%425 % 4
2024 4 A

B RERER

Renewable Energy Resources

Vol.42 No.4
Apr. 2024

ET&IEMEREHNEENE 7 % & HElL

HEE £ R BFES

R4,
(LEMHNZFEREBEIHRAF, NEN AR 0100105 2058 BHLR, Jba

R R A
100084 )

B E: R TR REIUA FURT R R e T A o LU AR R T AR GE SR A 24 ] AR
REDRIF AN A 2 R 0 e L TP RE DR ) AR 8 R SR 35 50 AL R oK, SCREAR Y T —Fh SEAAH
IR T I  IFOT TR AR R, I AL TN A R I A SR R R Ak S
SRS LU A SE AR B I B SR R T ERAE [T U ) D i b 1 I A B ) R AED RS2 00 B 45 2R
RS Sh S WA L 4 TR AR, A8 e 1 2 B I S 2 5 i, T ISR S 405 0 65 I 1 B
AT 5 L ) SEARUAF R I B , A DR B B PR ) R 500 2 AR e s A7 S T R E RE TR AR 1L 1 8l S8
KR ORI PHEREIRINGY; PRI AHERM:

hESFES, TK81 CEKIRE. A

0 515

B2 T A BB TR A2 HU RN H T H R A A AR
MAORETH G ILAR RS BT RSS
HL ) 22 T A B FH 5 | & B4 S AR 5 ) H 25
0 TR, T E L R A ] A AR IR R
Je FAEAE E T R G IR 5 A, Tt
FRH IR E R AR R A EIRIS, S8 2R
RHIL R Ve s Tk & DR B4, 3 B T AL
Do = g - XU I 8 R AR 35 Hz A2 Y
WIRIARY, FEE & LA DA ik & S 4R
PR SETI 2", S PR i RGP & A 1T 1270
Hz 7647 0 = SR ¥ , 3 3508 1 L U A O 2R A bk
]S48 AR 5 OB R i 24 W] P A AR IR & |
B R G R B TR R i — 1 R T
AR SEATURE B e B, SEEUHT R ) RS e
BRI W, X 5 S R R R RS
URRREBITHAEERZ L,

R EN O KA 0 SR 5 AR L
WA 00 e 1Y) H AR 2 SEBE 2.5~2 500 Hz [
WAL AR I H AT, B NN R
[ (3~100 Hz) AH I Ak AR O R Gk
B H T H T o LS, v AR e A
BB G B, SCEk[1242 W B S
o7 A ) A S R T I R P g
b (51 282 G S P B 2 2 W Q9 UL s 0 1 =L

WisEE: 2023-10-21,

TEHS, 1671-5292(2024)04-0506-07

TS FTE AR T RIR AT SIHRKHIE,, SCHk[13]
P T P T A IR A R AR 1Y) 3~45 Hz X[
ARG S B - RPER T, BARA
FIF RGER R R () AT | (H e = B S0
Pz M F D RERD AT S 00 E . SCHR(1414%2 T —
TSR0 BV A R AT DB A S 0 i (E)
T AR, Joik s s B A RN AR i B
N 7 SEE NP, SCHR[ 1S, 164 1 T 26T H 3
I U8R R AL R G AR I B v, ARXT T £
PR 3 A ) A s PO MERA B, (& R T
Ji v v AU 0 A RIS, SCHR(17, 18 41
T —RhBENS SN 2.5~2 500 Hz T&A5URH G0 425
B, HRZEE R 1 s BHE %R 100~2 500
Hz PAAH L Wi SR B2 SCRR (4] T B R
H 025 $ (Discrete Fourier Transform, DFT) %8 %
P T —RhXF 2.5~2 500 Hz T 450k & 69 I 5
5, PR 100 % e 1 AR B (R X
T 300 Hz DA b (1 i A 3 A 12t A I 1R 250K
AU, EUA R TEARUA ) A ST R 245 B A
FIEMFIE Y B, A WS LA A 1 R/ [R]85 4R
DRI R, (IR EA b s SR = 1)
B, T C A MY TR S I e B A7 AE R
e MR R A A7 R/ L U LR R )
i 2 5 I 1 PRI I, G AR 0 i vk B A
A N ) 1 P SIS AR 0 | TR R 2 A

