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Modeling, Analysis and Damping Control of DC Grid
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ABSTRACT: Modeling of the DC grid is the prerequisite for
analyzing the resonant characters and stability issues. It is
significant to improve the operating characteristics of DC grid
by designing a well-performed damping controller. Firstly, a
Thévenin's model of the converter was derived from the
averaged converter model using power-balancing principle.
Secondly, the small signal model (SSM) of DC grid was
established considering the network frame, and then the resonant
characteristics were studied. Thirdly, a power damping control
strategy was proposed by feeding back the DC current outputted
from the converter. The realization form of damping controller
was analyzed and its parameters were designed. Finally,
electromagnetic and RT-LAB real-time simulation models were
constructed. Both results validate that the proposed damping
control strategy can suppress the resonant current in DC grid and

improve the operating stability of the system.

KEY WORDS: DC grid; stability; damping control; oscillation

suppression; Thévenin's equivalent model

TR ELUL AR B A2 20 M LA FEL R IR R PR AT RS E 1k
(RIS, X T PERE DS R BH e 42 il 4% 52 ey B AL R )2
TR R ERIEM . SCEE e Nt ds T I R
HIHTh A BB, HE T Tl 2 P ) SR P 45 RIS
HK, B E TR SERIE N, 5L LA ) A B A R S
HF TE L FEL R ARV IR AR VE AR R o PR, JE L S AR
i e B BT L, AT DR SRR e F i B Sk BUR L OF
ZRANENEE I BTN E O I bk s SinNE L N iR A )
SO EMBA LN RT-LAB SEI 07 FBE Y, B0AIE BT $i2 FH Je 4% 1)
SR FL A RE 05 A7 2030 ) LA PR ) 98 AR PRI AT R e EL U R I
BATREVERIRE S .

EEWBE: EEKHEMARFHE T H(SGRIZLKI[2015]457).
Science and technology project supported by the state grid corporation
of China (SGRIZLKJ[2015]457).

KA. EULEM; RUETE; BEIEH IRGIEH]; WYk
Y

0 3l

FET | Y R 4 AL 4% (voltage source converter,
VSC) 1) LI i FEL A 4k R v R A2 A AR 1
J& E. it #1 H (high voltage direct current, HVDC)H; A
JE I — Mo B RyE R T 2, RS e R
H MR T RSN B AR 8
BReURIEGN . WA AEGN, R EREIE, 55 HLM
RN A ik A 55 07 T B R A BrHR LS, 2
R R B HLIPE R 7 T 20 [ 2 B a3 43

B — R AU e E AR R S HTE RS
L AR S5 R RE O AT AL R L RE AR e S ik
M, & T 2NN BN, FIH
g EE T AN, BT RGREH S 0h6e
AILVE R S R TE ARBERMAS 24,
I E L b E AR IR . BN % T R4St
1 SRS IAR /N, an SR s 15 ) R A A Re e
At R K B REJE RN, 3T R T 5% 284 1R BB X A%
Ny HUBERERT . $50) R AERT | 1R 28 F fid A 4B
IS TP 2R 3] ek LU FE IS RIR S, S5
FL A B R, SN B M A AR, B
RV & A A5y, 7R 0k P BRI B I 20 1% o i 2
RS LT TR SR ARG A T D, RHEERK
PR Tl Re R ECE R R AR E . 7EE N
+320kV/1000MW S B A B AR, ki 28
T H T 32 i A DI D 2, axX P i X AH B
T 2% v 2 ) Ty 28 57 vy 4 1) FL e >R 1 A7 7 BHLJE B 55
MR, B B A EARR % LR QA% TS



12 W

L, SCRR[S145 H T 1% T2 3% SE PR B FE R R0
FL SR IIE , SRBN TR] N 25,

bEE B BRI R R, A E B 2
it %% (modular multilevel converter, MMC)TE A )
I A R LT i R AR S A AR A B Pk R e 20
B KECEREE T 1 RV B BB AR A B R
HL R AR TV, AR E B F RGP e 1107
/DA SCRRFRIE « SCHR[6]%5 R0t 78 T B /N
PECFIRABTTE, O 5 ) B H I S 1 1 O
AT 70 Mr, (HBAA 3 BGas A e 1 ) e 2 il
Jrike BEER[9-1018 7T 1 M HLF VSC-HVDC HIRHT
B, 3 i 7 BRI S AN RGEIRATR
IR, AR BTt 2R ol IRIR 5 (1 BHLJ 4% |
axo SCHR[EESL T BOVFEHH B MMC 41k
B, SR T~ R 5T i 2 SR sh A e ML 1) B
F, ) A T3 A7 E T 800 v ) . SRR 1 2] A LA FRL )
I EERE LR T MMC SMBahaReE, @57 7 iR
P IO ) 7 i S O, IR T ELIR L R A R 2%
SRR EETTEAR, (HEFTELH MMC ffi
BRI E FEMY I FL BT AR (52 o

