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Frequency Regulation Method for Off-grid Virtual Synchronous

Generators Based on Linear Active Disturbance Rejection Control

DING Hongzhi', PAN Bo?,GUO Xiaorui'*, WEN An?, YE Run?+*
(1.Huzhou University , Huzhou 313000, China;
2.State Grid Zhejiang Anji County Power Supply Company , Huzhou 313300, China;
3.Yangtze Delta Region Institute (Huzhou ), University of Electronic Science and Technology of China, Huzhou, 313001, China;
4.School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China)

Abstract: To address the frequency fluctuation issue caused by load mutations in the offline mode of virtual synchronous
generators (VSG) and the insufficient dynamic response of traditional proportional—integral (PI) control, this paper proposes a
VSG secondary frequency regulation strategy based on linear active disturbance rejection control (LADRC). First, the
mathematical model of the off-grid VSG is established , and a LADRC-based frequency control scheme is designed.lts core
employs a linear extended state observer (LESO) to observe and estimate the total system disturbances in real time , achieving
dynamic compensation through linear state error feedback ( LSEF).Finally, a simulation model is built on the Matlab/Simulink
platform to conduct comparative analysis of the frequency regulation performance of Pl control and LADRC under different
load mutation scenarios.The simulation results demonstrate that, compared to traditional PI control, LADRC exhibits superior
anti—disturbance capability and faster dynamic response speed , significantly reducing frequency fluctuations and enhancing the
dynamic stability characteristics of microgrid frequency.Notably, it maintains stable control performance even under multiple
continuous load disturbances. The research results provide a theoretical basis and technical reference for optimizing the
frequency control strategy of off-grid VSGs, offering practical application value for improving the stability of microgrids or
independent power systems.

Keywords: virtual synchronous generator; linear active disturbance rejection control; secondary frequency regulation; dynamic

response ; load disturbance
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Zhejiang Electric Power Corporation Collective Enterprise Technology Project Funding (HZTLKJ2023-01) ; Sichuan Regional Innovation Project of
Science and Technology Program (2024YFHZ0089).



55524 (AE5 33190 LW e D84 2025 445 6 1
0 == AR 5 AR T BUW R L Bl ] B, Sk [ 12 146 0 i

BEA BT RE IR AR B PR A R, U & DR &
HL A8 A 2 PR R P T v 38 3 RS Y
SR , 3k 2L B & H O =il = P S 45, B0
PO 7 5 10 3 A 7 I A0 AR A I 5 22, A ) 2 T B A 5%
AR, 25 oy 7 AR BRI B0 2, DT 52 Wl 2R 452 1Y) 42
eSS A i T R AU A 2D % L HL (virtual
synchronous generator, VSG) Jit B i #2 ill £ R RE % &2
LR AL AL A A HLBRCIS P 15 BELJE A 1 fel 372
IR B RU R AL HIL A 225 e 3 B8 5, DT 4 A e
P B A3 T RE 1. SR, VSG AR I 5 ROR
S A 1) SRS 5 e A, AT G A A 1 Ok LA A v
FOX A AT 35 1 L AT SRR M TR T A R

VT AR, YR AR AR TE S H Do 431 38 30 45 vh 7
NEHTH £ 72 FER BT R A ) 32 2
HARJE VKA VSG BB A AN 2, T A 280 HE i M
RIS N RE ) HEa SR VERE . &5 A
DRI E S R ol B L o | A AR
(proportional —integral , PI) # i 5 7% 2 % PI #2317,
SRR SRR o SR, 33X 26 5 B A T X A AR B
T LI, 77 B0 25 V8 19 3 T 5 e A A T N 82 22 [
AR , 25 5 S BOW A 8 Bl 0 2218 S )l

2 M A Pt 5 il (linear active disturbance
rejection control, LADRC )1 iy — Fp 3 F 23 sh 4k 11
SR SRR 7k 38 Y SRS LI A
(linear extended state observer, LESO) 52 ¥ & 4t N 4h
YLl ) S B A T, IR e ot 42 ol A 3 Sl A
ol o FEH AR g ALK B A PR Bl 2
F4: 0, LADRC E 5 50 F 7] A5 R0 il = A5 2 9 4
Thah 250 B R (EAS O B J2 , R Tt 23y
TR - 14 P, 7 HL It S 5t A 058 RELJE BRA 7 TR A TR S 1)
I I HL 3 S 058 0 %€, LADRC € Bk 2y i I LCL 7
WA G ) JCAR AR R AR SR T A AR
RGPS MG Ty TEHTRE IR A& Fy 40, Bk
F LADRC [P 5 K I % 5 R (maximum power point
tracking, MPPT) % il £ RE 12 2 $2 TG IR R gL sh 254k
RE , 7E I ZUER B AR 40T AT ] /b T A 4% 35 1 3 e
Ry R, X FE 0B T LADRC 7237 REIR LN
YR b psn G, JE—DHL, X VSG REGEh

