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Overview and Prospect of Real Time Simulation Platforms for New-type Power System

ZHAO Haoran, MENG Linghan, JIANG Yibao, LI Bing
(School of Electrical Engineering, Shandong University, Jinan 250061, China)

Abstract: Along with the high proportion of renewable energy integration and the penetration of large-scale power elec-
tronic devices, the supply structure of power systems, grid morphology, operation mechanism, and control basis have been
profoundly changed. The scale and complexity of grid are unprecedented, posing new challenges for simulation technol-
ogy. Real-time simulation of power systems is an important means to support the acceleration of large-scale power system
simulation, to carry out hardware-in-the-loop tests of control and protection equipment, and to promote the transformation
of power system digital intelligence, thus real-time simulation has received more and more attention in recent years. In
this paper, we first sort out the new demands for new-type power systems in the aspects of real-time simulation step size,
scale, etc. Then, comparing ten mainstream commercial real-time simulation platforms, we discuss the technical status of
domestic and foreign platforms in terms of real-time strategy, hardware architecture, efficient algorithms, and simulation
software in detail. Thirdly, the research progress of real-time simulation platform technology solutions is summarized
around typical scenarios in new-type power systems. Finally, the future development direction of the real-time simulation
platform from the perspective of the new-type power systems is summarized.
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Fig.1 Overview diagram of new-type power system
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Table 1 Comparison of domestic and international mainstream real-time simulation platforms
RS S SEIF AL RS TR 4/ TR 72 iy D7 BRI T % 07 B A L 5
@ 2 1% CPU 4445 CPU-FPGA 544 O K A HTE
RTDS o N RSCAD
B [ BESESVE- Sy @ L FF Ron/Roir Fl ADC FF I A5
K2 RFE ST CPU B pe————"
RTDS A ] 7 R N 2.0(POWERS A R4 A5
@ 50 7 N NovaCor2.0(PO ) © S F e MRS, BB
N ‘/(\‘/ =R R
- A @ %1% CPU 424, CPU-FPGA 54 . EE&(T@# SSN # Jf) RT-LAB
RT-Lab H:F RTOS K+ i P @{RA AT F) T () SSN i) HYPERSIM
. j('oa - (R QNX A ' @ 055 Ro/Rost Fil ADC FF 40
pal- )
/OPAL-RT Linux @ A[]fix: OP5412(Intel Xeon E3) - .
INE [ BZE -HRER A
Al SEERS)  @HEHAR: OP4610(AMD Ryzen 5) .z?;lsti ?]i{é&%gi%%% mARG. BT
@ L lfR: OP5707XG/5033XG(2nd Xeon) : R e )
@ %1% CPU 224y _ MATLAB/Simulink
Sz B = 5 4 N
dSPACE  3ET RTOS #rhili @STH& &It O RIFH M Control Desk
##[H dSPACE (%M Simulink Real @ \[Ihi: DS6001(i7-6820EQ) . g e
A Time #:{F %) @iHfR: SCALEXIO(Intel E3-1275v6) :iiiﬁig; R ;i‘ iR
@5l fi: SCALEXIO(Intel Gold 6208U) T -
OFPGA 428 ZYNQ 4EFy O KPR T Typhoon HIL Control
Typhoon @ 5% FPGA HBLIFAT @ SCHF Ro/Roty FF O FRASE Center
¥t Typhoon HIL - 3T FPGA 117 @ A\ Jj%. HIL404(Zynq Ultrascale SoC
o ?\Hﬁ))’( (Zynq Ultrascale SoC) W T HENRAE.
A @ fi: HIL604(Zyng-7 SoC) — T
@V fiR: HIL606(Zynq Ultrascale SoC) o '
@ = 1% CPU 42445l CPU-FPGA 744
KRS T MATLAB/Simulink
#i?%f%t T RTOS Hohlli @2 W4 I ORIk malin
ifi peedgoat A
I (71<FH Simulink Real @ A\ ['Ji: Unit(Intel Atom x5-E3940) .
/Mathworks [EBEE N %21
at W?:;H/]H% Time #1ER%4)  @iHifi: Baseline(Intel Celeron) [ FESESTEL)iN-N Eujj:%j Hia:?jk}\?ﬁj !
an @ Ll Performance(Intel Xeon) Ani AT
@ZYNQ %2y _ .
O KRS EE PLECS
RT-Box © 5 £ Bk AT ARG
Jii 1z Plexim GmbH £~ RTOS % 1'lifi @ A\ |']1fi:RT-Box1(Xilinx Zynq Z-7030)
A @3t RT-Box2(Xilinx Zynq ZU9EG) @ SCFFFE T QLR AE N AR RN 7 AT iR

@ 4V Ji:RT-Box3(Xilinx Zynq ZU9EG)

MT ZF17= 5

2T RTOS

@ ZYNQ %4:#y8; CPU-FPGA ##4
[ BESEAVE- ST

O KPR L
.iﬁ Ron/Rotfﬂ] ADC /th = i_*%

StarSim HIL

@ A1 15:MT6020(Xilinx Zyng-7100)

o [ B BRI A 7
@ I :MT6060(Intel Xeon-Xilinxk KU115) @ SZHEZ d L j VARV N Al e
@ L fi:MT8020(Intel Xeon-Xilinx KU115)
@ = 1% CPU 4244, CPU-FPGA 54 @ K FH AT p AT HLHL: PSASP
ADPSS T RTOS #h iy @LHFZ & IHFAT @ 37 HF Row/Rosy Al ADC IR A5 A5 Hifik: ADPSS/ETSDAC

CRFIET: Linux 11195 @ 5% fickEifiRE PC HLEFIEF

o R o 4
ME(ERS)  @mrLUfiiH Opal-RT S (i F°F G 41 :iiﬂ:;fx“%ﬁﬁﬂ& ARG, AT
@ T LS FH B R IR T
@ 1 CPU %y, CPU-GPU 54 OIS g%ﬁ:sm?ﬁ?
CloudPSS O S LB IFAT @ 3 Ron/Roir HI ADC FT 56 21 ou uncStu o
= S CloudPSS AppStudio
S K T RO A e erEatiene pC. SRR B BT
RS2 rESIRTRIEEAE T T @ I FhL- L TR 4 1 FOE ARG, BT
© F LU B SR 4L L. MATE SR SOPN .
@675 x86. ARM. R4k, GPU 225k S e N s SR e RS
3T FPGA Tl O R FIRA AL ik .
N OFPGA %44, CPU-FPGA ##y @55 Ru/Ror l ADC FF4H EasyGo DeskSim
Easygo . A
T RTOS ik T 1 - T
EEAZEAT BHT @ NIz Coox(E % T RCP)

CRAFET Linux fy
SRR R 5

@3B fit:NetBox(Xilinx Kintex-7 325T) [ BZEESuE L) NN MRS, BT

@ Ll f:PXIBOX(4 #% CPU-Kintex-7)




4616 i LR AR

2024, 50(10)

WEETAs; CPU &AM B AR E A B H iR
BORAE T EATLS, AT LU SR BN A H 4 IR g
DA ERE AL R, H AT CPU-FPGA S 16471
W, FEE—2 I 7T F RS (system on chip,
Soc) f] ZYNQ/PYNQ/Agilex % %] FPGAM!
CPU-GPU StyZ4etyrh, GPU A KETHRZL,
TE AR AR R IR A B E FF B KR AT U AT
%o BVERAISE, GPU ik 58 st Bk FE g%
I SHERE R, B85 CPU W [H. 4R 1 CPU 5 GPU
Z TA) [R50 F 4 A i AR i RE o oK, BT
CPU-GPU RMFEMIKIE. AT Rk &, ¢
BR[49-51 13 A FEA . GPU FHATHEZE Fb i R% 26 B
(kernel function), 7ERGAFMEIIEEAL I, 45t 5E4
BT GPU MMM A FIAT I B EIE RS Ze i &
GIAT A

SR B o T 2 H ) R G B AN W K
PEERAF e O R R R ), kT2 W& IF
T EFAR . BHEl, BONBE T Z0 5 Nz it
ITRAHIEAT 2 28, W 2 B, mimdfATnr bliz
FEFI BT E AT M N &, SEBA A 3 SE R
Pid, WARM - 1Amh &2 R A, B A
TR A8 T SR (103845 38 LA B A7 31 SO 1) e
G, U X RE IR R FE v R 1 A% B R ER
BB o A FEAT (R T 15 L P 22 368 135 AR e
SRR DA = T = i1 e o = T e 9 R
TH AT L 2R BRHE (peripheral component interconnect
express, PCle)Ei Jo4f(— T SFP £ )T il
5, 5B FPGA $: AR KA1 Aurora Hril (8% FC-AE
WNEE), ATLASZELEEE 5 Gb/s LE, BFZE 1 ps DA
TR R BB . P, R e
WHRAE T EME, EREA AR R
SEUBEEAL . H T E AL ] 4 R E P (i
IRIG-B)Fi# [7]25 (1 IEEE 1588) i, i [i] 25 fk it
L PR 2 BN PR, KRR, e
BIR) A8 A  E AR ATV e I SOk
SEPLFED, RiEVESE, R FPGA & 1w
BisEIl 2P & Bk, Ak, N TP YRE R R
i), CloudPSS %5 °F- & JF 4h ff A Ba =X [F] 2 #L
(implicit synchronization)>4, [&] 25 #EH 5% K A] 4 13k
80%. THAZMRT 2 AL ARANEEMERE. JRATIRIP
Mfaett, HurAth T 877 IR,
23 BMEXL

