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AIDAB I RIL, HRIBEEER, 07 FMEREUN . T2 H 207 B4 KRG IR 5 RS KA;
HFYRGANERKMET RS, WG ERTIRG 05, B2 107 SRS
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iR, fERAVIET, BT REERKM PSCAD 54, HLHET RGBT C++
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RESEARCH ON KEY INTERFACE TECHNOLOGY IN
MULTI-RATE SIMULATION OF POWER
ELECTRONICS DOMINATED POWER SYSTEM

ABSTRACT

Modern grid related technologies are developing rapidly. Power system requires increased
flexibility and controllability. Power electronics are widely deployed in modern power grids.
Flexible AC Transmission Systems (FACTS) is an important application in power electronics
dominated power systems. It has fast response and flexible control methods. And it can adjust the
power flow distribution and optimize the grid operation capability. Static Synchronous
Compensator (STATCOM) is a FACTS device based on fully-controlled power electronics. The
STATCOM is connected in parallel with the grid via an inverter. It dynamically compensates
reactive power during operation to achieve stable voltage, improve system stability, adjust power
factor, and improve power quality. Its response speed is fast, the output current harmonic
component is low, and the switching loss is small. At the same time, however, new problems have
arisen in the simulation of the system. The conventional electromechanical transient simulation
program is based on the analysis of fundamental phasor. For the power electronic device, the
quasi-steady state model is usually used to simplify the dynamic process. The high-frequency
components and nonlinear characteristics are not well described. The electromagnetic transient
simulation program is based on the three-phase instantaneous value of the electrical quantity. The
mathematical model can better express the component characteristics. However, the amount of
computation is large and the simulation scale is small. The multi-rate simulation divides the whole
system into a large-step simulation subsystem and a small-step simulation subsystem, and
performs hybrid simulation through appropriate interface connections, which not only satisfies the
accuracy requirements of the simulation, but also ensures the simulation speed and scale.

Aiming at the interface problem in multi-rate simulation of power electronics dominated
power system, this paper designs the interface model for Pl-type equivalent transmission lines
based on the theory of shifted frequency analysis. The IEEE9 node system and the China Southern
Power Grid AC network system are used as examples to simulate. In the hybrid simulation, the
electromagnetic subsystem is built in PSCAD, the electromechanical subsystem simulation is
completed by C++ language programming. The data is transmitted between the two subsystems
through socket communication. The hybrid simulation interface based on shifted frequency
analysis is implemented by MATLAB, and the corresponding program is called by PSCAD during
simulation. The simulation results are compared with the whole network electromagnetic transient
simulation results and the traditional interface hybrid simulation results, which verifies the



g oy > A W7
B FEP ¥
%/ SHANGHAI JIAO TONG UNIVERSITY Egjj EE,%MEEJJ%%?}E%EEWEEP E"] 9&%@%‘: a *i*ﬁﬁ?"_ﬁ

feasibility and effectiveness of the proposed interface method.

Key words: electromagnetic transient, transient stability, multi-rate simulation, interface model,
power electronics, STATCOM



its *‘: SHANGHAI JIAO TONG UNIVERSITY Eg,jj Eg.%ﬂﬁEE.jjgg}E%EEﬁ?—Eq: H"] 9&%@?% A *i*ﬁﬁ?‘hﬁ

H 3R

F—E g . 1
1.1 BRI FT T 5 I Mmoo 1
1.2 TR FHE T RGIAR 2
1.3 BRI A B F e 3
R T T - -5 3

1.3.2 Il L A T R J T e e 5

1.3.3 HLHL FELRE VR &5 17 LA VB F e e 7

1.3.4 A B LT i e 9

1.4 AL FEETESE TR 10
5 G STATCOM A 53 K 42 1 5 % 13
2.1 B STATCOM T{FJR # 13
211 HAT AR 13

2.1.2 JAIZERY 15

2.2 oDl 772 5 STATCOM £ 27 g A% ---18
2.2.1 WEN DB 18

2.2.2 %30 STATCOM $ 2447l 20

2.3 #E STATCOM #5155 s 23
2.3.1 RGFAEH| 24

2.3.2 B HIEH 25

2.3.3 By 27

2.3.4 EL FE ST ) ---29

2.4 %X STATCOM AR EWF 5T 30
2.4.1 SR uE A B A ---31

2.4.2 R TAERET AR5 ---33
FoE ZHERRAIIE 38
3.1 HHESDIR 38
311 WREESTEF T HITIE 38

3.1.2 T T R BUE R R IT 39

3.1.3 FEAR U H AR ---40

3.2 ML) - - 43
321 HRREMEIEITE ---43

3.2.2 JTREHUE R AE L —--44

3.2.3 L TO B A T e 46

3.3 ZHRIRA N BIEA I - mmmmmmm e 48
3.3.1 FEARJFHE 49

3.3.2 M4 SR E FLE 49

333 #¥EL H T ---52
FVE RA U B L ER T 54




VY FLAAY

¥/ SHANGHAI JIAO TONG UNIVERSITY

BAOBTFUBHRZZREHAEFH X ORATR

4.1 PRg o pr AR i1

------- 54
4.2 AR A T A AR o oo 56
4.2.1 FARBS U 56

4.2.2 FEHE 58

4.3 PI B {H Har 2R g AR Y 59
R A R R 61
5.1 1jj B2 Iy - 61
5.2 IEEEQ 3% fi 45 62

5.3 Fg 7 FL I A I X 8% B A --69
FNE ik -75
6.1 ALE5iL - 75
6.2 TR 75
SR 77
A B E] 27 AR R 82
B T e 83



BOETFUBRBNRZSREHAEFHXERORARHR

B4, TR EORAW R RIFE TREA RIS, BUCEMNA KRR TR T IREEAN,
FERHN, JefRy WAEE AT AR RRIRE IS ARG IF I AESm a0, i s EL v AN SRR AL i
HLBER S T ARG R R s AERCHLI, A IR e A A AL OB I R . EATIRE L)
RGurA TEER, WK T R B il SREM AT 2T A, i
SRAGUAGENE, MR EIsAT T AR T i i RE . W DAL, MR TR T R
G O AR R SRS, B, WM R d i 7 BRI R B AR T R 3
WA AR 1R ARAT Bk AL ST AL A0 R R B 2505 1A % B R FR T, B
AL T A RGO RS R SR DT A MK, ML, ZRR S
FAE—ERRE BRI RN AL, FFEAR S B O JE T 07 BN R) AR S 25 T0 4 f I 1) 5 4
XA RGBT 731X, X SR AR AZ UL 0 28 R AP KL A 2 07 5, X i 2 PR R
FURIER Gy (I ) AR D R/ INB KA, PRI i g D AT B i, X
FETT CATR] I 07 B RE S DA A OB A 23R o 24T, 20 T AR & 0 O R AR
JIH AR ARG AT FUAR M 1 > B R LA AL 017 RS 52 3R SCRT RAKING B2 4 v 115 AL
REBARF BT

1.1 REARERZEENX

AT UL DAk, HRESAR O AT IR R, FRRI B FHHES) 1 42 e A Tollidk i,
BRI ALK, AKHEANBSRA, — RV SAELR LRERREIRAH, B
RGN EZHIE . BRI RGEUHEMIER A0, K B IR LS FiE R LI Ae i
WoNHRE, ZJR% MR At R 2 b, EEMER N W kT R R
3R, AR THEARRED, MB&EANEN, BT RGBT A
Rt AT — REIEL .