B M RIEAT SR LR S S, B
S [PEAT R PE D SR 22 52 M EL L L I I8 AT . D) Ze s
il 23 15 B L N D 2R TR, AN [ (1) Th 28 K /N
77 T 0 AL HL P 7 A R S AN ] o 3 AR A 1) E )
Ryt th BH BT R A AR JERRIE, B T B A M
BARFHJEYERE, 2P PTERECR G OL T2 5 5
A E T MR E . Bk, 8 B R
PREFPEA R T Bk e B PR B i 38, X T
) L VA L IO ) 1 IR IR 37 A AN AR SR v LR A
WA IS AT R AR A b 2E
1 R RERBNEEER
1.1 HeRasEHEE

1 g — S ks B A O 5 ek e,
E e A LA 5 (point of common coupling, PCC)
B = AH H R A LR 73 0N tsabe B dganes P AT Q 22
EIIMEIR, P FRIEN VSC A%, H
MR uge: BRI i Ug M1 Us 2051085
R PCC R HLETRIE: Z, M1 Z 4 il 9
DX AR s 28 S BH T Lo 9 VSC B3
PLays SN PCC HLR AR T HL il i Ik I AH A7 2%
MMC WSt B 2%, M DLAIRAS IT 9 bR K
A BRI R, ASCR A SAME AT
IE, TS MMC H 0 B LR A

PR BB MEE T 5 e HT 7T 3373
—>» p.q e L
e ——
U 20 Zg Ues Z +
PCC _

E1 BRSEFNRG
Fig. 1 Equivalent system of station

2R 2L, di
Ug, = U, tu, )/ 3-—Si, -
dc k:a%,c( kp kn) 3 dc 3 dr

e k(k=a,b,o)H I FHE BN H S 5 gy
g o5 L R R M 25 235 F BRI BB o 8817
P VSC B EA S, FIAH ()
Kk . AR BERBENRG, AL
PR ELAA [ B A AR, TR A EELJAE L IR el e £
FE2% 8, P LS VSC Al MMC AT BRI 2 s
) T A S R AR

Wi MMC bS8 A () L=0 1 R=0,
MBEAL AP LS VSC SRRl . (R, AR SCHR
I 2(b)Fin B i g 2474 — . 1 2
W g RANEMIENZ I BRI Coq=6C/Nph
NEERER (P R P S AR), C N TR
%, Npn AEMHBNGUE BEHE, I3 F A E
WM RS TN

du, P 2LC, dzid 2R Cq diy,

(1)

. .
=P ¥ S i) @)
d
“odr ouy, 3 de 30 de
ide 2R/3  2LJ3
i ar +
d
£ — ug u+
g, a1 ceq Uge

(a) PiHLF VSC 45 RB
2 VSC EtFHIER
Fig.2 Equivalent model of simplified VSC

1.2 #HIREBRLEMERE

VSC & — A~ s AR 2 M Al v LS & 1) e B AL 4t
Y, LN R B R 73 BLIALH
PRAFEEER AL . I ThRER “0” KYHER
ARRSE, RVEE D MDA TS “A” £
AROT, VSC BN T L AL B A Sy

(b) MMC TR AL 55 R R

(Ceqs + })020 )Audc = Apc _Zcon ’ Aidc (3)
Uch Uch

A Zeon=2LsCogs /3+2RCogs/3+1 o TEANBIRAS KT

T2 B A B AR Ay



3374 H A R DU - S 4 37 %
Ap.(s)=[1.5U 4y —1.51 4o (L,.s+R,.) — MRIEF N
ifa;%césqo)]flfds(;);51_532?) (—Si.slm- “ A~ SOSOG(S) e SINGG(S) s
T e oM M)
Bl asilid PLL S [56h5 e PCC AR R +Gy(s)
K&, (EL ARG NS FEF T PLL B3NS0 R T M (s) A0
ek, WS dg 2ebr REEHI RS0 dg Habs 22 847 (11)