EEUIH: BEEKAARAREETIIIE (51925701) ; F R A 5 AH R A FRA "IRHE 5 H (SGMD0000DD]S2250017)
BIEEE. lgf/]\;l':{( 1975-), 5 s 1t S EESREFZ s WFsE I M 1 2% N H H sk, E-mail . xiexr@tsinghua.edu.cn

- 506 -



SEE. %

ARG AT AR S R R A5, St
RS TR IR D | THERA T A 2 B A
HE L,

B BRAT G AR B0 2 ) (R RN A, AR S
P& T T T LA (B M) SRR i e
5, P T — P AU I R R ]
BEAE P FRAE BRIR A HLuh S5 X, 56T 10 A HEDJH]
Uk ST 1) 7 A [ e S 2 /0 4 (6 8 A5 1y B A AH
I, FEFRT 2.5~2 500 Hz (4R35 AH 2 BT
B RS R 128 E e TN DFT 5%
=W A BRI AW AP A5 R SRJE 45
GAFER SR BT Ltk [ H B ME: T st
PR AR IR AR O 25 2R, 4 T Y
MEASRE ;e 35 T FLARE 5 A0 S i B0 1
(Real Time Digital Simulation, RTDS) XJ%& & ¥4 7
b W T S TR 0 s i T N e el B e WO X
1 FEFHEENERIMESTE

SCHR[4]4 HS 00 S8 ARAH B 0500 % & SR ] DFT
ARG AR THRR, RN iy X
TSI (), R4S S AR (5 e v
A IEAE ARG ARG BE B ST ke B R
HL T R AE 5 #1710 T e DFT 358,

i 2 ) 2 H(n)+i,(n) o (1)

S H(n) =

K LIRS AR RS S B 45 5 5m A ALB,C =
FHFRIR 3 0,(n) I B (e [1,N]) N AHELE  H,
TRFES 5 5k Hikddn s, B £=0,1,--- ,N-1;
H(n) DU 14 PREL

£ DFT A3k o3 B4 A v 48 50 W 1 % 7 o
FIRARLAS,, &S AU i (R T R M s o 4 - vf
BEE R RZ A7 S50, TS 30 A RIS X T 1Y
DA DR RO AR AN

, . - A )
A 17:‘["1[1’]‘ : sin(m-A)) -(1-A2) (2)
p'=LLJi-mA; (3)
ffo ((+A)IN (4)

i R AE SO R TS G554 p' Ff 5
ol A T WA LB R A 2 B R B R A
PERBIR 3 f, S RABER s A, AR A 5 B

| LLi+1]] = 1,[i-1]]

VAT FEI AT E AT

AT RBAME T IAR BN T 7 i A m X

FEM G E A, AT RGEE DL AR e
AR EI Rt S (ERTIBU Rl Vi Woa: e e e <]
T BT A ] %) 2 6 TR B (2.5~300 Hz) #H
i O R R AT G R TR T e A B
(300~2 500 Hz) AH R, W (ELFNAR A A 0 d 152 25 Pl
EIRGATR IR ETE R, X F BT
SEhRke B MR AR R B E S
BN I H SR A P LR B, 17T %
i VLS R A8 A FR B A5 Bk Bl ) 2 i 7 5
PRI 25 M), B JRRES X R A0 A 5 A7 AE R L 41020
HEAS ) TEE T AR R 32 A2 B B AR
SR FZ P ] DR AP0 T 1 25 R AT b
) SE R R e X T A A 2 0 SR L B
ShAR BV BIARE S MAZE R, A A
WA RIAR 57 0 5 15R 25 5 003 22 (R A sRBIOC 2R L 2R
JEAECA RG0S A T AMEE
KIR,FE 300~2 500 Hz B (R 5 1R 22 5 1Rk
WRZ A O R A, PRt T 3 e 2 1l
77 R B RS B (BRI S 45 Rk A T
M,

