26.45+264° s +(3e5 :
15

50 b I X204

""""" Y:39.2 —Gu () -
% 0 Y: }8. 5 vel_app
g —S50r | #5911
= I 40 dB/dec
= —100 -
i 20 dB/dec
_150 r ) I npﬁ I
o
& 45t |
E I
iz‘ _90 r X 264 \/—\X: 365
o e i 3
= -135L =90 L/‘X 250 Wy —135
—180 L Y =135 )
log,,»

4 HBEIFFAMELE bode EIITIArh L K7
Fig. 4 Approximate curve of closed voltage-loop gain
bode diagram

2.2 TERHIIMEMEMER

MG (7) AT, N EAE AR I Y Yo
Y gnoop 72 1 B 338 REN, L B SR A VR B AR MG
PREL Gil(s), BRI TR Goils) FEAT R B S5 30 v] 45
B R F AR RS0 . T 5 X Guls) 1A
TR PSS 2 R A T ek =X, AR T

1) AR A A P TR AR W AR 5t 1 AT LR — 4~ TE
PRI R R, X (16) s, KIAE-3 dB
MHRE w,,=1.1 rad/s,

2)i 5 1T N, WRAE I L A% —20 dB/dec BEHIFF
FE— BT HIHFEATIURAE w4, Z 00, n20(17)
F 7 o FE AL i 28 258 30°0 1 /2 ,,,=0.64 rad/s.

3)atr s 11N, WRAE I L 4458 —40 dB/dec HAHAL
i 2 32 7 10]—180°FE 3T, WA AF 7 — i J5 2849,
F18) iR o e 2 28 1 — 13500 iff i ¥iis 5 B4
IR w,,=3e5 rad/s.

4)MEL 5 FToR, ki, 5 308 2 0 8 e 157 i 22 ,
WS AR 2Z BB Gi=0.527 SEAT IR AL W B A 0F o Jik
J 38 3 1 R DA (L o BHLJE 240 &,=2.5. 1581 Guls)
BT AL FEATTER G (), QTR (19) fT7n o H: bode [
mE s fs, A G s) HA S

2

G ( ) _ wvir ( 16 )
2= §? + &S + 02,
S + Wyir

GZflead(s) =— (17)

Wyirg

Wyir2

Gy = 18
21 g(S) S+ Bug ( )
3e5 1.1 s+0.64
Gy a =0.527x — X

aonls) 0.64 24+25x 1.1s+1.1> " s+3e5

(19)



84 7 RETR AR

10 4%

50

—__ Tx1a — G (s)

0 - Y —2.98 = -Gyir ap (5)
% -7 | '.""'n..,,\ Gvir:k:\l;:() (s)
i —50 oo comeeton S )
h;ﬂé g | wq:;.f"‘n.._“ %ﬁ I
= 100l L .40 dB/deg

s ) I 20 dB/dec ™

8 < } }
o0 X: 0.64' |
3 ¥:=30 | |
= 90¢ A —— X: 3¢5
z | LY: =135

—180 L | L L L L s
-2 - o 1 2 3 4 5 6 1
log, @

5 IR=EIFHIFEEE bode ELLIAEhLZE K2
Fig. 5 Approximate curve of closed inertia-loop gain
bode diagram

i bode &1 B T 9 1% B BT e Ay 2] LRy oK
fifp L e ) S s 14 g A 2k SR LA A

3 WiES5HHh

FE TR LRE 2 T R G A R S5,
MATLAB 8 37 H 31 V3 4 B I 78 i 3l 7 JF DG AR A
(Switching Model, SM) {ij ¥¢, JF#E LA F T8 47: 16
GBI 1 kW, 5] B R 5 R 45 248 4 7 BHL
PRl (Impedance Model, IM) (1 B BR M 1 . 7E XU
PN B UE T H R BT Y, AE i FUUAE i AN R e
FE R 0F TR IR, RESHSERS
B SCHR [10]0 A TR L0 7 4 7y B o 17 4
K6 FIEl 7 firn. SM 4505 IM 25 _REEA 5, It
Ah, B S I RCR AR S 5T 2 e [a) RUEE BRI
R 5 HT— 30

MR T B BAE R 6 FiR, 78 =4 s B,
TGN 1 KW ok, F ke 7 HL PRI [R] RUBE | 52
F S 1R R R R 8K ke I HE PR R R (R
H0.7s4i% 03 s, MKk, FHENSNE/AE 22V
H/NE 10V,