FERUNIARAL 22, PRI BRI 55 2% 18 PLL IBHAS
RS, SEBR R dg AR R SR RS dg ABHR
Rz Ia MR A>T

Fp=F,e’ %)
K Fpy =FP+JF° s Fafotifys fRREIEEHR
s j RoREE B G)HAT TR T, W]
RPN AL bR F8 2 TE] 7N T 0 2 1 o A5 7Y 1) B 48 O

Afy | | cos@, sing, Fcosb—F,sinb,
Af;;s B —Sil’l 90 COS 90 _F:]() Sin 90 _FdO CoS 90

[Af, Af, A6T' (6)

Afy | |cos8, —sin@, —F5cos6,—F,;sin6,
Af, | sing, cosf, Fcos,—F 40 Sin6,

L,
(A" &7 A0) (7

Hoerb PLL( Q=) /N T PLAC AR T Oy
AO=Fyy; (s)c0s6y-Auy, —Fyy; (s)sindy-Augy,
{FPLL(S)=(kppLLS+kipLL)/(S2+kppLLUsoS+kipLLUso) ®
PR R dg AAR R T, FLILA I TR
{u:;:s =uly =G — i)+ ol i

U =S = G —i) = Ly 15

~ ©)]
cq

K Gi(s)=kpithi/s NHTLAFL P1 #Hil 48 ky Al
ki 737 ) A EEBIRIAR G R A i FiS S 5N EE d
A q 525 H . Z2ms e znal, KREE26).
() ATAFHS dg AAhR 2R T HRARAE d A g b
L 2R ALYy
Auyy =Augy +Gi(s)- Aiy + oLy, - A, —

€08 6,G, ()Ai" + G, (s)sin GALL™ +

[G(s)+ R M- AO

sq0

Au,, = Auy, — oL Ai, + Gi(s)Ai, —

sin 6,G, (s)AL;* — G (s)c0s ALL* —
[Req + Gi()]- I 4o AO

MITAAFHSRG dg AR T d Fl g HhFTH

(10)

A; - Sin 6,G;(s) A 4 508 6,G,(s) A

1
sq Ml (S) sd Ml (S) sq
R_+G (s
= 1( )Ist A0
M, (s)

MADF R, PLL (A sh #4505 28 i A7
TE—E MIREMA , AT REIAE N i 284 ThIh 2R ik im
S B R S AT R . 5 RE AN R 1R A FR 4
&, LRI MERES, FREREEERAEE
FE TC )y 2 2 i i A B S 2R MR AL B B Dy

A =G (AU, — Auy,)

ude

A0 - 12
A :ﬂJr 2Q2 Auss (12)
U, 3U;
SE A D24 ) P A tH VA B By
AL =2AP" | (3U ) - 2P Au | (3U2) (13)

K Guac(8)=hpactkiae/s J97E FLIR FELIE P 454l 4% 5
epae T Feige 53 N ELBI AR 9y R % Uge MBI HLIR
SBHA; PR QNI RS HE . HEEHITRE, &
MAGHRHELL A PLL &R, VSC RGIMEM:
WHEE CATE R 3 1 En. THERE R R,
It a8 B A A 2 2, wT AR 3 E Uk
A Tl 2428 1] sl ) B4 Bl S5 U T Ry

Auy (8) = Aty o (8) = Zyg oq Dl (8) =

K AU, (s)+F, ude_Qref *

udc_udcref
AQ(s)— Zyq oq - Dig (5) (14)

Audc (S) = Aupieq (S) - Zpieq ’ Aidc (S) = FudciPref '
AP ($)+ Fye grep - AQ"(8) = Z,, o - A, (15)

i 4 1) SR R B B ) R IE A S 2,
FAR B S5 s 2 W CHR[5]
1.3 EBEREMHFEERE

Nl = = 3 DTN O B K 1 B RS B )
WA, skAb B H 0 R 45 0 WL S,
bR R bR, 4 Ak i) B S HUE A&
Gi—, ARLLA AP P as B E 7 OB, R
I 16 Y S AT r R BT A AR LT B I S 4, A
SCAB e A At 3t 1 2 RS S ISR 1 B, Hod b
SN E B R R L, AR S Th A .