HL 7 AR R L AR U (R R, JE I i g F - A 5 OnT FL e (1 428 i AT
Hefpe P, B AR — R TR R IR R TR LR, W TR TT MRS
RIE, W) Z BT BUR TAL A R4 B 5 2 R T #5038, o i A EAT 45 1 A
A, FEAR I HLEE LS B TR O R T RO, R E T H A R T o T A R S
LR, B 7 AR5 (Giant Transistor, GTR) 1] <7 & 7 & (Gate Turn-Off Thyristor, GTO)
TR, SEMEANTRE LR, GTR & imfEhl B 4r, nrseil | e,
EVF 2R BAA N, HE TR RS AR, W DIRERSEER, N A BrR
fil; GTO & — s L R IR A SR Y 8841, ARSI m, T RLE K, £ TR
T, A S Sl SN RS A, ERE R T E R E M
BES, H 2 SR RN S AR (Power MOSFET) f M EE 4k S 8E 1 FfLJy fe TR gk A,
MOSFET BA TAES & ORI R, H TAESZ T LUA R MHz 200, BHAFAE
AR, BRARE/NIS S, ZRMNAENSE. SR TERFRES, A%
RUHL Y 444 (Insulated Gate Bipolar Transistor, IGBT) H i & ik, N4 H#) 7z, H
[F) B O B 284 AT MOSFET HIME AR, BB mfa AN FEPT, #ORE R, @Sk, I
K, A R TAERE .

AT T T REARE SR m R AR AT s R AR A, DLSS FAE A A
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Xf ik AT, AR R EE D0 ) RGO A T EER ), HATH TR E A
AR A KRN RGN KERGY, 0 H B HER AT DU AT 451,
A L vERE, PREIRHERCE, SESITRE, AR WU S B AR 75 0T P AR REIR A H
Ragh, KOERE 7RI BRI, il AR A, v FENLAH AR IR TAE IS 47 I
TREFE TIHE MRS . KRR N — MR G AT HTEVEREUE, FEReURSE 1 i AT S EHAT,
HORBINZBR, BT i) M EOR A2 23 7] DLSEEL B e T UM B BIAS I b e 4, 58
IR TER R RS, & E B % (High Voltage Direct Current, HVDCM) & B v+
FEARBEAT AZ UL HRH B LA B e, SR e e LR B 7 O L R AT A e, L AR AR
ETEFRST, RRMAEKR, MR, et RN BAEREFNE5tE, IR
SR T KRENH . MRS R S8 (Flexible Alternative Current Transmission Systems,
FACTSPY R fi fy L FHOREM A R G IO X — R, E TAESehrrf, SRSy i m]
DAL RGUHHAT REHEH], W RGUEE. DRFER MR mE TR, FitmRai
SEPESGE R ERIEH . R RS, HET ) B HEOR A IR I ) SR T B
(11 FH 7 . 73 (Custom Power)$5 AKHC HEL I PE RE R IR 21 T B ZAE A, (RIEHAE I EA )
RGWFEARER, CP HARW LIS T T M Iy R I S 4%, AT o535 e FeL o FE i
SR, REEA 2 Ak AT Sk O,

BT AP ROR BRSO e RE, R RGHATIZNH,  [FIR X T HAR
L ) R AR 21 T ECR BB E F DR & A DK ) 2 v e T U A PP SR P S U i P e A e %
HLRY, AT AT ) AL ) RGO S O AR I K e s . (H5IRRI, X RS0
S o K o A WA s N R & S R S NG M UE |51 4 B STV SR VT R= 0 3 3 N 35 2
MU S B ACE A T R ERREAER Y, K IEARFMEB AT 08, XF
T H ) A ) s AR o ARG B AR E M LARIA s AR S BAUE R TN
B EHBRHE L, O TR TS AR, T ERE RS, AR KA
PP, AR 2 KT S, F BN . B o W, AR AR ) R Gk
T M, PR AR & AR R IRME. M—ERE E, ZHRREEEREN T HE KA
B, AT DUEF g o 1 IX — 0 R, 6 HL ) RGEHEAT IS IR AT, AT DURE 4 F R A AT R
g5, RE R KRS AS RN 28 AT R KAV 7, TR S fOGER & BT
RE M ANE RO E, PIE B SRR DB BT 2 B, R SR B R
PAS AT BRI K o AR SChE tH ) 2 3l 34 LT VAR GedL i Fe VR & 17 LRl Bk —ob
R, S5 BR EBAHSE &, SRIDCE AR 07 45 3

12 BAOBRFHBNRFIK

BT & BRI, SR AR, B RAEEA X, JATE XK
REVE AT LA T, AR AR XA AR £ o DX HUAE AR PR AR X . JF HHLREANTT LA
KUk AF, A7 5 Y FE 75 N 2P S i i 2 T LD RGN A HANZAT . 40T, K
AT 2K 0 R P S5 ) 2 BRI AR aA 7= L m B s AR B R e AT 5L+ 4R Y
MR e RE R, RERHE A RGOERE T PRI . AL A R B AR, X
SRR DR ) ELIBR Y OK T L R GE AR, AL Z (B SQHRYE . BEmafnag, JRAA BRI R &
Xt RGN TR IBAT R, R BRI AR A,

BCETPCCAR, FRE P R, MR RER SR R a1, Oy 72 KM
RERVIZEEES AL 40, — RIVHREARRIZEM A . ET R THEARNARE, K& FACTS,
HVDC. it A BAE Kb TR N, & — Bunhie), FE BT KRR, iy —
RO A ERC T LAR T, K& FACTS WA, 7E R IUEH A 34T
WA E, Tt T RGEMPRE AL IAMERE Sy, BMBEEE SR 1, (ApE tiE5
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H1 ) R 0 P 2 2k ) B A AR AR EL /R AR
IR RGIE R, AR DL E R P R T 4, 7R SEbs TARSRE T, ROAAR I
M, IBATHERE AR, MHREARKEZE. MEEE RS MRHE KR, =M hfm
HI AR O A 4 o (R ) M 2R ) O D A0 1 B B R R IR AR Bk R, s
Vikel, AL T, EREEEAEARMH B g, EMAGRMIIET, HER%LAR
GBI, AT L, RN AZERMENCMAREMR: £, WIRCRAAATRLD
BAT, PR KIEE R E tE, HZ 0 DEA FES B AT IERD B 8=, 1F
AR, AAEEXTHBAEPE R, BT DO RSN C DM, R e s Al R s 56
V9, shasma SRR, TP SR DR T IhE, R RGEITE R,