2

F B LADRC (505 TG0 #2207 5w, ] 523 bkt
TUREAR . A, SCRR 13 10 i B LADRC 51
A VSG I W3 [ 25 s il A5, B AAL S8 PLAE 2%
AL S BT S R o B R L AR 57 R3S 1 g A
PRER i 2 A T I W R -

S fif e B AR VSG 2R G5 7E 11 48 5878 (14 4
A [, B2 K — i LADRC B T R P45 R
. BN VSC AL SIS LADRC £ 3 W 2%
PR A OC Rl 58 S EUb R T ik DL A 2 4l
TR . BT EAE 5 MATLAB/Simulink # 37,
FRGEAEAY 3 BN [ 67 fif 0 2 TG, X b A3 A
LADRC 51£4t P& 76 R Gl IH i RS Hg 1% K o))
A5 10 TP A T AR RE 22 S . D LSRRI BT
PE ) LADRC 2 i 58 0% GEAT 2035 VSG RS )
SRA YRR S AR S A R R, A HE TR ) B i
A B 8 A0 3 S P B AL TR B AR R

1 VSGEAKFIE

DAA I Y VSG il 1) 3 190 B P D) 3R 496 A BF 5
XPGE . B G R DO B [ A R RN R B AR
SE I SEILT R ST RS & AL s Bl
J5 R AT SRS A0 VSG REfg R i 45 A5k,
PRALBE SRR JE AR R Jo oy e He g il DU 38 g A
ULl R 2 5 8 L FE AR R it FRL R, DR R R
JEREENY . ST VSG ARG HHMIE 1.

Sy

2 ) 7
L Re /i) U, L R
! g

SVPWM IS
JAila ﬁ%

dqg/abc )
lab{ l Uabe VSG },; %‘J P

BRI | _[aberiq|En} (A1 IOEER] | P Qi
AUAEF Y1 [l |

B 1 VSGErRERHE R

Fig.1 Main circuit topology and control structure of VSG

1, U o BN AE R, R L A C R Rk



TS T LR A HTICR A s W0 R0 25 S s USRI 35 T 1

LC UG , R, S IR PO A I L, AR, Ny VSG By
i AUIE= FYNONOR) 1 DSBLIE S o2 TR SN SETAN AN |
DR A T LR 5wy, D 0 E AR HL I LR s 0 DL
WA s 0, S AUE MR s PO Q. 3500 VSG Hin
WA D TPRA T T R P, Q43 BN A TR
TR EEN B, N VSG ZE L8 # . VSG 4%
il 5 i = %%rﬂﬁ$ﬁﬁl¢%ﬂ$ﬁﬁr¢m1ﬁE EZ30]
FA, S PR OB P PR o B e 25 (8] % 5 Jok v 941 1
(space vector pulse width modulation, SVPWM ) 15 3] jift
R Kf
ol LI 25 5 L B S R T

BILHL B 2 B A AL i Y VSG A T R R Y
iy
j P P p - wy
d o, o,
(1)
o _
dt_w @

K. P, R VSG WL Y% s D BHIE R %L T i gh
R 36 S VSG T o

Ty DA R AR P JH AR T AR N

P,=P,-K(o-wv,) (2)
KK oA DR 25

VSG 38 1 B A8L ] 25 S AL % e i R 8 4
Pk, %Wﬁiﬂiﬁ?%ﬂﬁﬁiéﬁzﬂ*jﬁ@o M Yy far
GRAZI  MREEAT R DA AR B By, b vty o Jf
T T R R A T DR ﬁﬁ%%%ﬁ%‘zﬁlﬁ

SRS MBI i IS 1 A o

i 3 Y VSG E’Jﬁﬂﬁﬁ%ﬂ}ﬁxfmﬁﬁﬁﬁﬁﬂﬁ
)32 By PR RE | XoF Jo 2y By 220 R AT 5 i 22 AR 43 i
Ak, S BR324 7 I B P RS 2SR, i
T Ry