12 W

ZrESE: HIHEMNEE SN 5 e T 3375

S g g g g g g g g g g g g

_| T (Auy,, Au,,,A0)

-

e

A A/ |
A0 |
L1
N |
|
3 |
pi o [
E i % Au, : >
S Gk Ai o :
£ |Buy) | e A7 = i
E'?; L Je z ; |
= Lsgo : :
P L0 : :
YA 4 Ai ! O X !
. il ZHRGS | VSCHHIL ARG !
| T (A, Ai,.A0) PR AL Ak B R /
_____________________________________________________________ e /7

N e e ===~

e = =7

El3 VSC &M FREER
Fig. 3 Linearized model diagram of VSC

Aiy(s)  Zop(s)

+ +

Auy(5)

AU (5)

AU, 4 (5)

(a) € ELIL LRI (b) & ThA
B4 BRB|EMEUHBLERFURE
Fig. 4 Thévenin model of linearized converter
200mH  184.4km 200mH

LR
1500MW

EpHuE 2
1500MW

131.1km

200mH
Q

53 g i
3000MW Qg e T £500kV BT

E5 skyEEREMREHETIENLIE
Fig.5 Schemed structure of ZhangBei DC grid

iE 1 g{(jtﬁmﬁ@.'ﬂ?ﬁumlﬁﬁ E"]EE%’%;‘SZ
Tab.1 Supposed parameters of Zhangbei DC grid

AERUHR R
3000MW

e s TR /mF B R HE
REARGH 1) 10 250 Ly=75mH
F7 (i 2) 10 250 Lyo=75mH
kb 3) 15 250 La=40mH
A6l 4) 15 250 Ly=40mH

SCHR[20]48 H, B L 2k B R A e AR Y
FRE REOL T, oA XS H RN — g R fa e
o EAR FIREE IR FEA R A 5 B2 FH e 42 il 45 11
Wit HJETEREFT I F ) 0 R R 1 1 15
T, EELBUONRE B R B SR O
A0 2 e [ ASE B AN 43 A X S BB AL R 8 AT 1% T
PEPL, (BRI B A AR IR R e, H
mu@%m%ﬂﬁ&ﬁnam%HMﬁ P e
FAOR LR B ALK B S AR F B . HUECRI R S Uy

B4 0.0151Q/km. 0.151mH/km. 0.244uF/km. %
FER B 2 MR PR, ARSCRA 5 A Ak
B, w6 s, HrhFhs “127 F£oR
i 15352 Z A ELE, B0 Ry, RoRERNG 15
i 2 22 [A) R % 1 45 20 LR

R Liy L, Ry,
Igern 5 5 5 5 lgean
o~

+

|

[

o

_ﬁ

o

1]

1l {
[\S]

El6 ML S MFYEE

Fig. 6 Five-section n-typed equivalent model of DC line

B 7 45 1 2K 0 200km R AS [R] i L2
FEAN[RI 2 6 S5 RO T R BGOSR A, e — g
BT H A ROE AN . 4 Fh AR SRR
T 130Hz IR BA BT IV & 1, (HRBEE R
G R, 5 DrERARAE AR 1kHz /2 A7 I A ik
ARG R, PRHR 2 2 3 57 F) B PR
PIECERR BB AL . B 8 A ISR bt

G B -

10* ] 5 A R )_‘ ‘
o | AR LLHHT
S 100 T N A n
= 10° I g Ay o iR

10' = I ; | |

| |
10° i :
90 22 T
T S
: |
o 30
E 30 L
]
I ! 1
90 30l :
10' 107 10°

fHz

E7 BRERLRIEFHREAEHSIEF L
Fig. 7 Impedance-frequency curves of
different equivalent models of one single DC line



3376 ST £ N =< 1 R B =3

Au, A
det . U,
. A de2
Lo

Aty Auyg,

E 8 EREMMEENIELR
Fig. 8 Equivalent model of DC network

SEN I B 28 K7, 4 BT R (1~4) /1
S HL T AR ) i 44 2L B AR B
A EETHERE, RET A 1~4, JFH Yo &

ANTH BRH AR S T ARGV, AT RN S
LU HL X 28 T REAE s 3k I8 =R
Al(s) =Y, (5)-AU(s) (16)

Hor: Al=[Aiger, Adgea, Adges, Adgea] s U=[Auger, Attgea,
Atgez, Atgeq]" o 4 AT 1 408 7l S AR R 4 45
R, IS5 RA6)BAL, 1525 Him M
ML B ARy
AU = (B +Z, Y
(AF, -AF, . +AF -AF, )
Al = (B +Y o Ze) Yy -