MRS R G AT, AN AE - L, B AR R R AR s, S
LU AT BESCHEAN R, MR HREESERR: REP IR, st ToTh i
SRR, GRS RATEBMEOAM KERE, XN RUMEAHEmER. Mt
AT AR AT DAAE — B R LR DL B R, SR A it P AR ] AR SRR A, AR
RGBT, WA E: NRAWEETIIME, mfaett, SeEmeiE;
P 0 L 2 % 00 A i Dh 2 2 AR IR PR IIBR 1], FACTS 15085 ] LA 22 3 70 K E B i HL 4k v 1]
Bz, AR ER R A IR S ), SR K IR B AR E . HAT, FACTS ¥4
PR E WM, HTAEEE, YRR &AM, FHH S A F TS DR E A (Static Var
Compensator, SVC), HIET LS o B3k i i g g 40, B iR ek, A
ZRLH, T A A A s, B — AR & L ) 2D R 3 28 (Static
Synchronous Compensator, STATCOM) 75 L& g 318 T2 15 LAN A

UL RGBT, KB T EREEA M, #k 2018 4%, m5
WA 10 2k B 2R BEAL A “ P LARIR " 4%, 22 B LR L 25 2 5000 J5 T,
ExR MR “)\ZTHE” e Emmmeg, IF A& ERME TEgEAR. 5t
[FIIF, FACTS %E O 2 M TAm4s, Hdosyutk TREA e iz TCSC
THE. ¥l —7F [ SVC TRE. [ AR HEM I STATCOM TF2. VL7575 i i L 1) UPFC
TS, BEEmBE. RIPRB TR RE, HAREETHRARGT CERES
EMZSHR R M, BAR, KR TR E N R RS TR, HARS
Rk, HFEI A R RS 4T A f R TR Bk .

1.3 ZEREEREEHENAR

HURRRRR YK, ISAT P A EEI N, SR i ) R G s B2k, Her R U L L
N ERRRZERRE R RS, Hi g A TR G, Rt as KERM
HrRTel:, A ge i — PN 350 F B A B 2 U7 AN REAR L3 X KA 2% o R o8 5 %
GPUE S FEIATOI S TR RN RT, SRS EMEETIRD, R
JEERIS AT RGER ARG KBAT 0 H i, B RGRIRT e o0r 520 18 i 7
e

1.3.1 Kigidfe

HARGMRE R, Mot RZH, RAROTHRES R, Aefrdid, siddiER
2%, BT RIS TR REEES ER, s AR A5 HL R A S A5 i NN B R 28 ) LRD s B
i, Wk 1-1 frs, B RGEhA AR W R RA R N =3 RS, Pl
ENR YL RS U UE SR N
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E1-1 A RGFHEIENERE

HL R AR SRR £ B R Mg et dlg. . bl R iR, H
Ak, wrgmtiEE M, Eovd et HELERS SRS LR, HTKR
HLZR, % R SPGB RGN B A R 3 B FE AL R AR A5 b
SRR TS s R, Heh B FR i R A 18, Rraamt r K, Wil R4t
RN K; ARG K ISR F B M R Rhah G, EE KR
RIENAHIThE . TR MO, AR RS, 76 i b 7 B FE Bk il R 4t
Pt RGE LA B AR R G B AR -

FEXT B8 RGEAT 0TI, ARME 5 A 43R T i) 8] R RS ) Bh &S A2, TR, 8 S Bn i B
AR, B AR AT GO R TR R, PR IR S AR, i e AR IR A A R i
ARG, SRR AER T B TTvE ML IR e 28 S N 2 AR AR L A, Herb, S4BT
SR R B L ) () A ELVE IS, 7 2% e K A BT A AL FL B S 1 s A A s 5 78 ok
TR A IEE RS, T EEE RGP R SRR Mo B g5 H M 2 A AR
HAEFIN, 5 FR RS RS R SR SRR .

N T AP TR EE T 2R G AR TR R [ 7 B A AT ol A B X R 5 R VR A AT
T RGERE B EIESR, LM% EI7E(Multi-rate Method)75 AR A1 1518 e
FEALFEAL L R TR A O BT VR DA R T RGN I 2 R A B ik I R L R
ETFHESKIAREE RGRID NET DT ARG RGP FHEERV R0 NS
KEAEENE, HRBARIAKS KT E M, 7RG S 0 108, #HTH
st ZHRIBA 7 BT i 7 BT ) R G LR M a0 3 2SR5 1 1T DA (1 4
R, RIS LT BRI R 2%, ST EIAR B R HTIE T BOR B B, 223 A7 B 3
FLHE SRR, ORI ERE AL R R S . BB AR, T ARIIRE
') NETOMAC #4547 r BT A4 ERL BT 0 E W 2 I, x4 4 B,
Ay RS AR RO, T2 E) AT HER B A A B, e RLSEI O B ) R IR A 1,
AR T 5 T X 22 3 ) LA 5T

ENLH B RER A B, WL T RGECEALRBOL A B L, 20 T /4T
AT B, AT SRR N IE SR = SR AR, Hoh = R S R A
T RGMT A FOIRESIS (67 IR 540 &, BT R G0l R A 2 AL s 25 4
VAT RAR, Wi @ O . (HEEETT IR, TRE A R R R A B 2
B, SR E T VERBT AR AE H ML A BRI A 0 B O R B R, xR 2 R G
(IR o D7 RN SR A, TR 4 RGL IR AR B () 8 SOR F — 80 ARIPIRS B R IAR
[ R 8] R o AN R R S S, WA iy TR AR KR . B 1-2
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1.3.2 ZHEE) HEBTE

M R G T EL AR5 S LT SR — R A TR R BT AR, BT ah A AR
A RERERESR, MTRORBEAE, @77 AN R 7 AR 2 A 2L,
FRR Ry EERT RS R S S O

(1) HHLE A (Electromagnetic Transient, EMT){jj A% 53 H < & = AR {EBET 4
M1, H RGN ESLAE SO T RN 2 AT 18 b, i HUE AR 2 I Ve AT v A
X TR R T DU IR IS, ANZIN AR BERR I, mT U S i Al i . Bal, M
TR AR ERITEA R, SRR RS EEEMT . RSB EZRHE
W 2% BRPIR 265 7 Rl i B AR > B BOR R, MATLAB Wl %5 it %, 35 s b
WU DA H S TCA N S T R i S L, 4R A AR PR AT R AR, E TR 207 LR R
MZT7E . R HERTHRASE B 5, B T R AR W25, RS (A4
FREEN, PHUEREEEL, Ao I EBERY