FRE ) RGN E RS, TR, E

R2 ML HLE] S RTOS S HL EL
Table 2 Comparison between bare-metal real-time strategy

and RTOS real-time strategy

X EEAR bR BT HRAZ S AL T RTOS (52 Bl
S g B SN (o 0 2 12k SRS (FEAE R Eh)

o Mtk Y. ATy R RN it
TR AT VA LT R R A i L A g
TFRAERE B, TR RS EEEIS

2 SR A2 REITHEITR
Fig.2 Multi device parallel simulation scheme for real-time

simulation platform

FEREE. D1 FOHE 3 2 A JE BRI, MR &K
PEBfR 1) AR ABS RN AT B B SR A A S A B
EENEZ, A AT B REE N
WIBFFE, & T 508 7 BN A R &N a1
AT RS, AT BE AR S i AR e . BT
IR T3 Ron/Roe FF IR ANE T 94 2%
# 4% (associated discrete circuit, ADC)o Ron/Rott %K
/N HBEACE SO0, KA PRAERIFIT K. 2
M, RGAAE IR R, RGEFYHE
FEN 2 AT A, sRilis B0k 5 H -1 6 RS 5t
o M2 T, ADC V23R F /N BB ¢ Sl 2 45,
INELZE TR R W AR, REAES e AP KN A
HAHFE RIEE Y, e Rl R R R4
TN (B RE T T O, TRk 2



B, @, ILEE, % mIGH B RGN H T GRS RE 4617

A EFERM A, KGR LD A, JUHAE
FFORAEK T 20 kHz B, ADC VEEAAE LLEAT .
HHl, RTDS. RT-Lab, &% MT %%, ADPSS,
Easygo 507 BV 6 REMS SCRe Bk 2 fhgigr (. 1
H1, RT-Lab ¥ ADC 5 H T H177 HE TR B4 eHS
H1; RTDS 2 ADC %8¢t 1 Smalldt H17JHL 5T
PR B8 MT 25T ST Ro/Ro F1 ADC R
HEE, XTI ME, WTRLRA ADC &, Xt
TR, nf LU Roo/Rot 2o

DI EEZ,  H A B B S k5 N
JRASAR 575 (state space analysis method)S4F1 f4
H1i2:55)(nodal analysis method) 2 2%, RAZR EZ0HE
I AE-T 7 T R R A IR R G F R AR, R
HE1E B 3 T EREOR A 1 R imiE ey
W TOF I 22 5 L ER SR, AR5 SRS RN
R TR IR AR . 2 A B EE T b
® 3 PR

T AR FORE FE AR AL, aTiE—2 R A
LR EE . SCHR[S6]0 2 RIR A1 BT
EHHT TR, O RA A ) R &
3 I5F 8] 5 BB AN ], 6 #3850 K AN R F8 K
it 2l R O HATEAR S B BHTE L
F - P 2 S 2 S 7 L, OS5 P ) LT % 13
SRR R B ST, N TRARGKHZ
RN ST I, EZMARS & BRI
BZ ERIRIK R G A LUK D1 & s F .
HHl, ADPSS. RT-Lab(&T ePHASORsim #LHL %
AT EA)B, RTDS(FET CBuilder H 52 X IHE)
PG SCFERIA BN - FEURE VR & S 1 B, B R]—
PG RASINR G BERE /1. Rtk sh, P8
AT LA IR 2 1 VO MR i s e 1, F
FHIRA BN - F A7 LR, SR B e ) L F-
HL VR & S B (R SR B 7 R R T A A
BAEHER AR .

Ak, AP RGEERE I, R Rk
NETFMIATIHE, a8 BRrsHm
FE 7 P JT VR « AR A AR R0 5 fl 7 2600,
SCEEIERECT . 2 X 48 3k 4k 7 45 {E 7% (multi-area
thevenin equivalent, MATE)[02), RZS 2 [0 75 ik
(state-space nodal, SSN)[631, 3R FE T WX it KB 1) 77
ERE R, ABTCIE M M s S B AN 4 AR s
HER. M, BT B3 N CIRRE A7
PRARRA (a0 A B L R B LA FL ) B I NAEIR, i

K32 EITEMLER X EE
Table 3 Contrast between the advantages and disadvantages

of the two methods

Vi EITE hoxi (A
e ) 265 75 P A 3t 7 B LE=% 2 STk Z N B
O bl g g
T TP EFTEAR, RBER;  ATREAFAESUESR inl s

ALCREATSHOTIER MELORAREZAE T

- STWEHISK: BRI TR A
ppyy CERUHRGIE: LIRS, R,
H

TR BT RIS TS

SRS IERE . XMOTEERA MR E . (5

BRHA G RBHE RIS, EREET I
ANNIEIR, K FERRG 2 MR 75 23— D0 7

24 (HERH

I AIALEAR (B AR A ) 27 B 3T AN
HEE N, MRR OSSN H AR . BT
KB AR AL T LI AL DL AL
i, BRI AR A, BT EER RS R
4, )il G eI T . R
T, KGR E E R EBR AR,
RTDS. Typhoon. iz gEY. CloudPSS &5, {HIKH
43313 Matlab/Simulink, PSCAD £545 = J5 fi 7Y
I, AT LS el R . 7 LAl 7 T,
T8 AT DURR AR B R ST A T (R A AR N
21 CPUM DB THECE G R A, I E
O R R HEEHrm, mlira ke
R GUI FHH A5 5 A5 Bk R SER A, 564 7]
LA SN SERHME SIS EL, miE RS T A
6T P S A AR 75 SRR HUT LA o0 [ 45
J7 AR R AR .

{H2 0T B W ) 3 G0 1 A W e 3 e S B 47 31
N FHE A A AL A, AN SR AR I R A LA |
CLi A AN FZ R . HAl RT-Labl®l, RTDSI®],
ADPSSI7IE A] L 5 OPNET. EXata CPS 25{5 BiE 15
i B ERRL, WP R4 AME BIEE R4
AT BTG, XFHB{E 2 G0 48 T e 2556 v 9 1)
SMAHEATHIST. A, CloudPSS A PAFZfit Matlab.
Python. C [1] API #211, Jlid 5 HAWKEEF LA,
PRI ST B IR B 1 S e o R TR
T 2 vy (PR X ) 222 3y GRIT BB Sk ) 5T B0 37 25080
SEIVRERERE, JRE S TR A T RE .
AL, T RECFAE S SRA W m S TR E
I TG 7 RN )



4618 i LR AR

2024, 50(10)

3 BB NRGHERTEFEMRIAR

AR, 2R T AR A A G B8 H
FRITIFER A&, BSHAH) R G 5
AT REE A AEAR, e =T REl
R IS T & 4 XN R 2
WA ) RGN SCEREEAT S 4 . Z IR TR TR,
FEFN%E T 3 4 1~2 DRSS T DR . R
4 A7 WL, #RAFUEL )7 57 & 41 dSPACE. Typhoon,
Speedgoat. RT-Box. Easygo % % H T W& & 15T
8, fEMIEAE BB A\ Y33 B TR RR, B
S5 RSE . HADSE G 57 638, el todes
1| J]/ &4 (rapid control prototype, RCP). =T &P REAR
524 /°F 4, W RTDS, RT-Lab, ADPSS. CloudPSS
SFWEZHH T RAL LK TFHR, SEFEANERE
B FACTS =il &5 . #1055 AT KB BT B
WHit. LA ADPSS J9fil, HETRISZEF 30 000 H/ <
ROKHN SRR 5. BRitbz 48, B E BT
B & HTE SR, AR TR iRAR R e S se kAT
ek, XTREE A v ) R G S AR R R )
HEMERH . Bul, B8 ) R a5 07 LA TR
B SRR TR AR R A H B T AN AE B AL AR H P 4%
AEH DL F TR A 6 A F LR H Y i )
RGA R 5 T L7 57 6 A7 %

3.1 FhEERLABET

R R g AR G e U R BE TR R L
A, WX SGARER T LR ) iR & A LI
W, RGE TR, HLHRAS D B TR
BHEUKEARIE RANZS, T5EFREEENBIuA
[F) RIS PR 5 e Y05 FEL B e AL SN L