JRE L RN BELJE 45561 A5 ELAS AN 7 R,
TE =4 s I, U800 1 kWo T ke B kg B2 T 15
e PRE R RUEE I 4R 5 SR FR IR, R T RAEM
PR WIBEFIFERCRAE . IAIEL 7(a) FIEL 7(b) Hha] i,
Ky R ey 7F FEL PR FARESE () RUBE - 52 1) v R R 97 0 7
iHa], 51E 6 ISR —B, WK I, R K
P& T AT R AR, /N AR AR R . T kg 7 F 3
IS B R RN, 3K kg ST S KT U B iR AE

(12 VEEMRZE 75 V) o k, W5 J, 0928 B 5200
PR SR A JEVK A IR, DL b 25 G E T 22 1) 1A
JRUBE BHATO AR 780 K ARG B ASE 84 () 1E A 12

k=1
> 300
>§
ol
»
=
& 285
k25 M M
k=5 -

310
> 300
;
£ 290
pee
=
£ 250
k0.5 SM M
ky,=2.0 _
270
4 5 6
t/s

(b) HLBISHIN R
El 6 mBEFERKREEIE

Fig. 6 Verification of voltage-loop impedance model

305

J,;=0.05,k,=0.5, k,=0.5

w2
(=3
(=]

i HE vy /V
2 3
!\

iy SM M
285 i k=003, k=107 T
3 k=20, k=10 —— —
280 i 1 i
6 7 8 9
t/s
(a) HLAIZHY
305 - - -
J=0.05, k,=0.5, k,,=0.75
- 300
\S s
BN :
= 295 :
i %
= i
& 290
285 L U i ;
6 7 8 9 10

t/s
(b) BUFSHL



55 5 1] RN, A5 ALBNIRAS B TE R G BT RLC BHATC A g A6 Y 85

k 1k\d01

SV

285 i i i i i i
6 7 8 9 0 11
t/s
(d) B S
305
Jm 01 Jw 05
> 300
>E
% 205
2
=
& 290 b
g5 L1 ; ; g ; ;

t/s
() MIES R

7 REFERIEEEIE

Fig. 7 Verification of inertia-loop impedance model

4 £ig

hy v IR IAT 22 B 1) ]RURE BHLAT0RE A 25 7 4% 326 bR
Ja VA SR figt BELJE 42 ] M A A7 2R 38 =X R AN
SCEE e R FR UL BT AT T 40 A BT 40T
EWLHLEE 7S T A 45 A i LA =i B e 1 ) AR AR Tt
PRl o B, 0 2ot AT P T AR 0 42 o A % A B 3
% (BB AU vk, 7 T IR BT e B A
J& , 181 Matlab/Simulation {7 EL 45 S 56 UE T BT 4
{18 Z2 I [1] FRUBEARR 7y BELATC FL AR L 1 A R o

S 3k

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

HE P W, KHALIGH A. Comprehensive analyses and comparison
of 1 kW isolated DC —DC converters for bidirectional EV
charging systems [J]. IEEE transactions on transportation
electrification, 2017, 3(1): 147-156. DOL: 10.1109/TTE.2016.
2630927.

DU W J, FU Q, WANG H F. Small-signal stability of a DC
network planned for electric vehicle charging [J]. IEEE
transactions on smart grid, 2020, 11(5): 3748-3762. DOI: 10.
1109/TSG.2020.2982431.

REHMAN W U, KIMBALL J W, BO R. Multi-layered energy
management framework for extreme fast charging stations
considering demand charges, battery degradation, and forecast
uncertainties  [J]. IEEE transactions on transportation
electrification, 2023. DOI: 10.1109/TTE.2023.3275110.

FU Q, DU W J, WANG H F. Planning of the DC system
considering restrictions on the small-signal stability of EV
charging stations and comparison between series and parallel
connections [J]. IEEE transactions on vehicular technology,
2020, 69(10): 10724-10735. DOIL: 10.1109/TVT.2020.3006480.
LIU Z J, SU M, SUN Y, et al. Existence and stability of
equilibrium of DC microgrid with constant power loads [J].
IEEE transactions on power systems, 2018, 33(6): 6999-7010.
DOI: 10.1109/TPWRS.2018.2849974.

LIN G, LIU J Y, REHTANZ C, et al. Inertia droop control and
stability mechanism analysis of energy storage systems for DC-
Busbar electric vehicle charging station [J]. IEEE transactions
on transportation electrification, 2023, 9(1): 266-282. DOI: 10.
1109/TTE.2022.3192921.

LIN G, MAJJ,L1Y, etal. A virtual inertia and damping control
to suppress voltage oscillation in islanded DC microgrid [J].
IEEE transactions on energy conversion, 2021, 36(3): 1711-1721.
DOLI: 10.1109/TEC.2020.3039364.