RIERAEEH, TREPKE RGP REGHEAR, Bk, BEESGELKN, W
TERRP RS, IBHETER, (iSRRI, JiEMGIER N M, E BT ik e
ey g kNN e v a7 A & WA L R S e sl L VSV S S O e

HL 1L A5 SR 5 EMTP(Electromagnetic Transient Program) (2012 H Wi i —Fh
PiERE R, HEMFERNAT ZNH, HAEZ B INE KK Hermann W. Dommel Z(#%1E 1969
SRR Y, 0 A H D R G SRR R, IS LSRR (T S
73, FTLMRIF 5 B B ) RGO B BGAR  ME R A PSCAD fH 2 45 FH i Sk A7 5
KA, BEAh, H R R A O B AT AR E P TR (0 NETOMACYA, [ H g
WK [ EMTPE %.

(2) HLARESO B P& T AR FE P EEAT 0, HoH SRR e RS A E 1 Al
PN EESL, BRI R GErh i K U A f AR S DU SZ T AR B, LR . AL A
B N TR 5B ASOT A, X AT AR AR T — E%ﬁ%,n%Tﬁ
RLAILE 70, F e DL R Aqeg R A R, Herbont 37 v g H - 20 R ) YR A A AR R
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ITHEAN, 0T R Ao MR Z R AN BRAR I i . HECA AR B T iR & B E
B, FrUAHBIAR o P KEOR, @ E A=A, H SRR R A A O LR B k)

HLEE S EE T, KRG HMa HRAAREOT FRA BRI, HARin R4
BRGBNWERE, ARBTTRRHMIR M2 g5 8y, HAME R AR FEimis J s R, WA
TIREEACK AR . TSR, RFEERAER My, MEEERHE ST RHIR,
WHT U ERMBEMEZ, TEHT 0B RENFRE RS, B K E KSR E
P il BRI Zh 5 RO AR R B P22, LR ML BT S 07 AR A £ [E i ETMSP,
HIRHEH K& (1) PSASP 4.

(3) BhZSHHE (Dynamic Phasor, DP)% 455 14 B i AR BL vk 7y #r 2 57, SCHk[26] 4
THPREPHHE RS EE, T RETFHIKENHEHL TSR, @FEIHET
56 B AP R B — e, R N B TR E R B B — e I sE R Y
B, SCHR[2713R TR SR SN EME B ARE, JHES TR N BiE. R, B
ST HIRAERY, BE2, %07 R T oA S 5 e ik PO Se vl P
STATCOMPOI&%: 1 /< 4% i e A

BNAS A BT N AR B AT 2R AR AT A R AR, o RGP R EE RS &K
WIKAISHERA S, EEHENEISMHETT MR TSR R R 17 1%
GuAH B IESLAR A BB E A, KA T A R TR, HAH RS, BT
RGN AR, BRSSO L EAA HTOEATERE . RIS E X ) i I8 AR
W, AR RS S SR T e SR

Rltk, SAESENREADT AL, BT HE @) 5] DG RGHE 2 @ik,
[F I PE DR UEAG BE B [FIIE, — e RR R RO TR &, 18 70 MR . (H Bl A DSV EM TG
FlF K, ShaStHE 7 R b 2 PUdis i, THE R

(4) % #% 3 AT (Shifted Frequency Analysis, SFA) £ 2% & 1 3t F 4 /R 4H #F 4% 4t (Hilbert
Transform) 325 37, 78 70 75 AT VRS A TRTAL B AR 100 T T A5 8358 A1 B P 3 7 2
iR RN RGBT, BRI A B T R AR, BRI AT DA —
A W AEAE S, RS S T v (5 R R A R R S bR OE
AE T o TS 53 Hr A H B A SR B A i ) R G () A 547 8 L S B 25 S AL
AR ol WA TEAR A 10 S HUR TS5 (Analytical Signal, AS) B3, K5 5 4 1)
Fo PR — NG 2 OHz W BT, w83 R0 SE S T a5 S, RN A&

DRI A 05 B I TR AP 5 SRR R AR OGRS J5 IR 2R R G ks KRR 40 5 K mp
AT, BT AR AH BN F ST AR T DLE AN SRR B2 B RT3 R A OB KA B, 18T
BV HAEE, KRR BT K47 J9 o R 35 T-4508% 20 A 9 FURE B 5 W AR 1t
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P VA R . TR SR R R, BT R E N S, Bl RS
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X(t+ At) = x(t) + At - f (x,t + At) (3-6)
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U+ Zi=2u, (x—vt)
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I A 7 REANAR R EAREOT REZH R B A KU SR A 50

(1) Bl J7 RE R B fif i

o J5 RE AT 22 00 WA BT BUESR AR, £ 2.1.2 #8008 I — S8 S o 1
S, XEX AR AR, Koy AR ORI, 1205 B
FIEUE RS ETE . X T N CRIAIAE SR RO T

dx
m_”“) (3-30)
X(to) =X

toff ZI) xo W1, FISRAGF T —HFZ to+AT B X(to+AT)E:
ty +AT

X(t, +AT) =x(t)+ [ f(xt)dt (3-31)

Horp aT AR B K, Z A
X(t, + AT) = x(t, )+h[f(x 1)+ F(X(t, +AT),t, + AT)] (3-32)

el 3-9 o, AR/ AT N, BB £ (x,t) AR BION A B0 T AR,
FOEAN—MERIEHEAT AP, LRI B OBR T 1 T LT = 3

\\\\\V

\ 4

& 3-8 Bas BRI L R
(2) RO R P BB S
JRLE AR K R 2 R A B IR AR Oy AT, 2R IR AR R e — R
BRAE TS, HERURSORER, SEMCRER, SRR, ERNRENIETAT
ZHIN A .
LB FRAL AT RN LR

fl(X1'X2'L Xn) =0
fz(xi!xz'l- Xn) =0

M (3-33)
f.(x,%,L x,)=0

JCAME AT AR A R R T AT AR A @ |, FCIEME [x ], WIEMR PR,
[x]=[ax]+[x?] (3-34)