EEXTETREVR K BB TR L s, T ) KO ALZH
HISE A AR Z It WML — &k R Eh
Wb RGBT RGN, HKHE S 7 FL
Y5, AT F R0, 1R E T
i, ASBIHUT RS AT R -3 E iR (blade
element momentum, BEM) 15 5 % F J&) 5B 2 M L A5
B, AT RGO, TH ) 2 R TN
AT R G0l R H R R S B, R RARR
' Ron/Rotr FF R, SENHIIT RAE TS
Cp FREBYFI P o Hedily RBERLO), KRG fb 2 20
MLAHZNES, SEBUR LA At semt 7 51, SOk
[69-701R HESF G HR G 5 BTk, 2l 1 K
%44 Bladed 1 OpenFAST 7 VELH S B AR A,

R4 AL TR SR ) R G I DhRERL I STHR
Table 4  Articles for the application of commercial real-time
simulation platform in new-type power systems
SEF A ISP LA 2P F R ke il
HTE RG% RER REH WEY RGEH RER

RTDS [68] [69-70] [71]  [72]  [73] [74]
RT-Lab 751  [76] 771 [78] [9] [79]
dSPACE — [80] 811  [82] [83] —
Typhoon [84]  [85] — [86] 871  [88]
Speedgoat  [89]  [90] — [91] — —
RT-Box — [92] — [93] — —

e MT 251 [94] [95] — [95] [96] —
ADPSS 71 98] [81] — — —

CloudPSS  [99]  [100]  [24]  [100]  — —

Easygo — [101] — — [102] —

G5 B B & I B R0 SN #R A R G AR AIE SEIN 1, SR
RTDS # SRR, (S8 GTNET scHlEs-F
IS, SER BN H SR ST 1 72D
KAk F] 10 ms A1 2 ps. CHA[103]. SCHEA[104]
43 W2 T B CPU-GPU =44 F1 CPU-FPGA 744
A, RIS CUDA 24 H GPU %, J&
HWATHET FPGA WL AR e, TEA FE B
PEMIRTHE & DL Pl L B I

XA IR R e g e, IR TR %
Ui, BHHTE 228 I AR s R & 5HE
TR, B AR Y B itk T F e S 47 B0 SCHR[68]
P2 S IMBOT IEA R AN I S AR, AR5 R
F RT-LAB #E47 SE 1 5 o 1A SCERAF FH I 2500
HPEAE . FRIEEE SRR, ARERPHT. 5 g A%
E R BN, SREXRIBNAE T R G5 E. &
IR SEE AR 2 BV HT AR IR k0 F Y S IR ) AT
FRPE, TOIETRIE s G B e B, R, &1
BN T AR R B 370 SEBR AR D ) A 7Y
SER A LN BB AT 1A, WA EERTE S
BHEA SR IR . H AT R VAR A S
7 3 32 BT 53 B AR RR AR A FEAT F B 7 T R
TFo FIF 2P IR ARARI0S), ALA LR A0S, 25t
ZEIRFREFRO0OL, HRBEPUE RN ONE T, dE 2
CPU 47007 CPU-GPU 443471981, CPU-FPGA
F R FEATUONERGEAT: 7 22 SIS 7 B o[RS 3R Ty
TR F RN HS BN H, FxtF X i
1 Z2 G0 SE IS BLAR T E— 2B I A



B, @, ILEE, % mIGH B RGN H T GRS RE 4619

gi b, HALH ) R G IR SE R B S 05T
T IOCVELL R M. 1) VRGN A RE R T —
UCHLER AR AN A A, H LS B v B A R S 4 i £
ORI, SR RSO N RS 2D
F R IO G IR RN, 18T LA, nkE
TR )RR LN TR, KSR RGN
G1ER s 3) KL IG N AU RS R W FR LB A
TR, B AR S ER AN UIRS) & BN AS 1T FE
TARREME, ERYELIR R RS ARA,; 4) K
B R IRIA N AL B R S FUP K E
IR, TITHEEL. K. RN FIE=A.
3.2 HifCER ML

T HL ) 2R G R A G 1 B - - T =
W, ZTHEHRZE. ZEERZ . R L%
KHRE . AHE R, 2P EREPOC M- 5)
TC 9 A7 Ry o AT HL P 28 AT S B, TR
FREEg R TR A IO I DL 5 4 5
PO P A 5 SN B, LA IR 9 H I 38 ks
FEHBLR & 07 SL B PR R B 1 LR

EEX A BRI LM 5, N T ZE IRy B
TR 11 (7] ) s 20 A5 0L B 3 0 PR S PR T I A
PE, WL - FELRE 22 38R S 4 L A 3 TR N F
SCHR[110]FIH ADPSS “F- & XJ+800 kV FitH—yL 7
R TR T L - R RATR A 0 3L, MR T
SEAB AR TN AERA o (H_L R T VR L H - R 1 A
TEAE A RSB R 2, BT BR3¢ n
BERC. BHAT, ZERRPOCH M 4 R A S

CPU-FPGA )P & 528 T 12 ikih LCC-HVDC %
S 1 ps FEERT R, SCER[112]% 0 7 —MET
FPGA A1 RTDS [HEEE S B T4, 1HZ& FPGA
ERYE RTDS W B 45 Rk AT MMC i 18 25 11 55
B, FUCEE—ERNZE, Btk 4h, YT B
SRR R R BN AR R G, R S g il 45 (51
DNZ TOAF ) #e N SER 41 30T 6 F R HUOBLR A 7 FL
TG SEBREFPE . SCER[7715% A BT 75 5 1 L
T L AR AT SN L, A% T CPU-FPGA R:44
HIMRYE R FPGA B 1) IRARAAY | A58 FH S {5
PG BABERMSbREH R E, RE&HEET
EVL TAREBOR A SEm M 56 . 1A, FEE L
#kFIFH ADPSS. RTDS. RT-Lab SZHLAHIRAS Bk
HL P BOBVR A SE G . REERE IS, BEURE
SERHE B IR T AR S8R, (2 B —

JE BR il o

e o [T EEN 77 = = = I v o P WS N 7
FNESRT RN, PR [A] R L ) B 1 1% 518 I
BRI L 2 B S5 A2 SRR B SR I 2 I TR ROPE AR
M THRREOR, BAEARME . B EEA2
WSy X R AE AT TH R T TR I 7. 3C
BRL113 145704 2R H B e S O 2 1T, B2 T
Gy ELHAT RS, ET SR A B A ST . S
BR[1141% 8212 CPU Z[aliHH &A@ S 2 I
AT S AR . SCHRR[11ST4E H 77 38 FH %) C H ) 22 3
R E B AR T WA HE T 7, 2T
MALE . R IHAT R, CAEVTRRMHET
% CPU [HC 5’ 52015 EHl(advanced distribu-
tion network simulator, ADN-SIM)I!16], FPGAI!7],
GPUMIZE S I 3= 3 i oL Y 1) v 25007 L B SE I L o
HeAh,  FBHECH N E REE R A, AL H
DX I8 15 A A NS B B R St (cyber physical
system, CPS). SCHR[116]3% T ADN-SIM 928 T 50ps
WRAS B R GG S 5.

ZR b, AL ) R 4 e I S B A BT B AT
B FUOVE LU A 1) $& 1 ) R RASE H o 1Y) 4
WS A S, W — P REHX 53T &
S B I ) 22 AR B SCHEYE R 2) FACTS 4|
ar EIRIEIR OIS R B R A TR,
FHEFH HAGTAT EL e /7, R 58 38 B D HOR (G
HINEE VAL, PRGEEI L) 3) FRifc AR 4% 52
SMER R R, [ PEHEELTHARS, FE
BERG. ARRG MR ETER: 4 b
A7 LS [ 1K P R B A, 55 25 B AN [R5 1) 5
- BRI 23 2 L B T A L ) H AR R MR A
5 FEL DX 4% ER] 520

4 FEBRNRGTERPTEFELRGE

B REM IR EN . RAEA. 1B1THL
B OFEEARREZR R, RESEGHMNE ARG
M, BT & KSEMER, 176 M sEE
71, ¥EFENEMY . WL ) RGUSL 1
H PG AL, SEBR. Jik. 8. NAEKH
B RGERT AR R, BANENE 3.
41 LRBMEIR

D @& RGTE AT 35 AR R
BFNTAZ BT IR HR I, BF 9T e B R i % ) 24
B e R L A AR T v, Y B TR SR A A



4620 i LR AR

2024, 50(10)

WA RGURAELE A, D0 T SRS T
FISEIN AT BRI VE . B KRB Bedi i, 1@
i 2 SR X I e L B ST AN [R] I T) ROBE (B R
WRAAGZ, WHVRE) PR Sshss, SRl
RGENA) NI G LR, HEE FE HUE AR E R
()45 A AU AR BRI o 0 2 Je sk o,
S HHHRAE T B LA YR RS
RERLRL S5 SR AR, SEBIURS AL S i
fEo BbAh, B RS S1E BIEE R HBA S
I 05 R RO R SRUE R R, EWF R RE RIS
5 R R AR R R, B3PS DoS W
iy FDI Bl 841 AT 9 A .