€q —¢q

(AF, -AF, o +AF, -AF_ 1)

(17

o E NI HERE s Zoo(s)=diag([Zy eqi> Zp eqzs Zp eqss
Zac eqal)s AFu(s)= diag([Zuc prefi, Zude pref2> Zude pref3s
Zude wdcrets])s AF 4 ref(S)=[APrest, APrepy, APres, AUregs] '
AF,(s)=  diag([Zudc qrefl,  Zude Qref2s  Zude Qref3»
Zude qrets))s AF g ref($)=[AQkert, AQrerss AQress, AQrets] o
T 15 B EE 0 2 AL B B R R e B
det(E,, +Z. Y. )=0 (18)

KAWL, B M I AT R E S B HL M
PGSR L 2B A RO R DL R A8 JHei s ) B 4 PEL
PR, MEREMBINSHTE S, HISTRE
HA 58zt BT 5%

2 BERBEMIERFHSIEEM ST

2.1 EBERBMIEREFES R
FRE 201 7) v 2 57 1y FH B3 R DX B e R
FHEDDREIEE T, &Nl H B B iR
VH A A 328 R PR AR DL R /N TR 2R PR |
SERWE 9 Fin. 7F LA E B SHML ST
FkICEIR B ME 6 MEIRMZE S, KA adE 2 MK

My,
§—2: = e —
45 VA
m - 1}.|‘L.ﬂ0“'\'f’\ﬂ-"/“vmﬂ"-"—
B "
= T |
fimi |
24 ATPRTE s o
-120 O' Fhbae WA
- T e
~160 '_V\-::_.-.,._._,-....__..-_.-ﬂ —
-200 - ¥

10° 10° 00 02 04 06 08 1.0

s t/s
(a) M AR A1 2 (b) TR Rl LR

B9 ERERAMEERKBIEFES N FIME
Fig. 9 Amplitude-frequency response of DC current

10" 169238

closed loop transfer function and SSM simulation results
B IRIIZA 4 D s IR, EATRIME 73 4
N16.9. 23.8. 69.5. 84.4. 90.7. 95.7Hz.
22 HARBEMBEEMSHT

AL R=0, H IR it as B A S S A5
BCE NAE RO A B (BRE 2Ly/3 H1M%), 7T LS 25E
Tyl e 4 W i ELUAL PR IR A SRR AL A ] 10 i
s HA LA THVE SRR, TR P AL
FLULEG G5 A B

10 fEHARERBBRGIRE
Fig. 10 Simplified model of two terminals HVDC system
AL 10 Pros R i B R SN T8
R, W

uw D .

s +a1s+a2

(+RID/Colu)
@ T +as+a, °
RC, U +LI
al_ dc0 dcO (19)
C, UchL

Uch +RI ch 1
ClUwl Cul

(19 A%, 3T ER AN B R IR AR
SR HINRARE MRS, Bk sh, & FHERIE
a1>0, BMFAIE RCeqUacoHLIacs™00 MiZF 1K T LUF

H S R G e 5 &k S RS e
1T RUA Ko MR LR RS -T Ik BT AR AR FLEOOK,
W RO L B R, I 245 TR b i 2e
BAT THARREN A 110<0, HINFEBKR, Ll 1
PR, A G RCeqUaco+L1aeo<0 T FI RS
gka, BINEME R R=0 I, REIHRIEETT

>0

a,=




12 W

ZRFE: HPLBMEE T 5 e ki 3377

WARRE N 2 S BT E, XY D) ulis 17
TIEASIRZS IS 2 AR BT A X HO BB 3 . 75 20
WK, R LU P S 3l 76 5 B A Y 5 P S AR S
HL S R RN B N BRI ) D, i R BELAL
REMETE — e LB RGIAFE . IR RAER
AR AT (R 0 AT, R AR 28 LA L R I 5
FIEPTARER, T g B A o i IR
JERFE IR, PR AT DAFE — @ R 4 5 ELUR AR
GriffasE th. F IR E AU AT B L AR S IEAT
- FL T 0T L UL PR DO A M R R