E,=E, +K (Q.-Q)+K (U,-U) (3)
KK, DAY REGK, MHEERET 25U,
SRy 390 A 2 v LR A AL 5 U A bl A 28 it LR SE PR A

VSG 10 D45 il SR mé B AT OUE 15 DI RE , AN Y
S PR B JC 2 T AR B 3 RE AR IR I 0 £ HL S i 22
SNSRI P A S SR N R

2 EFPH=EHIBZXRIEM

24 VSG AbF B Mgl Sz s 47 TO0AT, 638 28 18
RS FEIRIM, IR RGBS, HT

VSG — RIS A MERE 1A PR ME L 58 Wk MR

A RER I R G ke M. R, IR AT T4 R
G B REE?, B2 NET PLEH M)
VSG RIS i ERHIR IR S AR il S H
JO B SE R G P 5 il  , SI2 BHLA R AR BRI VS
Wi 71 ey A8 £ 3 ) R A PR IR R SR I R T
P R FOR R

dw

Jo,— =P, - P,

a -Kj(w-w,) -

(4)
Ko, f(w -w,)dt

Jctin K, = K, + Do, F1 K, 535K P15 (4 Eb 451 F AR

B2 ETFPHZRHIKN ZXERRSEIER
Fig.2 Block diagram of secondary frequency regulation

system based on PI control

FEF PR B R ] 35 5V 2 R G,
RS RN, PR B a1, X 58 & At 23 g P A
22 BEAh, AR ES PT 45, AS [R) 67 28 F 75
BT S B e, T AR S EURRAS IR E B R SR
2 LADRC 3 1 S LI 2 9 32 sl #Mz2 , S8
TP AT R AR S AR B S BE ), B R T R
GLEhASMERERRSENE . L, A SCR AT LADRC
1) R IRIART SR s

3 ETFLADRCHI— &iAH

BT M 2R VSG R Bk = K H ) S 5 S 8
14 A0 %6 R P n) R, AR YT AR RO BR T 51 A
LADRC W& , ML sl Al 1 F— M HL S Aty 56 = 5fk
BT 7 1, VEAR 204 LADRC Qnifa] 3 5= 41 5 £ i 4t
SR TR RE . IR LADRC X R 430
SREEMUGEER W2 g 5 VSG # iz sh iy
FERIF A OCFR |, 7= XL #5217 58 55 00 Rk 5 B 1)
WTERE R o #5 Tk 4S5 LADRC #16 F #% VSG
W R o A R R



52 (5 3314)

L g ) H A

2025 55 614

A (D) AT, VSG S —Br R &L, % H AR 4

dw 1
= [Prcf_Pc_Kf(w_wn)_
dt  Jo,
(5)
Do w]|-—w,

B 2 GE RS I B A R R A, O AT
Pt w, BEFEXT S VSC Bk 2T R
y=f(ty,w)+ bou (6)
Kby NRGX G WA R VSG N BB & 1
FANE AL 20 0y SR B pR A, WX (7) BR 5 b, AR
R, =X (8) FivR su i RGEXT L% A, = (9)
JIiR o

1
f(tvva)zj [Pref_P&_Kf(w_wn)_Dwnw]<7)
w[l

D
b, = -
7 (8)

u=w, (9)
RGBSR AT IERE S B A h 2R
{k(t)=Ax(t) + Bu(t)+ Ef (1)
y(t)=Cx(t)
KA B E.C RIS ZS [0 R BUE ORI A =

3 ot o

A7 LESO HPRAS RN
z2, =B (y —z,)+z +bu
{z'z =B.(y - z)
KBy N By WFEE R B 2, Tz, ¥ i £ v a) A2
Ho WA LESO MRk 2 X (12) iR o

Z‘I _ _Bl 1 2 bo Bl u
u_[-ﬁz O}LJ{O Bju (12)
X (12) #E A7 40 3 e 4, 45 380 HE & g 3k

z,(s) 1 bos  Bis+B,||U(s)
Lz(s):|=sz+,813 +,32[—b0,32 B,s }{Y(s)}(n)
HRAE X (13) 1] 3R 15 LESO [ HRRIE 7 50
A(s)=s"+Bs+6, (14)
e TR A AR AE 5 A ACs) = (s + @), U 2
A (15).

(10)

(11)

1 = 2w,
{B (15)

B, = w;

K, F I ZR FE

—Fr LADRC Z5#9 00 3 fros, 52 i w4 il
o] 6 2H B, FH T 928 ol B 8 X 42 PLANT, N 3R R4 5
PR3 LESO SEA Al I AME RGeS 3,
HA R BT LESO X sh i af Al 1112, 4h3F
R R A, 38 A R A R A R
ot b R R A, b R ERE S B A

3 —MLADRC&Z!
Fig.3 First—order LADRC model

FRAEE 3, 7T LAHES: LSEF 5l A i ik =k
u_Kp(r—z,)—zz (16)
S
KK, LSEF W34 25 M FREE S5
i (13) 48
= bosU(s)+BisY (s)+B,Y(s)
s’ +Bls +,82
; (s)_BZSY(S)_ byB,U(s)
’ - s* +Bs + B,
X2 (16) 38 i A8 6 T 45

K[R(s)=z,(s)]—z(s
SRRLALORLIUICEIL RN

B ADRAK8) i nl 45«

1
U(s)=7-Cs) [K,R(s)= Y () H(s)]  (19)

z (s

(17)