e [ Ax | IR 15 T A2 17 6025 {1, B A9 A8 IF
045 71 4L 83 W



VY FELAAY

i”} ‘,,,J*‘I SHANGHAI JIAO TONG UNIVERSITY EE,j] EE,%'ﬂﬁ EE,jj %2}'{‘,%]‘$$1ﬁﬁ¢ m%ﬁ?ﬁu*&*ﬁﬁ;ﬁ
Fo 30 (3-33) AL MEARKOT FLALLE | x© | A 12 IR A BRI 2 T R, AR — T
CISE EXI e
of of
fﬂﬁl-%)+A&m'§f(&ml.&P5+L +AM@.§?(&®J.&szO
of of
f, (%L xS =2 L +Ax,©@ =2 ~0
Z(Xl Xn)+ Xl X1 (Xl(o),L Xn(O))+ + Xn Xn (Xl(o),L Xn(O)) (3_35)
M
of, of
fJ&i-M)+A@m'& (xOL x@) " +AM@.X:(&@¢.&m)zO
5 BT R 1y
[F(x®)]+[3][4x® ]~0 (3-36)
Horr [J] By Jacobian £ R, HEAATEAA:
AN
% X
a A
X % X, (3-37)
M MO M
afl’] 8fn L afl’]
LY X X
kI AT LA AR AZ IE B
[Ax© ] =-[3]"[F(x*)] (3-38)
MRAGE IR DB IEPIEME, 58— UGS AR IR R R
Xl(l) — Xl(O) + AXl(O)
%O = %@ 4 Ax,© (339)

M
W _y © ©)
X, =X+ AX

LA IAAOR M, RA SRR RIEIL 5 1R, HIEAOB ] LR 8 T 308
Baw

[x(k”q = [x(k)] +[J ]7l [f(x(o))] (3-40)

Horpk s, [X(k)] Nk YGRS I ABAAE [X(k+l)] N9k +1 UGEAE I A -

3.2.3 Ml Hs i il

W1 R oo I Ehas e RE L B B AT R DL & R gifase v, DR 7R B A I Y
BERYRRR % TR PE, A4 B R H LR f gy PR B AR

(1) [FI R H LAY

FERE LRI R U AL, HHUOE 3 il DL — g3 7 B R IE RN fa 1) K H
MLESA S g, R B R LA —HREGERIE; KBV A HRESEFET LA

% 46 U1 L 83 1T



SHANGHAI JIAO TONG uN.vm. v BHABRFHENRGSER[EADRHXBEEORARTAR
*@ﬁ%ﬁﬁ%ﬁ
XF i AL AL UMGEE 3 I T is 3 i R v RoR -
do AP _P,-P

J_:_: m e:AM
dt w w

(:f—(a) N2z f, =(w-w,

(3-41)

Hb o A¥THASMEEE, 6 NFTHRAME, P ONESIHU TR, P ORI
K, AM NEIHLE KN RIEHE 2, fONIRIEMER, 271, = w,, T, NFEZEHLR EE
H, HHUE ST B SRR,

Xt T A ML E 5 AN 7 U S I RE A A, 3 R R ATIR 7 (park) A2 # e e S AR A,
FESCEPR TSR, SXMREABEATfRIL, R AR B AR, 2 E T E A o B
R B A R

5 FEFHE [m e 1 0 25 A AL 0 T Bl ss

{@+Ru—xyq=% 6a2)
V, +RI, + X,l, =E,
| dE, . .
TdOT:Efd_Eq_(Xd_Xd)Id
JdE . dE,
1@?[=—Q+Ef4m—xnu+nfa— (3-43)
. dE’ . . )
ngf=—%+(M—XQh
Frit— ik, R B [a] H  CE A H AAR AARARL G0 R s
{%+RU—XQq:% )
V, +RI, + X,l, =E,
. dE . ,
Tgo——=E —E, = (X, = X1, (3-45)

do dt
FE_ BRI, B ONSSEIIRCE SRS, By VEHEIRESHY, B NHIES R, E,
NERESBES, X, NHCE S BT, X VERCESETL X ST X,
NEMESBEI, v € THRIEZE, V, ETHRIEEME, | 8 TR E, |,
SETHIREM> &, RAETHRABM, E, M RGERE, T T To HRKENLK
IS 8] 4
R HH L H G T AT DLl T AR 3
P —ReU 1)
=Re[(U, + jU ), - jI,)]
=Uyl, +U 1, (3-46)
A0 R AL B A AR S ST AR e i A bR R T, AR R T FR AR 2 56 T dg Ak bR, T
I S B 28 T FE R L AEFR L xy ABAR R T, DRITIAE A AL T 2 5 0 288 7 FE R S SR
TR KBRS EIAT AR, HAR R OC R U0 PR
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(C, + jCy)ej’s =C, + JC, (3-47)

HiC, . C AW/ xy bR TR, C,. C o NHARIE xy BIFR TR, 6 A xy
AFR RS dg AR R IAIIA, B RGERE AR

'C,] [coss —sins][Cy] 248
C,| | sins coss || C, | (3-48)
'Cy] [coss sing |[C,] 249
C,| |-sins coss||C, | (3-49)

Forb 3 (3-48) dg AABR R T HRABHE xy AR R T H/E T 3R(3-49)°H xy Abki &
THARBHE dg AR A TR,

(2) SR

G TR RG N, G A A B 2R, AL, I, B,
B SN FI PR SR B0, FLAC TR0 2 57 b L PR 2 A 0 B0 48 SR A, SR, B
T AR A 1 2 REVE, S 10 ) 15 TR ) 4

B FET B AP R RTR A AR BORTE e e s LT SRR R g b — b, LR, A
PRI, (RSB, AT LE B A AR h GO LT R g 2, A, U2 G R
U I, DK S, Js

§L:an:Gi] (3-50)
ZL
RSB SRR I 3 4 SR AN B0 AP B M L. PRI LS
T IO FOH 7 BRI A g . e B B e T

T i S R R AT S S HIR T DR SR AR, 15 S
VAR IO e e A T R B2, 3 EL SR SAHIG, 1 o FEA
SR G, SR 5 P I R AT DL R

{P=a@p2+%U+a9a+M-g)

Q=Q,(bU? +bU +b)(L+Af - L) (3-51)

Hep Py Q N RENEY . BHMIHE, P QASHIIE, a . b NHffEHGIR A
oy b, a, b, G A IE R AR O S L, ey by U B D AR A S B, Af
HNRGIRZAL, Ly~ L WIIRZAGEI R 2. K8 SHSHFEEH LT
e

{al+a2+33:1

b +b,+b, =1 (3-52)

A R TP AAAE B LA A A I AR R RE R, T DR A ) 30 &5 R A
g, HEB R AR .