JEAE SR AL B R YE M TR AE BT A1 2
ZHfE T RO TR AL B U ik s, AL R
SR, iR s AR g REEE, (H2R
TR RAEEIERISEE, ARG 4 DN
BHA D3R AIRE 1. 9T B8 B L P ik )
NP AR ENE RN, 2 3 N Dh A L R
uli HLAZ i A T3 %, 26 LR H I P A
GBSl D A AR AR PUZ L, il 11 P
s B 1@ () MR S MEK AL DA i
MARACI FIARBPUIE,  FEORAI= T 25 D2 M 0.5pu £
~0.5pu 254k, FRALNE 1pu Fl-1pu 254k, Hrp gy
I FEUE( A 1500MW,  kpge=0.05

B 11(a)—(c) AT &N,  FELRAN 7 5l [ 25 79 il
FH A AT IR 2 17 300 AR 25 A8 AL IS R AR AR [v) 221 1T 72
gy, FMEREMNREERERRE, ERMRF T
WAR DR ELIE R, S FBEREMNAREE. K

200 ; , l
. |
1
—
=
l
I
= x I
0 |
= x i
|
—
el
—— I
- l
-200 T . : }
-20 -15 -10 -5 0 6
Sl
(a) 0.5~—0.5pu
200 - T
! ) I
st :
—
I
it x |
w0 x !
I
—
—_— I
I I
I
-200 T t
-20 -15 -10 -5 0 6
S
(b) 0.5~-0.5pu

200

[

'
SN |

™y

[=J Np— %
(=)}

-20 -15 -10 -5
S
(c) 1Ipu~—1pu
1500

[ X Z g

-500 | P

b

-1500 T
=50 -40 =30

-20 100 10
S
(d) 0~0.5pu

E 11 ERERRIIES T
Fig. 11 Root locus analysis of DC grid

JESEE D) F L) J9-0.42pu J5 A7AE PS> PR ARG 5E R
B 2 AR LR A IE IR 20 16.9Hz
FA, SUESURE TR AR B FREUIE,
gk A6 LA R b R CR AN 5 bl 38 Dy ik g, BRI
i, PRUHSRAL B AT DURFRRSE I, R A
R PR iR B2 RN R 48 () BEL e e VEANIE o it D6
WA 51 B IR BRIk . B MEESIE
17 H2 s ER B MR AR E, Ae5lEE
I HL I AR 9 NS E

Bl 11(d) N B LM ZE P1=0.5pu, P>=—0.5pu,
Pi=—lpu I, ELIH R AR B P i e 2% R %
PRI, Horpr 8 AP B pi ds O S Al DL 5 B
ANHPHUAE . B 11(d)RT %N, Bl T3 Bt
FRHON 017 0.5 AALIS, B HL A R AR K
BEAR /N B SR ) RE AR AE S, 0T BV L R
BWAL N HARE AR 22 . PP REORT 0.26 I E.
T HL I FE AR A A IR AREAR , X B S35 F it
AR, B AR E MR

Kl 12 25 H T B R M TS D AR Bk N AE A5
SRR E S 172 DU ER(E 5 Bt gs e H)
SR I | rl = e Y A S N 7 2 2 N et
R ELR L. 20, EX 3 MIFL TN
i R BUN A AREER AL H 3 Sk 2 liRe th 2k
RV A MRS £ AL (-1, jo) &L, PRI 3 Fhih L T 3R



3378 ST £ N =< 1 R B =3

37 %

REGHRaE. SR, 24 3 RZWEiiZrm e
N-180°KT, (-1, j0) it 2 1 f5FHT, B
SEIA T, UL B AR A P PR
LI FEL D R X R T i, (HR S RS F AR
25, HHEMREELZ, BB, Xt
FEvEiZE, S5 10 MBS R L — 5.

10
1
=
=
m 04 0
=14 T
-1 — 0.5 fiF T4t
_10 < — LT
-100  —-80 -60 -40 -20 0 20

B 12 ERBEESREATHZ
Fig. 12 Nyquist curves of DC voltage
9T SN B 36U T U5 HEL BT A A B E EL AL
MR E M EER R —, AXARER Pi=
Opu, P=0Opu, Pi=—lpu AFISHAT5HT, SEi EfH
WL A YA AE — X AR RFAEIR 2.69+j106.4.
R 2 25 T R AR R R AEAR B BUR BPIR SR
BLAHSH5RTHE. Aharan, BE ERERE
PR 785 738 B AT~ Y5 HEL 0 8 6 AN A 2 R AR R 8 T ik
B, S5 10 FK(19)H i 4 BT — 2.
*2 REXERHE5ETF
Tab. 2 State variables and participation factors