S+ Bis+ B,
C(s)_(s+Kp+,81)s (20)
_ (Kpﬁl +:82)3 + KWBz
H(s)= s+ Bs+ B, (21)
M5 (19) AT 155 VSG 19— Ky LADRC #E & 1

El 4 Fis o

SR TR R A e 1 R A 5 R G ) R R
g, Mg A (13) = (16) A s Hi=(6),
o34 il



TS T LR A HTICR A s W0 R0 25 S s USRI 35 T 1

r i [l /] @
LADRC
[ 1) 2F -

%Y

4 —MLADRCHEE
Fig.4 Block diagram of first—order LADRC

V(s)= 1 (F(s)+ b (s)) (22)
L 0 2 BB U (s) T 40 0

F(s) 20 n, fife nl 15 -
Y(s5)=6Gy(s)F(s)+ 6,(s)R(s) (23)

(s + B, +Kp)s
G,(s)=
K A B gy Y
— Kp
Gw(s)—H—Kp (25)

5T LADRC U E L K, = 0,0, B
WA T8, AR, AR R e R 2 o, Ml o,
MsEm . TEANE RSN S F (s) TG 0L T, AR R
5 1) 42 335 R BORT 8 1l AL B 22 K A 7 14 T
XH

KP
Y(S):5+K (26)

L5 77 AR G, LADRC AN H TK5 5 1 R 48
BAY, Bef% 113 WA [ £ 328 Ak, i 280 2

EXFES T , RERIREETERE E B Z o, KI5
W, A HER o, R TE RIS IR EE S % (55 1
RS, A7 R il A R, IR S B AR 4 & nT DL
LS o, W3R, BURFRE NGB, IR R S
B S 25 0 O B o 3K R R o, BB IR A 4 o
A A% B N 225 {5 5 I AR 4, DT 46 2 R 48 1Y
PETEEE] . SR, i B o, T RES R AR R SRR
SEARBE BN R GE R E AR . L, 78 SE BRIk
Th, 7 R N SRR, DLk B R i

0
=10
— w.=20
% 207 .=50
s — w.=100
g 40t
-60
0
T 45t
a
=
-90 L 1 L .
10! 10° 10! 102 108 10

B5i5%/(rad/s)
E5 MZTe FEHG,(s)HBEER
Fig.5 Bode plot of G, (s) by changing the

control bandwidth o,

TE75 JEANERYL Sl F (s ) i), REERIBT T HLRES) &=
LR T o, Ml o, I 6 BI5A I I 45 53 0] L&
R @, TR T AOBE B A LA L, AT 4 56 2
GEXE 40 B3 R BE 1 AU Sh A wi R R . R
AT 4 AE S AR S A . BT 4 R R
W FE B Ok R G E PR R ATHR T, 5 BUE N o, A BY
TR P RE

E(E/dB

)

HAfE/ (°

o 100 10! 102 10° 10*
B /(rad/s)

E6 MTo,[EHG, (s)HAEE
Fig.6 Bode plot of G, (s) by changing the

control bandwidth w,

) 2, 7 B S A LU 340 o, P42

5



52 (5 3314)

L g ) H A

2025 55 614

THABL AR LA BE , THIA B T4 i R vt +
PHEST o HBEHR o, BIHIK, 2R GERENS A SR B A
IO PR A3 LA K, 7 T ARy, 2R 0t BT R ) £
ok A7 5 LSRR AT RE 2 R M1 R 2 B0 M P 41 o
PERE. DL, ZESEBRN I, 0, BB BE25 5 5 18
ARZSAG T (0 PRSP R 2R 0 %0 s M 75 ) B e, L)
TE SIS PERE ML IE RE 2 18] U e 1105

=201
2] -40/
=
o
£ .e0f

-80

90

S =10

. 45t —— w.=20
o a),.:SO
g — =100
3 0
junag
& 451

-90 L L L |

10! 10° 10! 10? 10° 10
B /(rad/s)
B7 T [ENG,(s)HBEE
Fig.7 Bode plot of G, (s) by changing the control
bandwidth w,

4 RESH

41 (FESHIEE

JUT AR A 1) 5 ) B PR IO 2R G A0 A R 50 kW,
M 15 50 kW fEfE 2 #7 VSG A 30 kW BHM: 2k 4H
Ao VSG i BT Lk e At 2k BE R, e Ho Ao A
A, 85 7E MATLAB/Simulink 3385 drgdt <7 1
VSG & il {f B R 55, 45 R 2 IZ R W 1 R G ke vk
FSHZS VAT Ry 1 2 B G B 3 . AR ] T
P30 A ERAE NG TO0 T (S T ReE , HPEAL 1 i 3R
W Xt 28 Gt a1 L s A i R KBt T A RE 1 B RE
REMFEHESENE 1 s,
42 HELEREHSH