2) SE L - KR VR 5 BN I B d N T
H A2 TR A Ay ik s i/ 3
Iy MM, SCRFAENL. SRS R B
TR 25 B AR R gtiafrid e
PR R, AR KB AR N AR L
FPERALRE ST, K2 RPHTIREE, Reh Bl
P BE ML ROR 72 | [ R 22 AN AN R 5 T A% 38
(7 I B — AP B U B YRl A A P B AR AL Y
s BA B BRIERE &R —m iR
HERGHEA,
42 1EBIRIERK AR

D) SEHREE R T mARLNE R G R BLE R
e 2 A HB R, BRI R AR L R G
RRMEERUR. ShA AR . MBI R,
W T R L R AR SR R T ik . HED
X TR AME RGN PR £ BT RO AR MU AR,
BTN Krylov F25[RVE. FFEIERL 5
fiESE, MARLNE R G A RN H T oA 0T v 2k
YRS, MTFIRR R . HANE T Edt— Dk
BUA FEBY AN BE A RUR s AR 2 ME R FediR itk
(Rt SEBLFER AL AR E LS T o

2) WM RGeS R R SOk
Bt RG-S uli- ot 2 )2 R IFATHESE, BE Tt
MR ERRTT, RmTHEIMT . R AANH
TRGZHEZIATHIME, H— DO RPIEsET
ARG FIEAE AL AR, GRAh LA 2 8 R 5
R RIR . HF R e . mReR
HIBUE AR 70 T3, BERTIR AR ¥ 40 B RIS 75 2 KR
PRARLAEARBOT AL, W S PSR AR 5 7. RIS
A HE— BT N L RE S A (7 FUINEE S0
ST A EE N i EARS RS,

1 &RBARM
(] 38 12397 B4 F 0 3R G0 T 25 WA 42 3 5 BE AL e )
HLER A T R 4 3% AR
[0 5 3 AL T80 5008 VS 2 Bk 5 ) 1 38 A Ay ik

N WL H1-52 3

mnE N whEame

AR N w5z o e v
A

2. BLAY BB R AR ik 3. M Ak
Clese TR g b L1 LB B SEARINA
OIS R G Sy, VR MO T HRAL

LB Dtk mhrma- ot
\fﬁi% ﬁiji/
%4t A

CEZIEER)
(02 il 3 e 5.3 0
[0 4 7= ML T A
075 F 52 0

B3 BT R YT ST T B R R T )
Fig.3 Development direction of real-time simulation plat-

forms in new-type power systems

BRI 4 ANSYS AFHEHFT SIimAL 7=, HESIEUE
THROR 5P B R S, TSI RIESER .
43 BHESMULIT

D SRR AN . R
U EL mTUEL SR SRR W KRR,
JUHEERE . KR IRRE SRR R A T AN
Wi I, T B SE IR B & BB A . [F
B AT DA 7 43 ) 5 9 R B R SCIRE B (A i v . XS
FRYERE R, P s R AE U i, 2
TR 22 o S M HCHE (0 35 B RN P2 408, 2 a3k 25 170
HE,

2) REMKLEIEERIATHA . — T TH B
AR AT, i 2R . KRR ERIAR
X FEA R G AT VR AR, R AT R
KIAT MBI KRR RE R s H
BT AT AR R, J8 3 L ) A7 25 05 3 m aUh BE
G A ER &S0 BRI TR,
FRIFARRG 55 44 UL KT G W 2 A 13047 1 0o 1 1) 9
TR, AR e wmAEEAR . mtERe R AL,
s AR BRI AT TH A R

3) BAY-SE-RE AR R A T . 29
RUEAFAE N B A B R SR, SEPR I ) S
FIAAE T S A TC I R AT SR . RS R AT B
B A, 37 SN {7 BUAE 55 I -2 T SRAR T IS,
FOIRTE A SO B Se HE7 77, Wit oy
PR ), et — A N RS I A ) R



B, @, ILEE, % mIGH B RGN H T GRS RE

4621

R-THERIRPACUC OB, SCHRER Sk, 5
D= A B RUCHD, e 0 Bt S .
44 NASEXER

1) FEaliThaewEM . B FE . KA. bk
e, W YRR - ST T )
RS M OO E, R RS (4%
FEAGL R, SIS AP B AN A 2 18] AR R e AL
o $REFG RS ATE, PR BP0 Bt
E-Ai R MRARE, SETHLHE- R B 23
FEARARE R, DA A il AN EN I 18], £
XA EEH A, Bt E FRR AT AL
G

2) AP AR G Ak E, SR
FHE REE AT RERE 1, ARSI 2 R
FIFERE, SelEsT 6. AT, Bk, 2
SRR P RERAT AR, MR B BRAE S T
Y, SCBUACHS. BEELL HOD. MRS IGE . R
AL Gy o RIS AT LA — 24 N HEL ) R G -2 1L -
MEEERE, WEBHARRS -EENTET S,
FETH1 B K5 BN 2

3) EBNHRE . AERT 2 BB,
BEBESF & BRI . i AR S FEAILL
LB NTERET L, 3Pt i B sk
2 o [RI AT R i g SR e 2R AR AR AL
BB “nKMBEEEL” Sl E R, %%
WS B ARG RACEN Rk, et
DI IR BN IHESE . PR S, Sl S A )
AGgiuha. k. mR0sT.

5 ZEig

W RGN R R PARA, At BlE
REYS I W AN i LA HL g H 1 i I BT RO
ggT e sRARZRIEXS SE i FAR TR IRE K
] ) S T ) 7 2 FL 70 R G A S - 65 O
FERIVERRE . ALRGIERIE T HAH )RS5
NSRRI R, AR AL B
R PR 4 AT RS 45 T BUAT S
FOP SR TRIUVIR . 285 B SE8T RE A i s MAL
Bt msat 2 MAL SR, 4008 TR R 5
SN T BRI DT R TR . R E AR
FEARGERL, RIRPRESR AR, BEMF R RO MY
XEH 4 ADTTHRRE TP G ARRKET T, i
ARG T e RERIESHEMEE.

(1

(2]

B3]

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

S22 #k References

REEP, ORI Sy, & B RERIANER D] B
PIEA, 2023, 47(5): 1741-1750.

KANG Chongging, DU Ershun, GUO Hongye, et al. Primary explora-
tion of six essential factors in new power system[J]. Power System
Technology, 2023, 47(5): 1741-1750.

BRI, B B, B, S5 WA RGBT R B
FREBARRILR B[], mEEAR, 2023, 49(5): 1765-1778.
SHENG Gehao, QIAN Yong, LUO Lingen, et al. Key technologies
and development trends of digital power equipment for new type pow-
er system([J]. High Voltage Engineering, 2023, 49(5): 1765-1778.
WRIEE, 20047, # 8, & @A) RS AR RTAR].
R E AL TSR, 2023, 43(17): 6535-6550.

CHEN Guoping, LI Mingjie, DONG Yu, et al. Research on the simula-
tion technology architecture for the new-type power system[J].
Proceedings of the CSEE, 2023, 43(17): 6535-6550.

EEE BKAE, KT, & OB RS0 R T AP RAHRD]
ARG A, 2022, 46(10): 53-63.

DONG Xuetao, FENG Changyou, ZHU Zimin, et al. Preliminary
study on simulation tool for new power system[J]. Automation of
Electric Power Systems, 2022, 46(10): 53-63.

B 0%, SEW, BRT, & HAORGADSIEARKLRES
U] AL LR, 2014, 34(13): 2151-2163.

TIAN Fang, HUANG Yanhao, SHI Dongyu, et al. Developing trend of
power system simulation and analysis technology[J]. Proceedings of
the CSEE, 2014, 34(13): 2151-2163.

BEORHE, FRED, R IR TS LR GESE ) AR [M].
Jent: JEHRF WAL, 2023: 1-6.

BI Dagiang, GUO Ruiguang, WANG Xinxing. Real-time simulation
technology of power electronics and motor system[M]. Beijing, China:
Tsinghua University Press, 2023: 1-6.

wooUl EAYe, BN S R RGRTIERME. Frak
MR, PEEYL TR, 2022, 42(2): 487-498.

SHEN Chen, CAO Qianni, JIA Mengshuo, et al. Concepts, character-
istics and prospects of application of digital twin in power system[J].
Proceedings of the CSEE, 2022, 42(2): 487-498.

FARUQUE M D O, STRASSER T, LAUSS G, et al. Real-time simula-
tion technologies for power systems design, testing, and analysis[J].
IEEE Power and Energy Technology Systems Journal, 2015, 2(2):
63-73.

RUHE S, SCHAEFER K, BRANZ S, et al. Design and implementa-
tion of a hierarchical digital twin for power systems using real-time
simulation[J]. Electronics, 2023, 12(12): 2747.

F oW B RGISENEARD]. BEEEA, 2005, 3109):
81-83.

WANG Qiang. Dynamic simulation technology of electric power sys-
tem[J]. High Voltage Engineering, 2005, 31(9): 81-83.

AT, BN, JAEE, % WS Z R s S Y By
EFC]. BEAR, 2013, 37(4): 1095-1100.