3.3 ZRFREMEREKRE

RGeS, ARNERERSIATRRN AL, AR, ARSI
AR R 2 T i O3 P 22 S K, AR ST P T A0 B0 T B A R R bR B i 77 v 1 B
ANBEAR Gt , 1 P R A I R R S K A A5 07 FORUASAT PR, DR EL ST 1 HL
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e CVE AT B AS ¥, v DARRINS 2 705 RS B TR AR ISR, AR DA A
HLH LR TR & 5 BN I 48 2 T 0 7 B AR B AR SR H R ELRE P 1

3.3.1 HAFH

TEXT RGEHAT O H 20T, B 50 75 0 2 W4 e — e () SR AT X 40, 3883 FH G 0 By
PIETFAALE, A EhA RN T BT VR AR K NS K AT r R S
B, TR S KD K AT LR S I B, A e — AN T R G AT, 5
MNP AGHEUSMABBERIBEN, P T RGBT O BT E 8.

pmengs | B9 | ewrRs | =l | eTRS

& 3-9 ARG RE
Wk 3-9 fos, — SR RG AT UME BT RSPV T REHNES, A
R xF P BEAT R 5, PIAST RGeS R A ReiE R 3% D sk, Rk, X3
F—ATREHATOHEN, 55— T RGEUSERBIERIRN, FN, SRR
TR GE) T B AT RS, MR O SHEAT R PO ARG S B AR TR R
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1 :

| i puer | o | 0|
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|
i t | :
| 2 IO |

& 3-10 ZERRSHEFRER

TERI 73 W28, 482 UL B PR e B0 AR B AR A B OB VEAE i 2 e B
JTHF WSS BFZAE 4 O, IXAERT DA/ R 5 05 RN, b4 D 3E . s
BT AT BE R AR 1 R GE MR B3 AN KRR I G 2 5 8004 101 Adh HE 300 308 02 W A8 4 1) 8L, A T i #4821
S HREE PR ATE RS, S RGN BAGE . OB AL B AR R F RIS RGN, Wl
DA 7542 T RE 2R A 13 T A KR PRI (L S DL RIS, s T M S BRI HE.

3.3.2 M ZE55{E HLIEK

ENLVE R AT BEY, HJeEMNga e, ART RS0 R e DS ERH R TR
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(1) HLHF RS 5EE B
FEXT G T R HEAT BB A S, ANERI A B T R G0 7 S DA — S FRL AN

Ji AT AR FH S04 o <5 PR B o S P e 1T SR s, 1 B Pl s 9 e g 54 FEL B
X HA B NEABEE, Z FEEMDT. U OB, | ORI,

B 3-11 HlETRARAEREFEHERE
FESREUL LT~ 28 Gt WA g <5 R PR AN, o — iy DL D75 325 R (BB L R 00 X 2% v ol A L
PN, WA O R AE N AR I T RS R S 5, N A A3 2] n AT pL
TARGFHERE, FFHALTRA:

Y11 le L Ylp Ul |1
YZl YZZ L YZ p U 2 IZ
M M M| M{=| M (3-53)
Yo Yoo L Y, [V, I,
_Ypl YpZ L Ypp__Up_ _IP_

Hrp, PYWROT ARG DR, BT i S L& P e —17. Al mAbiEA
RN 1o, WAL R0 0 - o 1], RFHFEAGE P 45 EAIEA Uy, MHBL
THEAS B A F B S E BT 2, 10T

ZTs =" (3-54)

18] 3-11 Hh s LR, PR R VR R U AR TR |, T AT A4 381 S P P R A P
JEIR40T s
Ers =U, - Zl, (3-55)

AP O RHRBEE R T LI, T RUR AT 2 0 U & S5 E R BR BT 4530, 2080 m, |
W% AN RIS 2] n AT L T RS 0 B SN RE Y IR

Y — |:Ytt Ytl’ :| o
Yo Yol (3-56)

n-m m

TRABIAG LT KA.
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2 [RIFE ) R T AR 31 2 i U & S R T 240

(2) WHET RSB EE

FEEEXTHLE T RGAT i B, T R B —SE RS, @Bl R4
HEA TR TRE, SR, YN T TFRATINEHLES, KIbiiE
TFEAG—, HEEBEE AW ME S, 8E S ARG ET B . HBElT 2%
AU E AN, AT UAME—B IR RS, KHETISEBE; & TFRATFESE FACTS
W, B DR &R R e T2 fEEPTEE IR S E A # T R+ E HVDC
R, v DR BRI ECE 2 KR A E T S, SRR, Gl AR A SE S, RN
FEL T2 AT W 2 S EOE TS E S B0 U 5. NI A S g e A, =
Wl NEEHEER, Z,, NEEMDT. U, AEOLAEE, | gD HER.
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( Un
: | I ! :
o - |
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|

Bl 3-12 FRET R ETSE A A
FIHLHL T ARG E R BRI AL, FE3% CVREZRARTE NI 1y, DT RN Uy,
VAT PAT SA5 2T S E T 2, 2R
U
Leyr = I_p (3-58)

p

18] 3-12 thpos B, PRI R R U A TR 1, AT RATH SRS 21V T PR B A PR U
P A
lewr = 1o —Un / Zeye (3-55)

H1 T AAS 2R A& 07 FL b e L R ] 3-13 Fiow, ATRAE H, fENLE T RGN0
Hrf, RO T A E AL B, MRS HUE R R 1 . Y R AR
N FERELT RGERITE S, OB A R A R A, MRS B A R U™
BEHT 2t E T R R
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K, MATCAEBIRE Z ERZNAT/IAt=n . XEWNLET RGEIT 1 MEKITE, ®
W RETEFRLHAT n NMEKRDTE, 49— AT BKER, W+ R 8i— xEIRE,
PO EE R ER, RIELIE S HN FRAR, FESNBRAT HATHHE AT
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FRHBEAT LB AT E, AT RGN E TR AT KR, FREEE
OGS EN T, Kb — N FREEATII RN, A—F R0 THERIRES, WEIEARL
BT, HP—NMTFRASEN H—NF RGN AT B ER A, fEtBZ], VLB FRS%
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25 52 il 4t 83 Wi



NI suanor o Tons Uz BOBRFUBRNRGLERHETHXBEORAMR

BERRW TR, Hddi sk [ R e B SR AT 5 1A

R S
| 111, TRFGR

A Step 2 A

(9]
—
D
©
[y

Y Step2  y Y -~
¢ Vtﬂﬂ > gl INGER T
————— > :
—* TR
- - - - e ______ 1

& 3-15 TR EH AP EE
(3) MHEIAAZ T
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FRIF (T

& 3-16 #HEERRETT AP ERE

PIAST 2R Gt 18] 32 BBl 1) A AR A S P T s CUIE S 8, ML T R G0 A
RS T REIE T PR E @, R RS R MR DA EA RN R, TR
GiA] BB AR TR T o RO = AR N S, F7 A R AR E B R I, TR
HLT RGO D BRI 2 BT RGN, 5 ZER R T R Oy — AN AR, [FIAE, FLi
TR OBARAB S T RGN, T2 AR A Oy =P EE. T R
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FNE RAMEEZEORKRAR