TE B AR, SR F I 5y 7 EE %) VSG #E 47
AR . WL ET 2], A5 D 48 A N 1 3K
B2 20 kW, 7E 0.5 s B i faf 5838 10 kW, 7E 1 s B 17
fif 5 10 kW, B 1.5 s,

& 8 JE/R T 1y B BRAR Ak T30 T R Gl R 11 5y

A Rt AR, SR ARG VSG fE s ms g, i T ook
49.51 Haz, B A5 320k 2l vl X R 48 HoAh oo F 1 il
Khdio T PLESHIY VSG 5 & AR I A BE S T 1%
R AR 2, E Bl 2 1 A 0, I Bl R R ) A A
iSRRI 7 PLEEHIT , RGUR AWK R B[] Sy
0.24 s, #1408 J¥ 15 3] 026 Hzo, MHILZ T, ET
LADRC K VSG # 5 4 hil 55 W e 3= 8 sl WLl -5 iy 45t
M, B ERRT T RGN SN AMERE . AEARR T
T IR B PR A2 B A 46 2R 0.08 s , 8 1R I R R A 2
0.03 Hz, BENS B PR M AS E RGEMR , IS0 TC 22
o I AR TG R 75, T LADRC J5 %75
B e 1 R R AR 1 Ty T B B

®1 VSGRHZSH
Table 1 Parameters of VSG system

28 HfH 280 HfH
P/ kW 20 U/ V 800
Qm/kvar 5 v,V 220

L;/mH 5 R/Q 1
C;/mF 0.2 K, 20
w /(radls) 1007 K, 0.05
J/(kg + m?) 0.2 K, 600
D/(N - m - s/rad) 10 K 0.01

50.31

50.2¢

50.1 — LADRC

50¢
T 49.9¢
g 49,8

49.7¢

49.61

49.51

49.4 : - !

0 0.5 1 1.5
M al/s

E8 AEIZEHIKEET VSGIEKH
Fig.8 Frequency waveforms of VSG under different

control strategies

VSG i b AG ThPR K 9 BrR . MBE Rl
DI H, LADRC ¥ il % & BE 0% DLk )5 4% VSG B4 TN



TS T LR A HTICR A s W0 R0 25 S s USRI 35 T 1

DR, LAl R e A2 4k . AR s S I, REE
R b T, BEAS IO, JLIN A P9Ik BT AR A
TE S SRR IR, 2R S8 D138 Rl A REAS TR T I, IR
TERE (H o

35

1 L

15

[N
i

iy TR P/KW
S

—
W

—_
S

S

05

i [E)/s
9 ETLADRCHIVSGHIHBINThE K
Fig.9 Output active power waveform of VSG
based on LADRC

B 10 7T LA, LADRC #5468 5 A 4% 2 55
2 G0 H R 5 U R E M, IR AE A far 28 728 B e
R AF I S A N R . 7E 0.5 s B far 23 10 kW
Asf, L 3 PG P DA C B 67 Ap 75 2K i R R A
BN Bl I RE IR E AR . 7E 1.0 s B far 28
10 kW B, 90 iR (A TV T [, R 40 L R R R AR
T, TG R i v

.
3 }"W\"HHNH \?‘W

|
2. g

400

HIHHH/

-4000

(a) ¥ 5T

1)/
(b) &%k
10 E-FLADRCHIVSG EBIEBRKF
Fig.10 Voltage and current waveforms of VSG
based on LADRC

ME 11 5 12 0] LB 3 RS AR B w Al 2,
AL . 24 0.5 s ZAE AR s}, LADRC 4%
il i o TR T VSG RS R A
PEARTAR BN , e 0 R e 0 R 530 ; IRl , LESO
RS T 2, BB D B SEPRATR | S 45 i 245 42
HESZHT S0

400
o

200
=

0 05 1 15

H1E)/s
() FPRKREEZFu

318
g 316
Lo

312 05 I 15

1) /s
(b EZuBHHHKA

B 11 HERSEE«REBHBHEKE

Fig.11 Intermediate state variable « and its partial

400
200}//
0 0.5 1 1.5

Hifa)/s

(a) b R AL R 2,

[ Vv

il /s
(b)z, B3Rz X B
12 HERETE:, REHHKE

Fig.12 Intermediate state variable z, and its partial

enlarged view

SR /Hz

A\

2314160
314155

314,165)

314.150

o 1 s

enlarged view

BRI, 3 T LADRC 19 VSG 45 i) 5 W% 1 30 25 9%
FLRE B0, BB e T 8 AR S Dk B e s Rt

7



52 (5 3314)