LI Zhongqing, ZHOU Zexin, ZHOU Chunxia, et al. Research on dy-
namic physical simulation method for parallel multi-circuit
transmission lines on the same tower[J]. Power System Technology,
2013, 37(4): 1095-1100.

RO, L%, & M, S RIS R SR IR AR
[7]. mHERAR, 2018, 44(1): 37-43.

ZHAN Rongrong, MENG Jiangwen, YU Yue, et al. Research on test-
ing technology of half-wavelength AC transmission line protection[J].
High Voltage Engineering, 2018, 44(1): 37-43.



4622

i LR AR

2024, 50(10)

(13]

[14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

wR, WET, REHL S TR E RN T R AR S 1
H[J]. MR, 2013, 37(2): 455-459.

GUO Hu, XIE Guoping, ZHU Yiying, et al. Digital/analog hybrid
simulation of Tibet grid integrated with £400 kV DC transmission line
from Qinghai to Tibet[J]. Power System Technology, 2013, 37(2):
455-459.

%O, FRYLEE, EME, & FIANRE SN K& HVDC
RS RPD]. BARGESNL, 2000, 24(17): 28-31.

LI Han, HAN Yingduo, WANG Zhonghong, el al. Verification of
HVDC controller using an advanced hybrid real-time simulator[J].
Automation of Electric Power Systems, 2000, 24(17): 28-31.

AHE . BRI BT AR AR 0 5 05 AT % [D]. S E: &L
Tolk R, 2019.

DENG Xinchang. Research on modeling and simulation of
grid-connected converters in renewable energy generation[D]. Hefei,
China: Hefei University of Technology, 2019.

B 57, B, A5, 5 B RSB T LN IR ED]. B
A, 2008, 32(22): 17-22.

TIAN Fang, LI Yalou, ZHOU Xiaoxin, et al. Advanced digital power
system simulator[J]. Power System Technology, 2008, 32(22): 17-22.
BIEH, B R, W5, & IR T RGEEBCRIOREE K
). PEBHLTREYR, 2021, 41(9): 2966-2979.

HANG Lijun, YAN Dong, HU lJiabing, et al. Review and prospect of
key modeling technologies for power electronics system[J]. Proceed-
ings of the CSEE, 2021, 41(9): 2966-2979.

TECRAL, BiRE, #8 o, 858 KMBCCERAB RGBS 50
F R REETVET]. BEAR, 2017, 41(6): 1919-1926.

CHENG Gaihong, LU Shaoqi, SHAO Chong, et al. A high efficiency

modeling method for electromagnetic transient simulation of large

scale AC/DC power system[J]. Power System Technology, 2017, 41(6):

1919-1926.

#FRIE, EER, B 5 & BRGEEBRELE S0 KBRS
R[], P EEYL TSR, 2018, 38(8): 2213-2231.

DONG Yifeng, WANG Yanliang, HAN Ji, et al. Review of high effi-
ciency digital electromagnetic transient simulation technology in
power system[J]. Proceedings of the CSEE, 2018, 38(8): 2213-2231.
FEBEFE, R, VFEIUK, & BRI & LE R R R ST
05 B 7 P TR 0]. B0 B Bl B4, 2023, 43(11):
174-180, 224.

CUI Xiaodan, WU Jialong, XU Jianbing, et al. Optimal grid-division
method of electromagnetic transient parallel simulation for high pro-
portion of renewable energy power systems[J]. Electric Power
Automation Equipment, 2023, 43(11): 174-180, 224.

WeE A, PEIER, RER, & RS RN RS IHMT R
Trik(—): R EASR WS IFAT]. ThEENLLR AR, 2022,
42(7): 2486-2496.

YAO Shujun, PANG Bohan, WU Guoyang, et al. A method of parallel
computing for electromagnetic transient simulation based on
semi-implicit latency decoupling technology (part I): theory and AC
network partitioning and parallel[J]. Proceedings of the CSEE, 2022,
42(7): 2486-2496.

O, TRERTE, TRPCHE, A ERDHTRYE N RGN mVERE
B EAARKIRH[I]. BRG AL, 2022, 46(10): 43-52.
XIONG Qing, ZHANG Luyin, ZHANG Qinghua, et al.
High-performance electromagnetic transient simulation technology
and application for new power system[J]. Automation of Electric
Power Systems, 2022, 46(10): 43-52.

W], EHRE, 5O, & BB E SR e KRR
GriT R[] T RS E B, 2022, 46(10): 64-74.

[24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

[33]

[34]

[35]

FENG Moke, WANG Aoqun, YUAN Shuai, et al. Analysis and pro-
spect of development of China’s independent electromagnetic transient
simulation platform[J]. Automation of Electric Power Systems, 2022,
46(10): 64-74.

SONG Y K, CHEN Y, YU Z T, et al. CloudPSS: a high-performance
power system simulator based on cloud computing[J]. Energy Reports,
2020, 6: 1611-1618.

WUl BB, A, SR BT RGN E N AR R
SLHREBZD]. WAORGEBIL, 2022, 46(10): 75-86.

SHEN Chen, CHEN Ying, HUANG Shaowei, et al. Design idea and
development path of simulation application software for new power
system[J]. Automation of Electric Power Systems, 2022, 46(10):
75-86.

TRER, HEER. BRAAIE AR AR A A ) RGPk S B[]
HHE AL TR AR, 2022, 42(8): 2806-2818.

ZHANG Zhigang, KANG Chongqing. Challenges and prospects for
constructing the new-type power system towards a carbon neutrality
future[J]. Proceedings of the CSEE, 2022, 42(8): 2806-2818.

J Ok, ARk, AT, 45 BT FPGA MHEHEF REHEY
SRR EIERRE D] B IIEORR, 2023, 38(14): 3862-3874
ZHOU Bin, WANG Guangsen, LI Weichao, et al. An FPGA-Based
general solver for electromagnetic transient real-time simulation of
power electronic systems[J]. Transactions of China Electrotechnical
Society, 2023, 38(14): 3862-3874.

oRE, 5k W, R, S XU IIERTNSCHEEOR M 4514
[0]. mEERA, 2021, 47(4): 1129-1143.

SUN Rongfu, ZHANG Tao, HE Qing, et al. Review on key technolo-
gies and applications in wind power forecasting[J]. High Voltage
Engineering, 2021, 47(4): 1129-1143.

ZHANG X, XIE X R, SHAIR J, et al. A grid-side subsynchronous
damping controller to mitigate unstable SSCI and its hard-
ware-in-the-loop tests[J]. IEEE Transactions on Sustainable Energy,
2020, 11(3): 1548-1558.

NEWAZ A, OSPINA J, FARUQUE M O. Controller hard-
ware-in-the-loop validation of a graph search based energy
management strategy for grid-connected distributed energy re-
sources[J]. IEEE Transactions on Energy Conversion, 2020, 35(1):
520-528.

EEFE. ETRSF I FEI SR 7 RS (D] HUH: B
TRHCR:, 2022,

WANG Changhua. Hardware-in-the-loop real-time simulation system
based on analog devices[D]. Hangzhou, China: Hangzhou Dianzi
University, 2022.

PRABAKAR K, PALMINTIER B, PRATT A, et al. Improving the
performance of integrated power-hardware-in-the-loop and quasi-static
time-series simulations[J]. IEEE Transactions on Industrial Electronics,
2021, 68(11): 10938-10948.

MM, X —3, BITHG 55 B AR BORTE AL F B P ik A
RS S GBERD]. M REOR, 2022, 48(5): 1621-1633.

LIU Yunpeng, LIU Yijin, LU Fangcheng, et al. Application prospect
and key technology of digital twin in power transmission and trans-
formation equipment[J]. High Voltage Engineering, 2022, 48(5):
1621-1633.

5, R W RGN OCRBOR R B[], B
FTIRGE AL, 2022, 46(10): 18-32.

GUO Qi, LU Yuanhong. Key technologies and prospects of modeling
and simulation of new power system[J]. Automation of Electric Power
Systems, 2022, 46(10): 18-32.

SERI B, VISHNEPOLSKY G, ZUSMAN D. Critical vulnerabilities to



B, R, TS, % WD RGN T

[36]

(371

(38]

[39]

(40]

[41]

(42]

(43]

[44]

(45]

[46]

remotely compromise VxWorks, the most popular RTOS[J]. White
Paper, ARMIS, URGENT/11, 2019.

DUFOUR C, ABOURIDA S, BELANGER J. Hardware-in-the-loop
simulation of power drives with RT-LAB[C]//2005 International Con-
ference on Power Electronics and Drives Systems. Kuala Lumpur,
Malaysia: IEEE, 2005: 1646-1651.

PNEHE, FOAE, VR, 55 ZETITRREBUIY LR s
R T AR e % SN 7 FUOE LT IR AT L [J/OL). Hh [ FE ML AR 2 4
2023: 1-12[2023-12-28]. https://doi.org/10.13334/.0258-8013._pcsee.
230781.