HATH 2 RR A ET, R TFREOARIVIT, MAEE S SESRNIER D, 4%
7R N = ARBE A R AR B BP0 &, HATZ KA FRT Bl Zlaik, Xar=t—
EMIER, HARARUCEE S S ERE, T RSB E] ST Hc i i

£ H8 ) 250407 F b >k F A3UA% 43 AT (Shifted Frequency Analysis, SFA) TR &7 B8 R {7 — A
RIFH R, B, RGN E OHz i, 7 DAYESE KB RSt id I
B BIESAT . FIRRE A il DRt i R EARE SR, #WEIRE: =M RAE T R R
ARAS AR, FATRE A & R A I3 5 % R B4, [R] It mT DU I A8 4 45 31’ <RI A

4.1 5wy ot B ARTE R

T HL A R G R SR A5 5 s(t), 8RS LA G £ A R 2%, 3 L A R
f,=50Hz, W= @, =271, ~314rad /s, HAHREMFHRAIH, st)r] LB ARy ol
—E W L ENE SIS, RN

s(t) = lim z a cos[(a, + Ao)t +¢ ]

= AIim0 z a, cos(¢, + Awt) cos(a,t) —a, sin(p, + Amt)sin(m,t)
- i

=5, (t) cosa,t — s, (1) sinayt (4-1)

y
=

s ()= lim Z a cos[iAmt + ]

se(t) = A'j)l'ﬂo i a; sinfiAmt + @] (4-2)

Bi, Ms () so(t) BAI

%,w

\4

& 4-1 Biafs S
S B s(OHT R (4-3) P A EE, 7T LIS BT 52 Ko) -
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1) = s(0) + iHIsO] (4-3)
Ho H sk, Hopn4-4)pir:
—i OOM = *i_ - (@<0Q)
H[S(t)]_ﬂ'[-wt—rdr_s(t) ﬂt_{j (0>0) (4-4)

i Kt) 7T
Ht) = s(t) + JHIs(1)]
=[s, (t) cos apt — s, (t) sinwpt] + [, (t) cOS wpt + S, (1) Sin v,t]
=[s, (t) + Jso (t)](cos apt + jsin a,t)
=[s, (t) + js, (©)]e’" (4-5)
H 2 (4-5) TR 2 ) L8 T BN IAE 2 st 4 B0 L, A5 B (AR5 2 &) 12
GEEBOTMRNE, & MNEA TSRS B SRR E, HHUIE R 0 4-2 iR

I I
I [
| I
I [
: Aw Aw Aw :
I [
I | E:]j 4] [ |
| ) = ) [
| I
I I
I [
| I

~o wo

>

B 4-2 f@bTE S
A S(t) =S, (t) + jsg (t) » T S(t)RNJy 5 iR (5 5 s(r i B A tus B, mrbleikmn Rt
Jr7:
S(t) ={s(t) + JH[s}e ™ = Kr)e (4-6)

12X (4-6) AT RITESUR T, SO T LI RT3 5 () i1 22 8530 @, 1951, BSR4
MR, SONIEME S AR AR, LAY A WiE 4-3 Bros:

Aw

_¢_>
N
e
\ 4
|
&

& 4-3 FiRefs 5
Bt IR 52 s(t) T LASE I BT 15 2 ) seapg s, tnsk(4-3)Fin:

s(t) = Re[$(1)] (4-7)
FEALI 7%, A0S AH B ] DLIE e 52 A0 48t [m 3 i S B 15 5
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s(t) =Re[Xt)] = Re[S(t)e!™] (4-8)
XHE S AT T B R ] 4-4 P, WTDVEH, TR AR, i8R

Gich ISR S S SOOI BIRNTE S ) %05 STESUR TR T RS S 0
Ry, UORA LIEMR R, RN, TS S W R & A S5 Rt sy . il L
G W RSV AT — NS S x(t) T eIt B x()e™ o, HAREAR 22 A A Bl mo
PR AR AR i S(t) ik HAR T (5 55 ) iR 1 3.

& 4-4 BV ERRE

4.2 SRFB AR

4.2.1 FAHES U

FFH. R, AR B RGMIEAE R ITIE, T A AR T E & TeE, T
0 F T A A B O AR AR T

(1) HiBE AR

PRI, e L3 FEL R 5 R 2R LR AT DL R A

0 =20 @-9)
1 X(4-6), K EIRTTTEE K
Re[l (t)e™'] :%Re[u (t)e'] (4-10)
T AT AR RIS T X
|a):%ua) (4-11)
(2) kA Y
FERIR T, R R i F S YR R R R ) T R R
v(t)=L ot (4-12)
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H0(4-5). (4-6)nl K LR TS N

Kt) =V el = L dﬁtt) el (to)lfj%t (4-13)
T 15
V(t)e'™ = L%tew =Lel dij(t) + jap LI (t)e'™ (4-14)
B
V(t) = Lﬂﬂ a, L1 (t) (4-15)
T 4150 TAFZRIETE AT s A e A
K41 ARARRTERT HBER
LKk ey TR
B (5 5 v -1
LG V= oLl
s §(t)=Lﬂ:)
R V=190 oL
R (4-15) & fa s Ubh 1L AT 2 A T 5
2|‘[l (t+A) - 1(t)]=[V(t+At) +V (1) — jo, LI (t+At) — ja, LI ()] (4-16)
B
It+At)=[V({t+At)+V(t 2L jo.L)I(t L
(t+ A =V (t+ A0 +V () + (S~ Jo O] () @17
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RESEARCH ON KEY INTERFACE TECHNOLOGY IN
MULTI-RATE SIMULATION OF POWER
ELECTRONICS DOMINATED POWER SYSTEM

Key words: electromagnetic transient, transient stability, multi-rate simulation, interface model,
power electronics, STATCOM

With the continuous development and application of power electronics technology, there are
a large number of power electronic equipment access in modern power systems, including but not
limited to power generation systems, transmission systems, power distribution systems, and
energy storage systems. In the transmission system, High Voltage Direct Current (HVDC) uses the
power electronic technology to convert the alternating current and direct current. Its working
process is easy to control and adjust. HVDC has large transmission capacity, high efficiency, and
good economics. Meanwhile it can improve system stability. Flexible Alternative Current
Transmission Systems (FACTS) can flexibly control the power system, improve power system
stability and improve power quality. Due to the characteristics and outstanding performance of
power electronics technology, it is foreseeable that the power electronic power system will
become a future development trend. With the continuous access of power electronic equipment,
the structure and operation mode of modern power systems have undergone a series of changes. It
also brought some new problems.