L g ) H A

2025 55 614

RS I Ta) e R/ S R AR 3. A LefE
Gegail Ji % , LADRC REfS SC WLIN R e sh o b A7
#E AR TE VSG BT T HLEE S o AESEPRI T, 1%
TRMEAT B T 1G5 B ) VSG (LR S RE ) 42
e TRl P PO A AT A I ARE I, 9 2% T R Y
FE st R R

5 %ig

BTSRRI VSG By R o) 1, 42— b
FET LADRC my# il oens . st JE 7 R4 VSG 8
1AL, E MATLAB/Simulink {5 BV 5 Ei#FAT 1T REEM)
XF HEBIFSR 3  BRE AT S5 0 B IEAS S DL R 458

DTER A EI T % VSG 1258 P1 & il (1)
RIS, LADRC A 45 W E PERE LR IR R K
24 A 88% (M 0.26 Hz % 0.03 Hz) , 1K &2 It [7] 4 4
66% (M 0.24 s Z 0.08 s) .

2) LADRC & il 3R W AN HETH T 4R Fe M, if
REI SR RGBT YRR T, ff VSC BEA%IE [N 3 52 4%
)T

3) A 7 Al T /NS e R ) AR
VSG 50 T ReHE AEHE M A5 , H LT RGN R4
PRI BH

Zi |, 5T LADRC 1Y VSG Hl 45 1l 7 ik fie g
AT RGN S AMERE R R R e M. X B
BN VSG By 8% 2l 2 i PR P TR) R, G o
LADRC 23 R G Sh AW SR8 . s
T 2 17 22 G000 R A8 (A [R) I £ A T Ifs k3 1 22 %
PEL R (Uit R 7 A B FE RBEILAS) o SRR SR
2 H RS BRI S A i — L B85 G 40
P B A5, X VSG BRI 2 800017 2 H bR A i
T, IFRAIRTT £ VSG B Ia] A S m

£ 3Tk

(1] R ZE bk, Ak, 45 25 BB S0 F MB8T5 3l O TR0 IR 23
A BRI R s [ ). W7 J7,2023,42(11) : 1-10.
CHEN Zhe, LI Shanlin, LIN Da, et al. A distributed cooperative

7

control strategy for MGC considering transient fluctua—tions in
topology switching [ J . Zhejiang Electric Power, 2023, 42 (11) :
1-10.

[2] ARG, BFi, 200, 45 25 85 A AR AL 1Y VSG I A 2 1ot
A DA EE R Oy 2 (T 01 R G KA B, 2024, 36
(10):135-142.

HAO Xiaoguang, MA Rui, LI Jianfeng, et al. Predictive active

[3]

(4]

[11]

power compensation control method for VSG grid—connected model
considering load variation [J]. Proceedings of the CSU - EPSA,
2024,36(10) :135-142.

L, B R R, 45 . 22 e AULIR] 2D S A LI R 5 v e i
il em [ A 2CAE IR, 2023,8(2) 1 11-18.

SHI Kai, ZHAO Bangbang, XU Peifeng, et al. Improved control
strategy of multi virtual synchronous generators parallel system [ ] ].
Distributed Energy,2023,8(2):11-18.

XN A HE R AR 55 LT B VSG 25 250 4 T4 g
JIPFAl BT D5k L) ] 15,2024, 45(11) : 102-113,

LIU Yanjun, HE Wei, ZHU Donghai, et al. Evaluation and
improving method of frequency support of converters based on
second—order VSG section [ J].Electric Power Construction, 2024,
45(11):102-113.

R PME AL, B A T AR IR A L O i BE B AR N S
[J]. AEUR5 17 RE,2024(10) :27-29.

LI Dayong, SUN Jianwei, HUANG Yongsheng, et al. Application of
energy storage technology on side of new energy generation [J].
Energy and Energy Conservation,2024(10) :27-29.

PR, T AT 1E . BT VSG I B0 HL B0 — i
] A AEIR, 2024,9(1) : 19-25.

YANG Pengwei, CHANG Yuanyuan, REN Zheng. Secondary
regulation control method of voltage and frequency for isolated
island microgrid based on VSG [J]. Distributed Energy, 2024, 9
(1):19-25.

KT IRERDS , W L 55 OBORT R IR A S5 [R5 SR
FRYEAY L i I R VSG 1 il SR (7). P E L 7y, 2024, 57(5) :
211-221.

ZHU Zimin, ZHANG Jinfang, CHANG Qing, et al. Adaptive VSG
control strategy of sending end for large—scale renewable energy
connected to weakly — synchronized support VSC -HVDC system
[J].Electric Power,2024,57(5):211-221.

AU . AP L] AR, 2007, 1(1) :24-31
HAN Jingqing. Auto disturbances rejection control technique [J].
Frontier Science,2007,1(1):24-31.