SUN Zonghui, GUO Xizheng, WANG Shinan, et al. Research on the
real-time simulation modeling method for high switching frequency
power electronic converter based on predicting and correcting the
switch  status[J/OL]. CSEE, 2023: 1-12
[2023-09-18]. https://doi.org/10.13334/j.0258-8013.pcsee. 230781.
RUBAAI A, OFOLI A R, COBBINAH D. DSP-Based real-time im-
plementation of a hybrid H. adaptive fuzzy tracking controller for

Proceedings of the

servo-motor drives[J]. IEEE Transactions on Industry Applications,
2007, 43(2): 476-484.

LV J X, LI B B, HAN L J, et al. DSP-based real-time simulation tech-
nology of modular multilevel converter[C]//2021 IEEE Sustainable
Power and Energy Conference (iISPEC). Nanjing, China: IEEE, 2021:
3350-3354.

BRASES, 0 5, &, 4% HIRECH RS MR- S
WA HESIRENE ] HEAHL LRSI, 2023, 43(6):
2283-2295.

CHEN Pengwei, LU Liang, LIU Nian, et al. Dynamic phas-
or-electromagnetic transient hybrid simulation and error mechanism
analysis of DC distribution system[J]. Proceedings of the CSEE, 2023,
43(6): 2283-2295.

i R T RN FOT T A RS D] i BiRAE
HARA:, 2019,

XU Jin. Research and application of general power electronic real-time
simulation methods[D]. Shanghai, China: Shanghai Jiao Tong Univer-
sity, 2019.

MONTANO F, OULD-BACHIR T, DAVID J P. An evaluation of a
high-level synthesis approach to the FPGA-based submicrosecond re-
al-time simulation of power converters[J]. IEEE Transactions on
Industrial Electronics, 2018, 65(1): 636-644.

MILTON M, BENIGNI A, MONTI A. Real-time multi-FPGA simula-
tion of energy conversion systems[J]. IEEE Transactions on Energy
Conversion, 2019, 34(4): 2198-2208.

LI P, WANG Z Y, WANG C S, et al. Synchronisation mechanism and
interfaces design of multi-FPGA-based real-time simulator for mi-
crogrids[J]. IET Generation, Transmission & Distribution, 2017,
11(12): 3088-3096.

£ ¥, 2 W8, EmEls, SF. M2 FPGA K Has BRI
WECE D] BARGESML, 2023, 47(11): 88-100.

FU Hao, LI Peng, FU Xiaopeng, et al. Optimal resource allocation
method for real-time simulator based on multiple field programmable
gate arrays[J]. Automation of Electric Power Systems, 2023, 47(11):
88-100.

R W, ERR, #% O, % 5T CPU-FPGA RAF-& ML
[Fi) 3 I 00 3 2 4 S A 4 L BVR T[], ) R AR 5 f b,
2020, 48(14): 85-94.

WU Pan, WANG Keyou, XU Jin, et al. Real-time simulation algorithm
design of a virtual synchronous grid-connected inverter system based
on a CPU-FPGA heterogeneous platform[J]. Power System Protection
and Control, 2020, 48(14): 85-94.

RS RHE 4623
[47] OULD-BACHIR T, SAAD H, DENNETIERE S, et al. CPU/FPGA-

(48]

(49]

[50]

(51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

based real-time simulation of a two-terminal MMC-HVDC system[J].
IEEE Transactions on Power Delivery, 2017, 32(2): 647-655.
BARTIK O. The implementation of the real-time model of the
asynchronous motor and the two mass mechanical load at
ZYNQ-7000[C] /2017 7th IEEE International Conference on Con-
trol System, Computing and Engineering (ICCSCE). Penang,
Malaysia: IEEE, 2017: 150-155.

OB, RKAL SAME, S JET GPU [RIRHUASEC H I R T
STV EEORD]. A RZE AL, 2017, 41(19): 82-88.
CHEN Ying, SONG Yankan, HUANG Shaowei, et al. GPU-based
techniques of parallel electromagnetic transient simulation for
large-scale distribution network[J]. Automation of Electric Power Sys-
tems, 2017, 41(19): 82-88.

wEE, BEOBL THERE, & RTFEAERK PWM AR E
Tl AR FOTIR(Z)EH T BB AL B G (K 25 EMTP JF474)
HEE]. ARG AL, 2014, 38(6): 43-48, 79.

GAO Haixiang, CHEN Ying, YU Zhitong, et al. Fast electromagnetic
transient simulation method for PWM converters based on averaging
theory part three improved EMTP parallel algorithm for graphic pro-
cessing unit[J]. Automation of Electric Power Systems, 2014, 38(6):
43-48, 79.

REAR, B, Br B & RHA RES 2R R 58 S50
HIFTHVE A GPU SLBL[)]. ARG H BN, 2016, 40(12):
137-143.

SONG Yankan, HUANG Shaowei, CHEN Ying, et al. Layered di-
rected acyclic graph based parallel algorithm for control system
transient simulation and its GPU realization[J]. Automation of Electric
Power Systems, 2016, 40(12): 137-143.

JRFIE. ETESANER DC/DC 2R e g g WP [D]. Jb5t:
T E R ER), 2021,

ZHU lJinglu. A research on modeling and simulation of DC/DC con-
verter based on constant admittance method[D]. Beijing, China: China
University of Petroleum (Beijing), 2021.

VFOIHE, WL, R0, S5 — R THRER R BT R
1E FNBRII]. RHAR, 2022, 46(4): 1519-1528.

XU Mingwang, YAO Yifan, SONG Wenda, et al. A constant admit-
tance model of power electronic switch based on exponential
integral[J]. Power System Technology, 2022, 46(4): 1519-1528.

IYER T S K V. Circuit theory[M]. New Delhi, India: McGraw-Hill,
1985.

DOMMEL H W. EMTP theory book[M]. Vancouver, Canada: Micro-
tran Power System Analysis Corporation, 1996.

K HET. T R D R R G SE N 2 R I A 01 E AR BT TE[D].
Jbat: bR TR, 2016.

ZHANG Mingxin. Research on real-time multi-rate co-simulation
technology for power electronic system[D]. Beijing, China: Beijing
Institute of Technology, 2016.

ik AE. TS LA- A IR A O FE DT AR (D). 5
EDUR, 2019

ZHANG Neng. Research of hybrid simulation interface model for
wide-band equivalents electromechanical-electromagnetic transient[D].
‘Wuhan, China: Wuhan University, 2019.

¥ v, MWATT, MO, % 3T RTDS/CBuilder [H|H- LR
PR H R RERT T[], BURA ), 2016, 33(6): 51-55.
YANG Yang, XIAO Xiangning, TAO Shun, et al. Research on inter-
face modeling for hybrid electromechanical and electromagnetic
transient simulation based on RTDS/CBuilder[J]. Modern Electric
Power, 2016, 33(6): 51-55.



4624 e B R 2024, 50(10)
[59] ZEaKkfE, 4= f, MIEMT, 55 ETrEARMLZMEER MMC S Hif (721 XI5, MG, ZfpE, 55 ET RTDS MRt 2 i F it 4
ARG L HEMAD] BUCHETEAR, 2021, 44(4): 54-58. TSR] ARG A B, 2013, 37(12): 92-99.