The power system is a large-scale, complex structure with varying components and
characteristics. In the course of operation, its dynamic process is complex. The time scale span
involved is large. The dynamic response time of electrical quantities such as voltage and
frequency ranges from a few microseconds to several hours. As shown in Figure 1, power system
dynamics can be divided into three categories according to their time scales: electromagnetic
transient processes, electromechanical transient processes, and medium- and long-term transient
processes.

A
electromagnetic transient | Fanical
electromechanica .
processes . medium-term and long-
—wave transient processes -
I term transient processes
_brocess
———————— (T T T T T T T i~ Load
r .
operating ' rotor mechanical | | Load
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——————— ( ]
| —_—— e ——
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; I (" short Y @ ——————
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—_——— — / =
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Fig.1 Power system dynamic time scale
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The electromagnetic transient process of the power system mainly considers the changing
process of the electric field, magnetic field and current voltage of the components in the network.
The transient process is fast and the duration is short. In the analysis process, the coupling
relationship between the magnetic field and the electric field needs to be considered. The
distribution parameters and wave process need to be considered. The electromechanical transient
process of power system mainly considers the change process of rotor mechanical motion caused
by the change of electromagnetic torque of the motor. The transient change process is slower than
the electromagnetic transient and lasts longer. The frequency changes little; the long-term dynamic
process of the power system mainly considers the changes of active power and reactive power in
the long-term scale after the large-scale power system is disturbed. The change process is slow,
and it needs to be considered in the analysis. Dynamic characteristics of power generation systems,
control systems, and protection systems to analyze long-term control and planning issues in power
systems.

In the process of analyzing, it is difficult to fully describe the dynamic of all scales. Therefore,
in the simulation process, the dynamic process is usually described in detail according to the
research problem of interest, while other processes are simplified by the approximate model, and
the appropriate simulation method is selected.

Aiming at the development trend of modern power systems, a large number of non-linear
switching devices represented by power electronic devices have brought unprecedented challenges
to simulation. Traditional electromechanical transient simulation and electromagnetic transient
simulation have their own limitations, which cannot meet the objective requirements of power
electronic power system simulation accuracy and simulation efficiency. In contrast, multi-rate
hybrid simulation compensates for the shortcomings of the two. The basic principle is to partition
the whole system based on the simulation time step and the time constant of the dynamic
components, and the large-scale AC network is large. The electromechanical transient simulation
under the step size uses a small-step electromagnetic transient simulation for the detailed research
part (such as high-frequency power electronic device). The two communicate through the
establishment of the interface, so that the simulation accuracy and speed can be considered at the
same time. Simulation scale requirements.

This paper discusses the multi-rate hybrid simulation of the flexible AC transmission
equipment chain STATCOM after it is connected to the grid. The STATCOM phases are composed
of a series of inverter bridges. The DC side of the inverter bridge has independent capacitors,
which are connected in parallel with the grid through the reactor. Inductive or capacitive reactive
power is output to the grid to achieve dynamic compensation of the system.

In the current multi-rate hybrid simulation research, interface technology is the key point.
This paper discusses the basic theory of shifted frequency analysis, and on this basis, builds a
model of Pl-type equivalent circuits as simulation interface. Shifted frequency analysis (SFA)
provides a good idea for hybrid simulation of power systems. Shifted frequency analysis provides
electrical phasors and accurately tracks state changes in the power system. The shifted frequency
analysis model is based on the Hilbert Transform. By signal processing, the fundamental
frequency sinusoidal band-on signal in the power system is converted into an analytic signal (AS)
containing only a positive spectrum. After the spectrum of the analytic signal is shifted to the left
by a fundamental frequency, the analytical envelope signal of the original real signal is obtained,
that is, the shifted frequency phasor.
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The time domain transient signal s(t) in the power system is processed to obtain the analytic
signal ?(t) :

) = s(t) + JHIS(1)] (L)

The analytic signal contains all the information of the original time domain signal. And S(t) can be
obtained by moving the analytic signal to the left by, which is the frequency shift phasor of the
original signal. The physical interpretation of the shifted frequency analysis of the signal is shown
in Fig.2. Based on the Hilbert transform, the time domain bandpass signal s(t) in the dynamic
system can be converted into a corresponding analytic signal. The negative frequency component
of the original signal is eliminated in the frequency domain, and only its positive frequency
component is preserved. In the time domain, the analytical signal contains both real and imaginary
components. According to the frequency shift property of the Fourier analysis, the frequency shift
phasor S(t) can be obtained by frequency shifting of its analytical signal.
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Fig.2 Physical interpretation of shifted frequency analysis

In order to verify the accuracy of the proposed multi-rate hybrid simulation interface based
on frequency shift analysis for Pl-type equivalent transmission lines, the IEEE9 node AC network
and STATCOM interconnection system, China Southern Power Grid AC network and STATCOM
interconnection system are used respectively as examples for the simulation. The whole system
electromagnetic transient simulation, hybrid simulation of traditional interface and hybrid
simulation based on shifted frequency analysis modeling interface are carried out. The simulation
results of different methods are compared to verify the feasibility and effectiveness of hybrid
simulation interface model proposed in this paper.

The whole simulation process is completed on a single computer, in which the
electromagnetic subsystem is built in the commercial software PSCAD, the electromechanical side
subsystem simulation is realized by C++ language programming, and the data is transmitted
between the two subsystems through socket communication. The interface is programmed by
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MATLAB, and the program is called by PSCAD during simulation. The hybrid simulation
experiment platform is shown in Fig.3:
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Fig.3 Hybrid simulation experiment platform

Based on the interface model proposed in this paper, the results of the IEEE9 node example
and the AC network example of China Southern Power Grid are simulated respectively, and
compared with the network-wide electromagnetic transient simulation and the traditional interface
hybrid simulation results. The following conclusions can be obtained from the simulation results.
The results of electromagnetic transient simulation and hybrid simulation are generally consistent,
and the details are different. When the system is in steady state, the results are almost identical.
After the fault occurs, the hybrid simulation cannot fully describe the whole electromagnetic
transient process, especially Among them, the high-frequency components, but can correctly
reflect the voltage, current and other electrical changes, verify the correctness of the hybrid
simulation theory. The hybrid simulation results based on the frequency shift analysis modeling
interface can better reflect the dynamic characteristics of the system voltage, current and other
electrical quantities after the disturbance. The simulation waveform is closer to the whole system
electromagnetic transient simulation waveform, which verifies the model based on frequency shift
analysis. The validity of the interface. The shift frequency analysis phasor discussed in this paper
assumes that the voltage and current in the power system are band-pass signals, so it is only
suitable for simulating system components dominated by 50 Hz fundamental frequency. Due to
the corresponding limitations, the interface model is still based on the fundamental frequency.
Calculation, for the consideration of higher harmonic components, the application range is limited.
Considering the higher harmonics brought by the power electronics in the system, a better method
should be used to describe its related characteristics.
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