JAPL, ANE IR, EABAR, 45 KRG [R5 LAY B0 s ol 3 3 5
W [J ] AL S 244, 2018,22(2) :57-63.

ZHOU Kai, SUN Yancheng, WANG Xudong, et al. Active
disturbance rejection control of PMSM speed control system [J].
Electric Machines and Control,2018,22(2) :57-63.

Tk, BT, BEAE L ARk A DL R AR LCL 38 4 5 9 L i 4
i BeAT IR P R L) ] AL R AR, 2019,43(4) 1 1378-1386.
YANG Lin, ZENG Jiang, HUANG Zhonglong. Application of linear
active disturbance rejection technique in grid - connected current
control and active damping of LCL type inverter [ J ]. Power System
Technology,2019,43(4) : 1378-1386.

AR AR, R, A 2k B BT R S R 5 MPPT
PRI L) ] R G S 4, 2018,46(15) :52-59.

GAO Zhiqiang, LI Song, ZHOU Xuesong, et al. Design of MPPT

controller for photovoltaic generation system based on LADRC [1l.



TS T LR A HTICR A s W0 R0 25 S s USRI 35 T 1

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Power System Protection and Control ,2018,46(15) :52-59.
BT, EME L BT B B U R LR R AL
YR AR R (D). Ty ZR el HE A B SA i, 2022, 34 (10)
81-88.

GE Shengsheng, WANG Peng, SHI Kai. Secondary frequency
modulation control of virtual synchronous generator based on
second — order linear active disturbance rejection control [J].
Proceedings of the CSU-EPSA,2022,34(10):81-88.

AL, AL, B, 5F A 1 OYETE LR P LR 2
it b A B LY ). L RS T T RER , 2024 ,40(10) :40-49.
ZHANG Libo, LI Hongbo, MAO Yaru, et al. Application of linear
self — immunity to the pre — synchronization control of virtual
synchronous generators| J ].Power System and Clean Energy, 2024,
40(10) : 40-49.

ARG, AP AE TR E0R B0l M 2 MR S AR AT 5T 5 0T
L] RGeS A Bl k4R, 2021, 33(1) £ 144-150.

ZOU Jiahui, ZHOU Buxiang, ZHANG Zhiqgiang. Research and
application of multi-source coordinated optimization of micro—grid
[]].Proceedings of the CSU-EPSA,2021,33(1):144-150.
BRI, BRoRZE, BRR— , 45 . U] 20 e A BILE R B R B2 ).
B RGEA 3L, 2015,39(21) :165-175.

ZHENG Tianwen, CHEN Laijun, CHEN Tianyi, et al. Review and
prospect of virtual synchronous generator technologies [J].
Automation of Electric Power Systems,2015,39(21) : 165-175.
TR . 434 2RUTT e H I Xk v, D 2R 6 18 52 ) R X G
[J].JEU55 B, 2023(4) :201-203.

YUAN Yalin. Influence of distributed wind power generation on
power system and its countermeasures [ J ].Lamps & Lighting, 2023
(4):201-203.

ZERER, TN BE TR UL IR AP A F BB 110 A I I e 45 B Y
SVPWM I iEBEIEL)]. B Sh ik 51013k, 2025(1) : 163-167.
LI Chuyun, WANG Xiao. Study of a novel SVPWM method for
matrix converter based on virtual synchronous generator technology
[J].Automation & Instrumentation, 2025 (1):163-167.
AR, RTE LA A R I R AR AL gk R 1 S AR 5 A A E
FE[J ] LG RN, 2022, 44(9) :65-70.

YU Guo, WU Jun, XIA Re, et al. Study on the status quo and
development trend of grid — forming converter technology [J].
Integrated Intelligent Energy,2022,44(9) :65-70.

A e, 5, X EH A SRR O MR 88/ IME SR E TSy
Bl B TR, 2022,45(15) :88-92.

SHI Xiaoyan, WANG Bin, LIU Ruiqi.Small signal stability analysis
of grid — connected inverter for distributed energy [J]. Modern
Electronics Technique,2022,45(15) : 88-92.
EAEG BT 24 R B A R AULR] D A v L A Bl I
AR LY ] i UL TR 41, 2014, 34(16) :2591-2603.

LU Zhipeng, SHENG Wanxing, ZHONG Qingchang, et al. Virtual
synchronous generator and its applications in micro—grid [J].
Proceedings of the CSEE,2014,34(16) :2591-2603.

SEWB , i SO, TEA A, A5 BT 3 2R 4 A 3 NI Y /Y VSG
P A (1], 701 BT A e 2 4 CEARRE ) L, 2018,31(2)

(23]

[25]

62-68.