LONG B, ZENG W, RODRIGUEZ I, et al. Stability
enhancement of battery-testing DC microgrid: an ADRC-based
virtual inertia control approach [J]. IEEE transactions on smart
grid, 2022, 13(6): 4256-4268. DOI: 10.1109/TSG.2022.3184985.
YANG H Q, LI T S, LONG Y, et al. Distributed virtual inertia
implementation of multiple electric springs based on model
predictive control in DC microgrids [J]. IEEE transactions on
industrial electronics, 2022, 69(12): 13439-13450. DOI: 10.1109
/TIE.2021.3130332.

LIN G, LIU J Y, WANG P C, et al. Low-frequency oscillation
analysis of virtual-inertia-controlled DC microgrids based on
multi-timescale impedance model [J]. IEEE transactions on
sustainable energy, 2022, 13(3): 1536-1552. DOI: 10.1109/TSTE.
2022.3157473.

LONG B, ZENG W, RODRIGUEZ J, et al. Enhancement of
Voltage Regulation capability for DC-microgrid composed by

battery test system: a fractional-order virtual inertia method [J].


https://doi.org/10.1109/TTE.2016.2630927
https://doi.org/10.1109/TTE.2016.2630927
https://doi.org/10.1109/TTE.2016.2630927
https://doi.org/10.1109/TTE.2016.2630927
https://doi.org/10.1109/TSG.2020.2982431
https://doi.org/10.1109/TSG.2020.2982431
https://doi.org/10.1109/TSG.2020.2982431
https://doi.org/10.1109/TSG.2020.2982431
https://doi.org/10.1109/TTE.2023.3275110
https://doi.org/10.1109/TVT.2020.3006480
https://doi.org/10.1109/TVT.2020.3006480
https://doi.org/10.1109/TPWRS.2018.2849974
https://doi.org/10.1109/TPWRS.2018.2849974
https://doi.org/10.1109/TTE.2022.3192921
https://doi.org/10.1109/TTE.2022.3192921
https://doi.org/10.1109/TTE.2022.3192921
https://doi.org/10.1109/TTE.2022.3192921
https://doi.org/10.1109/TEC.2020.3039364
https://doi.org/10.1109/TEC.2020.3039364
https://doi.org/10.1109/TSG.2022.3184985
https://doi.org/10.1109/TSG.2022.3184985
https://doi.org/10.1109/TSG.2022.3184985
https://doi.org/10.1109/TIE.2021.3130332
https://doi.org/10.1109/TIE.2021.3130332
https://doi.org/10.1109/TIE.2021.3130332
https://doi.org/10.1109/TIE.2021.3130332
https://doi.org/10.1109/TSTE.2022.3157473
https://doi.org/10.1109/TSTE.2022.3157473
https://doi.org/10.1109/TSTE.2022.3157473
https://doi.org/10.1109/TSTE.2022.3157473

86

7 RETR A B

10 4%

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

IEEE transactions on power electronics, 2022, 37(10): 12538-
12551. DOI: 10.1109/TPEL.2022.3171556.

WANG J, HUANG W T, TAI N L, et al. A bidirectional virtual
inertia control strategy for the interconnected converter of
standalone AC/DC hybrid microgrids [J]. IEEE transactions on
power systems, 2023. DOI: 10.1109/TPWRS.2023.3246522.

LIN G, LIU J Y, REHTANZ C, et al. A comprehensive stability
assessment system for EV DC charging station based on multi-
IEEE transactions on

10.1109/TTE.2023.

timescale impedance model [J].
transportation electrification, 2023. DOI:
3262629.

GUO J, CHEN Y D, LIAO S H, et al. Analysis and mitigation of
low-frequency interactions between the source and load virtual
synchronous machine in an islanded microgrid [J]. TEEE
transactions on industrial electronics, 2022, 69(4): 3732-3742.
DOI: 10.1109/TIE.2021.3075847.

LENG M R, ZHOU G H, LI H Z, et al. Impedance-based stability
evaluation for multibus DC microgrid without constraints on
subsystems [J]. IEEE transactions on power electronics, 2022,
37(1): 932-943. DOIL: 10.1109/TPEL.2021.3093372.

PARK D, ZADEH M. Dynamic modeling and stability analysis
of marine hybrid power systems with DC grid: a model-based
design approach [J]. IEEE transactions on transportation
electrification, 2023. DOI: 10.1109/TTE.2023.3296099.