LI Yongjia, LI Jian, HAO Zhenghang, et al. MMC AC/DC system’s LIU Chongru, LIN Xuehua, LI Haifeng, et al. An equivalent
multi-rate simulation based on transmission line decoupling method[J]. sub-module model for modular multilevel converter in RTDS[J]. Au-
Modern Electronics Technique, 2021, 44(4): 54-58. tomation of Electric Power Systems, 2013, 37(12): 92-99.
[60] WU F. Solution of large-scale networks by tearing[J]. IEEE Transac- [73] BANSAL Y, SODHI R. PMUs enabled tellegen's theorem-based fault
tions on Circuits and Systems, 1976, 23(12): 706-713. identification method for unbalanced active distribution network using
[61] LAUK, TYLAVSKY D J, BOSE A. Coarse grain scheduling in paral- RTDS[J]. IEEE Systems Journal, 2020, 14(3): 4567-4578.
lel triangular factorization and solution of power system matrices[J]. [74] ZARGAR B, WANG T, PITZ M, et al. Power quality improvement in
IEEE Transactions on Power Systems, 1991, 6(2): 708-714. distribution grids via real-time smart exploitation of electric vehi-
[62] MARTI J R, LINARES L R, CALVINO J, et al. OVNI: an object cles[J]. Energies, 2021, 14(12): 3533.
approach  to real-time power system  simulators[C] // [75] BB, ZF AL, %5 JA. JET RT-LAB [ X B BN A @],
POWERCON’98.1998 International Conference on Power System B RGRA S5 4%5H], 2015, 43(7): 83-89.
Technology. Beijing, China: IEEE, 1998: 977-981. DONG Jianzheng, LI Zheng, CAI Xu. Dynamic modeling of wind
[63] FHte, & &, ZF M, % ET SSN fEHART MMC-HVDC farm with doubly-fed induction generators based on RT-LAB[J]. Pow-
A4 RT-LAB SZR{E[J). M HEMEA, 2015, 9(6): 22-27. er System Protection and Control, 2015, 43(7): 83-89.
WANG Weihua, ZHU Jin, LI Wei, et al. SSN-based RT-LAB simula- [76] ZHANG X, HE G Q, L1 Y, et al. Electromagnetic transient modeling
tion of MMC-HVDC system[J]. Southern Power System Technology, and verification of DFIG wunit and wind farm based on
2015, 9(6): 22-27. RTLABJ[C]//2022 1IEEE 5th International Electrical and Energy Con-
[64] BREFSR, 18 &, ERTA, 5. JET /0 HUEiR S A\ E 1) = AR HL ) ference (CIEEC). Nangjing, China: IEEE, 2022: 302-307
26 AL BE IR AT A PR A 07 B ). b E AL T RE AR, 2022, (771 & &, BOLEL REFH, & ARSI R A JON LR
42(7): 2577-2587. TS P G R RAFERT R[], RMEOR, 2024, 48(1):
CHEN Weiran, XU Jin, WANG Keyou, et al. Fine-grained parallel 434-442.
electromagnetic transient simulation of three-phase transmission net- LEI Xiao, YANG Limin, ZHU Yiying, et al. Digital-analog hybrid
work based on block latency insertion method[J]. Proceedings of the simulation platform construction and characteristic research of Bai-
CSEE, 2022, 42(7): 2577-2587. hetan-Jiangsu hybrid cascaded UHVDC project[J]. Power System
[65) % 25, £ F, A ffi, %. 2T OPAL-RT f1 OPNET HJH/ Technology, 2024, 48(1): 434-442.
FEMERG LN RI]. ARG EBL, 2016, 40(23): 15-21, (78] f& &, BRHE, XHE, 55 BHLE AT g S 07 HO
92. SREMHER SR, ARG EBNML, 2016, 40(21): 84-89
TANG Yi, WANG Qi, TAI Wei, et al. Real-time simulation of XIONG Yan, ZHAO Chengyong, LIU Qijian, et al. Modeling of re-
cyber-physical power system based on OPAL-RT and OPNET[J]. Au- al-time simulation and hardware-in-the-loop experiments for modular
tomation of Electric Power Systems, 2016, 40(23): 15-21, 92. multilevel converters[J]. Automation of Electric Power Systems, 2016,
[66] GONG P, YANG H W, WU H Q, et al. Co-simulation platform with 40(21): 84-89.
hardware-in-the-loop using RTDS and EXata for smart grid[J]. Elec- [79] BADIJI A, ABDESLAM D O, CHABANE D, et al. Real-time imple-
tronics, 2023, 12(17): 3710. mentation of improved power frequency approach based energy
[67] WANGY, XUS, XUY, etal. The research and implementation of management of fuel cell electric vehicle considering storage limita-
power CPS simulation platform based on ADPSS[C]//The 16th IET tions[J]. Energy, 2022, 249: 123743.
International Conference on AC and DC Power Transmission (ACDC [80] EHsd, Mok, FHE, 45 558 N HrGEIE I R0 AR S SR PR
2020). IET, 2020: 706-711. SHEARAC G ITIET]. EREAR, 2022, 46(6): 2210-2221.
[68] {EHH, FBLAEL. 2T RTDS (XM SH @B S IR [I]. K YAN Peilei, GE Xinglai, WANG Huimin, et al. PLL parameter opti-
HAERRL S, 2019, 37(7): 196-199, 125. mization design for renewable energy grid-connected inverters in weak
REN Zhijun, GUO Hongxia. Research and verification analysis of grid[J]. Power System Technology, 2022, 46(6): 2210-2221.
wind farm equivalent modeling based on RTDS[J]. Water Resources [81] TANG AH, LU ZJ, YANG HYY, et al. Digital/analog simulation plat-
and Power, 2019, 37(7): 196-199, 125. form for distributed power flow controller based on ADPSS and
[69] B4 B, & U, ZF fE, . AR @A R AR AR S dSPACE[J]. CSEE Journal of Power and Energy Systems, 2021, 7(1):
HIREA T ELD). I ML TAR SR, 2017, 37(4): 1239-1251. 181-189.
JIA Feng, CAI Xu, LI Zheng, et al. Refined modeling of wind energy [82] YULJ, WANG G Y, WU T, et al. Variable DC voltage based reactive
conversion systems and real-time co-simulation with hard- power enhancement scheme for MMC-STATCOM][J]. IET Smart Grid,
ware-in-loop[J]. Proceedings of the CSEE, 2017, 37(4): 1239-1251. 2023, doi: 10.1049/stg2.12147.
[70] LI B, ZHAO H R, GAO S N, et al. Digital real-time co-simulation [83] XUEESZ. & rashiR e 7e Rk () H R M Fase MR 7T [D]. K K
platform of refined wind energy conversion system[J]. International FET.OR2%, 2022.
Journal of Electrical Power & Energy Systems, 2020, 117: 105676. LIU Huiwen. Research on the stability of DC microgrid with EV
[717 L2 Js, xigdsh, J o @y, 4. 3T RTDS $70 Ik BHR S R EF charging station[D]. Dalian, China: Dalian University of Technology,
B I IR R B T B[], R AR, 2015, S51(11): 2022.
134-139. (84] A ¥, A MG, B B, S KT CUEREA R R AR

WEI Peng, LIU Jiankun, ZHOU Qian, et al. Modeling and simulation
of UHVDC transmission system from Jinping to Sunan based on the
RTDS simulation platform of UHVDC control and protection[J]. High
Voltage Apparatus, 2015, 51(11): 134-139.

SEF IR F ARG T VALT]. BARRE AT, 2023, 40(1): 27-34.
ZHOU Bo, SHI Peng, WEI Wei, et al. A real-time subsynchronous os-
cillation monitoring method using improved intrinsic time-scale

decomposition algorithm[J]. Modern Electric Power, 2023, 40(1):



B, @, ILEE, % mIGH B RGN H T GRS RE

4625

(85]

(86]

(87]

(88]

(89]

(90]

(o1]

[92]

(93]

(94]

[95]

[96]

[97]

(98]

27-34.

IR, WG IERR G T KR BT IR AR e 2 7
[D]. HUM: WL, 2021

XU Yunyang. Impedance modeling and stability analysis of the
grid-connected wind turbine system under frequency-coupled oscilla-
tions[D]. Hangzhou, China: Zhejiang University, 2021.

Eorlg, WP, PR, S5 BT BRARBIT TN ) UPQC
T B d s (1), AR, 2023, 47(12): 5206-5215.
WANG Guifeng, WU Zewen, ZHU Xinxin, et al. Predictive direct
control strategy of UPQC based on FCS-MPC[J]. Power System
Technology, 2023, 47(12): 5206-5215.

YELEM S, GOLI P, ALHASHEM M, et al. OpenDSS and typhoon
HIL co-simulation for real-time evaluation of a distribution net-
work[C]//2023 North American Power Symposium (NAPS). Asheville,
USA: IEEE, 2023: 1-6.

2EN, ML xR, S T ESRE SRS EERE
PESER BT, R AERE, 2023, 5002): 122-127.

LYU Zhipeng, ZHOU Shan, LIU Haitao, et al. Flexible grid-connected
control of electric vehicle cluster based on cascaded power electronic
transformer[J]. Applied Science and Technology, 2023, 50(2):
122-127.

TOBON A, PELAEZ-RESTREPO J, MONTANO J, et al. MPPT of a
photovoltaic panels array with partial shading using the IPSM with
implementation both in simulation as in hardware[J]. Energies, 2020,
13(4): 815.

CHEN Z Y, SHI T N, SONG P, et al. Improved pitch control strategy
for the robust operation of wind energy conversion system in the high
wind speed condition[J]. International Journal of Electrical Power &
Energy Systems, 2023, 153: 109381.

CARPIUC S, SCHIESSER M, VILLEGAS C. Current control and
FPGA-based real-time simulation of grid-tied inverters[C]//2020 22nd
European Conference on Power Electronics and Applications (EPE'20
ECCE Europe). Lyon, France: IEEE, 2020: 1-7.

i OFE, WEE 2w, & BTERFEREERBEERRZ 06
FCHIEICR R I ET]. SRR, 2023, 49(7): 3040-3050.
ZHANG Jun, ZHANG Xinhui, PENG Ke, et al. Multi-distributed gen-
eration island detection method based on zero-sequence voltage
positive feedback control[J]. High Voltage Engineering, 2023, 49(7):
3040-3050.

MILASI R M. A nonlinear adaptive control for a bidirectional DC-AC
converter with parameter uncertainties[J]. IEEE Transactions on In-
dustrial Electronics, 2024, 71(8): 9551-9558.

HUANG Y H, CHEN F E, WANG D, et al. Small signal modeling and
interaction analysis of Multi-VSCs system connected to weak grid[J].
CPSS Transactions on Power Electronics and Applications, 2023, 8(1):
74-86.