24 U
Udel 0.039
Ude2 0.118
Uac3 0.267
Las 0.102
La7 0.097
Lo 0.06
Lys 0.07
Las 0.047
Lgs 0.042

3 FRje=HlRE: RS BT

3.1 [H/BizHIRmE [FIE

9T A LI H R A AR IR 5 DA KR v B
LI I AT AR e I, ettt BELHUAE T R 7
] P 8 N 120 B A ELUR R AR e K B JE 3R A I 1A
SCHE . EAT DhE R R Rt AN B R
W, RZAE PCC RAIAS B EK/NH DI,
= H IS HAAB TR S, RIG A
igr, HAESSIANFELERE R LT S

It FEL S 4 ) 98 7 3k i L BELATC 17 1 BHL S 4R 1 -
It FEL TR DX 8% 25 A% F L 4D 1 L JE AR5 M AN RE IRV 2 A
eyl H BELBT A7 BB AR 1 A B AR TSN, B
TSR E . W B R A T RIS
PARAFRE, BN BRI 250 5 £ B 2 B H S
HEANIA TR E IR . Fk, 7oA SR E R

HHL I 415 977 43 S 00 L 2 4 ol SR
VSC # i &5 BE 7T LA 2 P HL P 45 4 9 7] DL o
MMC Z544, SCHRIS]HE HA R B n BE JE 42 il S m 2 78
MMC M S IaMERR e HE, & T/ P
VSC 2514 . 2% 8 I e 2 il SRS 72 P APt a8 44
P&, ASCRTH IR AN P e 2 i kg . ThaR
PHB b2 5t Bk 13 Fow, NiEBRER >
XA TR MEE, 75 ERR B R R B EIR
o [RIHGRH e 42 i) SR T LA FH v e e 4 S BN,
15 I JE YR A% BE PR X (20) s i — B ] 2 20(21)
Fs B ZFr, et Ugen B FLIREE B s Knppr
w53 — i e 8 s (1 1 75 2R HOR S 9
knp2~ & Al wny 5370 I ey JE Y 4 1 1 2 R 4K
BHJE LLFI PR JE R G s Prer NITHHIR A S
FEAHIRINZ ;s Peom NAMERIFLE D ZE
>

+

Pcom
Fdamp(s) Pref

B 13 ThEHE e HIRER
Fig. 13 Power damping control strategy

ko nUden S
Foamp (8) = =2 (20)
nl

2
khpfoch 'S @1

Fampa (8) =
damp2 §*+28 0,5 + @),

3.2 MReiEHiEsBRit

e b N AR TR b ek e D 2R BH e 13 )
e RV AT ] B L IR G AR E P, (HATFA—
SE BENS I P A Bt ol MR IR, i m B R
W 2 G 132 AT 5 1 LA e BHLJE 2 1 4% 2 Bose it 5 &
e, B T 4 i ol 0 7 G L L s 4%

K 3 o R B AR B , EAFE R s
e, AMETEEH 8 S0 R b, AR
BBHEN VSC MIZhRETIIASHINR, FH
B LR Oy RL SRR, HE B A IR ol L
fEE AR, AT AR Y IR f P Q28R SCHR113]
AR RIRAIE, ASCAEEEIR. FEHTAE E DR N
B R g2 )5, AR A DA b S ik



12 W

ZRFE: HPLBMEE T 5 e ki 3379

PR AT 5 RE, iy a] URGE B 10 P fafe
BRI BH JE A2 il 45 I S B AT ot S it & B
REEERB, FEA VSC I £R A

Ap, ~ AP —F, Ai, (22)

damp
FQ22) 5K 10 454, mT LR BRI fL R4
HIUSAE 5 FE N
LC, Uys® +(RC, Uy ++LI )5 +
Fdamp(s)+Udc0 +Rldc0 =0 (23)

R IR JE IS Faamp(s) N — B e 0 JE I
a, RAE BB, O T IE R HLIAL N R R ) R
PERE, — B i I8 R 2 1 e ek FE 75 5 FRLAT P BRI
NOEFEAE Y, AR CEFE 0,=1500rad/s. ZHE R 15
Wi, [F AR Uso=Usens laco=—1500A, M3 (23)
Fr7 BVRHIE 7 R W] LASE250A