SAHOO S, MISHRA S, JHA S, et al. A cooperative adaptive
droop based energy management and optimal voltage regulation
scheme for DC microgrids [J]. IEEE transactions on industrial
electronics, 2020, 67(4): 2894-2904. DOI: 10.1109/TIE.2019.
2910037.

KOBS,LEEG Y, CHOIKY, et al. A coordinated droop control
method using a virtual voltage axis for power management and
voltage restoration of DC microgrids [J]. IEEE transactions on
industrial electronics, 2019, 66(11): 9076-9085. DOI: 10.1109/
TIE.2018.2877135.

XIAO J F, WANG P, SETYAWAN L. Multilevel energy
management system for hybridization of energy storages in DC

microgrids [J]. IEEE transactions on smart grid, 2016, 7(2): 847-

[20]

[21]

[22]

[23]

856. DOI: 10.1109/TSG.2015.2424983.

KIM S H, BYUN H J, JEONG W 8, et al. Hierarchical control
with voltage balancing and energy management for bipolar DC
microgrid [J]. IEEE transactions on industrial electronics, 2023,
70(9): 9147-9157. DOL: 10.1109/TIE.2022.3210517.

ZHU X R, MENG F Q, XIE Z Y, et al. An inertia and damping
control method of DC-DC converter in DC microgrids [J]. IEEE
transactions on energy conversion, 2020, 35(2): 799-807. DOI:
10.1109/TEC.2019.2952717.

ZHI N, DING K, DU L, et al. An SOC-based virtual DC machine
control for distributed storage systems in DC microgrids [J].
IEEE transactions on energy conversion, 2020, 35(3): 1411-1420.
DOI: 10.1109/TEC.2020.2975033.

JIANG Y J, YANG Y, TAN S C, et al. Distribution power loss
mitigation of parallel-connected distributed energy resources in
low-voltage DC microgrids using a Lagrange multiplier-based
adaptive droop control [J]. IEEE transactions
electronics, 2021, 36(8): 9105-9118. DOIL: 10.1109/TPEL.2021.
3050506.

on power

EEEAN:

PRI (1)
1994-, J5, R AR I, RN g
T g 2R GRS RE o AT T T A5 Ce-

mail) ganglin.me@qq.com.

BTE GEGER)
1979-, L, I HUE, FERFFET7 190 N s F7 0
F 5 H B8 5T & £ (e-mail) nydai@um.edu.

mo.

(# ots

&
b
SN—


https://doi.org/10.1109/TPEL.2022.3171556
https://doi.org/10.1109/TPEL.2022.3171556
https://doi.org/10.1109/TPWRS.2023.3246522
https://doi.org/10.1109/TTE.2023.3262629
https://doi.org/10.1109/TTE.2023.3262629
https://doi.org/10.1109/TIE.2021.3075847
https://doi.org/10.1109/TIE.2021.3075847
https://doi.org/10.1109/TIE.2021.3075847
https://doi.org/10.1109/TPEL.2021.3093372
https://doi.org/10.1109/TPEL.2021.3093372
https://doi.org/10.1109/TTE.2023.3296099
https://doi.org/10.1109/TIE.2019.2910037
https://doi.org/10.1109/TIE.2019.2910037
https://doi.org/10.1109/TIE.2019.2910037
https://doi.org/10.1109/TIE.2019.2910037
https://doi.org/10.1109/TIE.2018.2877135
https://doi.org/10.1109/TIE.2018.2877135
https://doi.org/10.1109/TIE.2018.2877135
https://doi.org/10.1109/TIE.2018.2877135
https://doi.org/10.1109/TSG.2015.2424983
https://doi.org/10.1109/TSG.2015.2424983
https://doi.org/10.1109/TIE.2022.3210517
https://doi.org/10.1109/TIE.2022.3210517
https://doi.org/10.1109/TEC.2019.2952717
https://doi.org/10.1109/TEC.2019.2952717
https://doi.org/10.1109/TEC.2019.2952717
https://doi.org/10.1109/TEC.2020.2975033
https://doi.org/10.1109/TEC.2020.2975033
https://doi.org/10.1109/TPEL.2021.3050506
https://doi.org/10.1109/TPEL.2021.3050506
https://doi.org/10.1109/TPEL.2021.3050506
https://doi.org/10.1109/TPEL.2021.3050506

	0 引言
	1 直流充电站及其多时间尺度阻抗模型
	1.1 系统结构介绍
	1.2 虚拟惯量和阻尼控制
	1.3 直流充电站多时间尺度阻抗电路模型

	2 低阶RLC阻抗电路模型
	2.1 惯量环低阶虚拟阻抗
	2.2 下垂控制环低阶虚拟阻抗

	3 验证与分析
	4 结论
	参考文献