ZHANG S F, LIU C G, SHI Y T, et al. Grid-forming inverter primary
control using robust-residual-observer-based digital-twin model[J].
IEEE Transactions on Industrial Informatics, 2024, 20(1): 638-648.
ZENG Y J, ZHANG Q J, LIU Y C, et al. Hierarchical cooperative
control strategy for battery storage system in islanded DC microgrid[J].
IEEE Transactions on Power Systems, 2021, 37(5): 4028-4039.
TkJEitE. 2T ADPSS HIKIUBOLRIF M & &5 E T ST [D]. R
2. PEREURYE, 2021

GENG Longhai. Study on transient stability of large scale photovoltaic
grid connected system based on ADPSS[D]. Nyingchi, China: Tibet
University, 2021.

XU Q S, RUAN B, ZHAO H S, et al. Research on modeling and
drive  wind  turbine based on

simulation  of  direct

ADPSS/ETSDAC[C]//2021 IEEE 5th Conference on Energy Internet
and Energy System Integration (EI2). Taiyuan, China: IEEE, 2021:
2724-2729.

[99] ZHANG X, HE G Q, WANG J, et al. New energy cluster and
large-scale power grid co-simulation application based on RTLAB and
CloudPSS[C]//2023 IEEE 6th International Electrical and Energy
Conference (CIEEC). Hefei, China: IEEE, 2023: 699-703.

[1oo1sk w, REM, TEFE, & ETFEDIFRBARFEHR VSC
PR A ETIAL]. ARG A B, 2021, 45(20): 148-156.
ZHANG Rui, SONG Yankan, YU Zhitong, et al. Fast electromagnetic
transient modeling method for half-bridge-type voltage source con-
verter based on synchronous switch prediction[J]. Automation of
Electric Power Systems, 2021, 45(20): 148-156.

[1017WU C, LYU Y S, WANG Y, et al. Transient synchronization stability
analysis of grid-following converter considering the coupling effect of
current loop and phase locked loop[J]. IEEE Transactions on Energy
Conversion, 2024, 39(1): 544-554.

(1021457375, £ &, kR Iy, 5. PSR I b ] S g I T 30

BCORME[)]. T E BG4, 2023, 43(12): 45-52.
XU Wanwan, WANG Bin, ZHANG Liangli, et al. Harmonic power
distribution strategy of hydrogen production load in islanded mi-
crogrid[J]. Electric Power Automation Equipment, 2023, 43(12):
45-52.

[103] MONESS M, MAHMOUD M O, MOUSTAFA A M. A real-time
heterogeneous emulator of a high-fidelity utility-scale variable-speed
variable-pitch wind turbine[J]. IEEE Transactions on Industrial Infor-
matics, 2018, 14(2): 437-447.

[104] LI B, ZHAO H R, JIANG Y B, et al. Real-time simulation for detailed
wind turbine model based on heterogeneous computing[J]. Interna-
tional Journal of Electrical Power & Energy Systems, 2024, 155:
109486.

[105] £ &%, 48 Wl Viglrh, & BT 2ds UMt RfL ek 751X

I P FAE[I/OL]. Sk )R 2R (E SRR AR, 2023:
1-8[2024-02-04]. http://kns.cnki.net/kecms/detail/13.1212.tm.20231010.
0952. 002. html.
WANG Yan, ZOU Ming, XU Jianzhong, et al. A fast simulation model
for wind farms based on controlled source mapping and transmission
line segmentation[J/OL]. Journal of North China Electric Power Uni-
versity (Natural Science Edition), 2023: 1-8[2024-02-04]. http://kns.
cnki. net/kems/detail/13.1212. tm. 20231010.0952.002. html.

[106] B 7 3C. K vl IS S MRS AT 0T AT AL [D)]. Jbat: b
JIREFAER), 2022,

ZENG Ziwen. Research on electromagnetic transient decoupling and
parallel simulation of wind farm station[D]. Beijing, China: North
China Electric Power University (Beijing), 2022.

[107] XU& ML, Vigrr, R, & T BUSLLHE B XU R Il SEr 07 31

TS 4H A B 77 v [J/OL). of [ B HL LR ¥ 4R, 2023 :
1-14[2024-02-04]. https://doi. org/10.13334/j. 0258-8013. pcsee.
230611.
LIU Yifan, XU Jianzhong, ZHAO Chengyong, et al. Refined modeling
method for real-time simulation of large-scale offshore wind farm sta-
tions[J/OL]. Proceedings of the CSEE, 2023: 1-14[2024-02-04].
https://doi. org/10.13334/j. 0258-8013. pcsee. 230611.

[108] LIN N, DINAVAHI V. Exact nonlinear micromodeling for fine-grained
parallel EMT simulation of MTDC grid interaction with wind farm[J].
IEEE Transactions on Industrial Electronics, 2019, 66(8): 6427-6436.

[109] i 14, ZE50H), SKAFHA, &5 36T FPGA i ELBRA R L v 4ty
WA EBITVED]. TR 7], 2021, 34(11): 42-50.

LEI Xiao, GONG Wenming, ZHANG Sixiang, et al. Research on de-



4626 i LR AR

2024, 50(10)

tailed electromagnetic transient modeling method of direct drive wind
farm based on FPGA[J]. Guangdong Electric Power, 2021, 34(11):
42-50.

[110] fefns, MfERE, B 55, & SRR E BRI HRR

HRA P —— R SRS T AT L] B RGERY 5],
2020, 48(24): 145-153.
XIONG Huagiang, YANG Chengxiang, MA Liang, et al. Electrome-
chanical-electromagnetic transient hybrid simulation of an AC/DC
hybrid power grid with UHVDC hierarchical connection mode[J].
Power System Protection and Control, 2020, 48(24): 145-153.

[ITIJLIR L, LID Y, GAO Y, et al. FPGA-based real-time simulation of
LCC-HVDC systems with C-NAM method[J]. Journal of Power Elec-
tronics, 2023, 23(6): 913-922.

[112] £ 2, XIS, 2P, JET FPGA MBEHUE 2 f P ini % Sh
D7 A S REARAEIASZIR (). b [ AL A2 A3, 2018, 38(13):
3912-3920.

WANG Yu, LIU Chongru, LI Gengyin. FPGA-based real-time model-
ing of modular multilevel converters and hardware-in-the-loop
simulation[J]. Proceedings of the CSEE, 2018, 38(13): 3912-3920.

[LI3] X8 i, REJIX%, XURMIT, S, A VRAC # ) S Y8 AR I X 3y
FIFATVI HIOTIET L], R, 2020, 44(4): 1211-1219.
DENG Pan, SHENG Wanxing, LIU Keyan, et al. Methods of transient
model and parallel simulation of region segmentation in active distri-
bution network[J]. Power System Technology, 2020, 44(4):
1211-1219.

[114] ERHL, B #, 5k, & ST P A VRIS R M £
HAEIHATESH AL BMEOR, 2020, 44(2): 673-682.
WANG Zhaoqi, TANG Wei, ZHANG Bo, et al. Multi-rate parallel

transient simulation of active distribution network based on optimiza-

tion decomposition strategy[J]. Power System Technology, 2020, 44(2):

673-682.

[L1S] XURLGE, e, 38 Fi, & EETRHMEME 9T R R W 2R
SOTRIEREITAE VAT AI]. BIRER, 2020, 44(11): 4088-4095.
LIU Keyan, YE Hua, PEI Wei, et al. Research on computational per-
formance of multi-rate transient simulation in distribution network
based on Eigen-value analysis[J]. Power System Technology, 2020,
44(11): 4088-4095.

[116] %% WH, W2, b 5. FET AR RS HRC B RS B R Gisk

I ETIVEN]. BT E B4, 2023, 43(4): 127-134.
ZHU Li, YE Xueshun, SUN Yong. Real-time simulation method of
distribution network cyber physical system based on trigger synchro-
nization[J]. Electric Power Automation Equipment, 2023, 43(4):
127-134.

[117] TS, T FPGA KA VRAC H M S 07 T 4 [D]. K R
FER2E, 2014,
DING Chengdi. FPGA-based real-time simulation for active distribu-
tion system[D]. Tianjin, China: Tianjin University, 2014.

1983—, 5, 4+, #ig, @%

W7 8 AR eI R L5 IR . T e ) R
53R, ia iR iistr 54

E-mail: hzhao@sdu.edu.cn

ZHAO Haoran

Ph.D., Professor
2]
2001—, 53, At
WA T AR A RGN B FE TR, Rl
e LS A
E-mail: linghanmeng@mail.sdu.edu.cn

MENG Linghan
ITZECEEER)
1993—, 5, W4, ByFiwrsi
WHFTT RIS B AR R RIS A RV R S
E-mail: yjiang@sdu.edu.cn

JIANG Yibao
Ph.D.

Corresponding author

WREH# 2023-10-03 ERIEHEA 2024-02-26 R fAIAKEE