LC,Ugons” +(0,,CoUgen + 1y Ls” +

(@0 Lo + ki Ugen + Uy )S + Ugen @, =0 (24)

RCHT I RBEIRTE, R RGEH T
SEPEZISR, MRHETT W, WG 25 Anpe 75 I
JELLF R AR:

QST LAE T 2L/3 UL RCT- L 5 55 304k
PR, BUmIEOL S5, W18 L 24904 0.41H,
RN KZEAT VAR E] kpn>3.05, A THERGHA
B IR R BB AN 2T K, AT IR AN Appe =5 »
BEJE A2 28 M Faampi (5)=5Ugen-s/(s+1500)

FEE, KRR @3)F, AT LA AR
FHIETT RN

LC,Uyos* +(2&,0,,Co U o 1400 LS +(00 -
LC, Uy +2&,0,, L1 1o+ ki U U go)s” +
(L1, dcoa’jz +28,0,,Uy)s +Ucha)§2 =0 (26)

XCHRE 2, HEM AT AR g,
RHE S REBCR T ZHER, AI52E Fiw L
@, L wszCeq Ugen HepnUgen TUgen

2Ugen 20,,L|1 4|

— RN, AHE T 98 B R GRS AS A N A
EET— B RGER U R, A SCHL 0,,=1000rad/s ,
Ceq=240pF, L=0.41H, LI kyop=0 MITELL T, FHJE
LE7R I 2 0.62<5<40.4. AR CAGIELE=10. F5FIH
SHIRBKTE, o

&< 27)

26,0 L [ To |

ko > 0 LC, + 1 (28)

deN

RNFRZEAT knpn>122, B k=150, EIH
Foaampa(8)=150Ugen-s°/(s™+2x10%s +10°).

14 3y 5 BH 8 42 il 3830 B — B A i venid
JEPL BN BRI T T P1=0.5, P3=—0.5, Pi=
—lpu, AP3=0.5MW I} RGHI/NTFIATEWIE, AT
DL H 79 i B JE % il 2% 23 30l 5K FH Lok 2 40m) 34 g
i R AR AR [ B L M (R e A e 38 4T

L o R
—0—Aly, |

N

T
1
I
I
I
i' e

R

t/s

14 FEIFERIzHIZRET B R e M /N R BRI

Fig. 14 Waveforms of small signal model of

DC grid under different damping controllers
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Fig. 15 Simulation results of oscillatory instability
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Stability is the prerequisite for the operation of DC
grid which is related to the reactor and steady operational
points. It is significant to improve the operating
characteristics of DC grid by designing a well-performed
damping controller. To model the VSC, a general
simplified equivalent model is shown in Fig.1 based on
Equ. (2).
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Fig. 1 Equivalent model of MMC

2 2L di
= > (ugy+Uu,)/3- RS dc——LSi
k=ab,c 3 dt

From Fig.1, the electromagnetic transient equation

of DC voltage can be expressed as:
dug, 2LC,, d%,, 2RC, diy,
4 dt 3 dt? 3 dt
Considering the control process and DC network
shown in Fig.2, the linearization model of DC grid can

be expressed as:

AU=(E,,+Z
(AF, -AFy
Al =(E,, +Y,
(AR, -AF

)

P
udc

+ idc) (2)

eq eq)7
¢ +AF, -AFqJef)

eq eq) 1Y
¢ +AF, -AFqJef)
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Fig. 2 Schemed structure of DC grid
The steady operating points of DC grid on the
stability of system are shown in Fig.3 (a)-(c) using root
locus. It can be seen that the Zhangbei station is more
likely to cause system instability if active power is
greater than 0.42 pu in inverter running mode. Fig.3 (d)
shows the influence of the smoothing reactor on system

S2

stability with steady operating points P",=0.5, P,=-0.5,
P’3= -lp.u. The system is unstable when the
coefficient of smoothing reactor is greater than 0.26. To
suppress the instability and improve the operating
performance of DC grid, a general power damping
controller in outer loop can be designed, as shown in
Fig.4 with the damping controller expressed as:
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Fig. 3 Root locus changed with steady operating points
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Fig. 4 Power damping control strategy
The performance of the proposed damping control
method is plotted in Fig.5, which shows that it has a very
good damping control effect on system performance
although the system is under instability.
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Fig. 5 Simulation results of oscillatory instability