BB A TA SR HAE 5 I 5t
W1 537 (1) 1R 25 R M R B

AA=W - f+b, 6)
Ap=Wy-f+b,
T AA L Ap 53551 A R W AT 2 () M 5 f
SAHEEARAE W o, Wa, by R by S RIA S

AT /N et B A S8 s,

Rl H b pR &

min . (|4 (f)-A" () |-04 ()}
(7)
min 3 {[p () -p" (D1-8p (H)F
oA M AN R T 1 R R I RS SRR
A(f) A (F)FTAA (F) 53 5 R 3R 52 R f; BFAH &
TR TE A BRI AE . AMZA Ao I (e AN [R1 ) 434745 2]
BIRMEAE ; p (F) ,p" (F)FT Ap (f) 53 S MR G A5 A
S PR AL P EETEAE . AMEEHT A I (R A R )
NS B AR MEAE
PRI IR I AR AME S AL p. 43 9
A=A"+AA (8)
];FP "+Ap 9)

- 507 -



T RERER

2024 ,42(4)

Zi bR Hs(4), (8) FI(9) AT HIRFE
Fs L A SEASURT I 4T
2 EHMEENEXREFRSIT
FETFASCER S AR I S A5 A T 58
o ERelllh e A S v

FLRHL U SEUR T
fr 5 RAE SIS
FPGA fib/R ARM

RS RAERH RS AEAR

; f

——

ENEE
AL
Wt Wt S

I I

D, T s, |

RS | S RN
FMAMETS TS
5 DSP1 s DSP2

B1 THEENEREFHREE
Fig.1 Hardware architecture of wideband phasor

measurement deViCe

T B AR E R A | SRR
AR (E R R Horh ST g g e
I"JF4%1] (Field Program—mable Gate Array , FPGA)3Z
PR/ H It R A . LR SR A
FHFRAF S AL PEER (Digital Signal Processing,
DSP) S B A 545 45 RH i s | FL A £ 1Y
M AMESEIRE

Kl 2 R 1) E R TAE AR

< HARRE G R R S )
v
X/ H R S A T U T DFT
B AR R ST A R
v
MR A (L R 0, 25
AL S 11 8 L0 2 0% 5 [ -k
v
H P IR (T A AR A
AR BRE AR AL R
v
SETREA B A 3BT 4520 X 0
A Y R (AR (LA T A M

P LB W S, R %
Ttk Sn RIS

B2 EMEENERMRREER

Fig.2 Flow chart of wideband phasor measurement
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Fig.3 Picture of actual testing scenarios
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Table 1 Measurement error of multi-mode wideband phasor
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1879 0226 0542 0195 1015 -0.012
1967 0.055 0444 0243 0378 -0.066
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Table 3 Measurement results of DFIG output current phasor
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Method and testing of wideband phasor measurement based on
linear compensation

Yi Shanjun', Li Yuan', Ma Ningjia®, Li Huawei?, Su Peng', Dai Xingtao', Xie Xiaorong®
(1.State Grid East Inner Mongolia Electric Power Supply Co. Ltd., Hohhot 010010, China; 2.Department of
Electrical Engineering, Tsinghua University, Beijing 100084, China)

Abstract: With the high penetration of renewable energy and electronic equipment, the problem of
wideband oscillation in power systems is becoming increasingly prominent, which has become a key
factor restricting the efficient consumption of renewable energy. A wideband phasor measurement
method is proposed and the corresponding device is developed to satisfy the requirements of wideband
oscillation mitigation and protection in power systems with renewable energy. Based on the windowed
discrete Fourier transform and three —peak interpolation, this device can measure multi —-mode
wideband phasor of multiple voltages and currents. Besides, the amplitude and phase of high -
frequency phasor are compensated based on the linear regression, which effectively improves the
measurement accuracy of the device while ensuring the dynamic response speed. Finally, the
measurement performance of the developed device was verified by experimental testing with testers
and real —time digital simulation, and the device can provide support for ensuring the safety and
stability of power systems and the consumption of renewable energy.

Keywords: wideband oscillation; renewable energy consumption; linear regression; phasor

compensation
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