WU Zhexun, GAO Wengen, WANG Shinong, et al. An adaptive
drooping coefficient adjustment strategy for the virtual synchronous
generator [J]. Journal of Sichuan University of Science &
Engineering( Natural Science Edition),2018,31(2) :62-68.
VRSSO XNTT S SR ROBAK S SL R AT R R B L L
AL AL Sems [ ). e Iy 3R 58 11 Bk, 2016,40(22) : 77-85.
SHI Rongliang, ZHANG Xing, LIU Fang, et al. Control strategy of
virtual synchronous generator for improving frequency stability of
islanded photovoltaic —battery — diesel microgrid [ J]. Automation of
Electric Power Systems,2016,40(22) : 77-85.

R, XA, i , 45 R TR ) B G R B A P R
AP L] ) R GO S, 2013,41(3) £ 14-20.

XU Cheng, LIU Nian,ZHAO Hong, et al.A novel frequency control
strategy of micro—grid based on the secondary frequency regulation
of power system[ ] ].Power System Protection and Control,2013,41
(3):14-20.

SRUEIE, SREL N, XIBEET, 45 BT — By LADRC £ (4 B 4K XUBL
YR IR 0 SRemie L) ]. v [ L g, 2022, 55(4) : 175-184.

CAI Weizheng, GUO Kunli, LIU Luyu, et al. Subsynchronous
oscillation mitigation strategy based on first —order LADRC for
direct = drive wind turbines [J]. Electric Power, 2022, 55 (4) :
175-184.

BOR, IGETE B IR, AF . T RGN B PO U A
eSS HE AT S ()] A ENE 5 8, 2013,30(12) £ 1630~
1640.

YUAN Dong, MA Xiaojun, ZENG Qinghan, et al. Research on
frequency — band characteristics and parameters configuration of
linear active disturbance rejection control for second—order systems
[J].Control Theory & Applications,2013,30(12) : 1630-1640.
PN, AR URIBC, A8 B, A5 BT A N A P B PR e P
AR RSN ] AEHURS A S TH A, 2025(3)
129-134.

SUN Biyuan, TAI Yuanzheng, GU Qiongchan, et al. Research on
inertial stability platform control system based on adaptive self
disturbance rejection [J]. Modular Machine Tool & Automatic

Manufacturing Technique ,2025(3 ):129-134.

75 H 89 :2025-03-27

fzm

HH#A:2025-04-28

TEZ T

TZE(2000), 5 BT A WE5E 0 0] A58 RE TR A L BOR 5
i D(1993), 3 i, TR, TG T IH R R s AT &

My 5 T BT AR

HBEET(1978) , i (EEH (guoxr@zjhu.edu.cn) , &, T+, Bl 4%,

AUt A U WIS 1) AT RE U R HL B | HL T LTI BOR A6

30 E(1966) , 55 T, U] IS L 0 ] B A R R M R A

TPy B BIE S AT 5

M (1986) 55, It B ECE, K0S L R 5 TS

TAE.

(ALt R4545)



WLE & YA
52 (M 3314) SHANDONG ELECTRIC POWER 2025 4F 45 6.1

DOI:10.20097/j.cnki.issn1007-9904.2025.06.002

B AR i A S 8 5 2 e 2 AR I S B L
Z IR PRI 5 1
EH TEM, ARE M @ RAHE, R T A
(" R RMAFRFAENS BRI B, & Bk 512300)

FEE A Tl e PRy LU AT R VRS AN B 2 1 S BBOR GE A2 05 2 R, W s 9% 19 T 7 320 SR B A o 2 vl R o B 3 1 | fi
e H, T2 A R PR R B X B D0, B8 1 — o B 7 i g AT A S 4 5 2 e 2 SR IS el T 2 UR P R T,
56, A8 KOG KA 22 5 2 5 2 A0 288 ST Y DI A b, D90 2l 2 0 23 i R A8 | e T 3R 8 22 1R ) 8 R 1Y) ek e 3k R Bl
BRI R HK BRTTAR I A8 25 BRI 5 A Dy R TC A R TR e &R 4 — R PR a R Ay s IN A e 2
I B AR SRS, LR BB AT A VTP R o 2 P Ak B AR, % S A MUR I R 2 2 S 20 o 42 1 — b
AR A 22 D5 EIp [T R S50 T A 91 82 ks P A8 B8 3 o i), LASSGHE TEEE 33719 55 R Ge % i £ A v 5 Jr ik it A7
D5 B0, 25 3R, AR vk AR T T IS SO IR AE SN B 2 1 T B3R AT TR 28 27K

SRR I SO IR 5 KOG K i A3 S 4% s U TR 4 s AR TR

hESES:TMT732 ERFERERD: A XEHES :1007-9904(2025)06-0010-12

Multi—source Collaborative Scheduling Method for Islanded
Microgrids Considering Converter Frequency Support and

Capacity Constraints
DENG Meiling, JIANG Tongcai, BAI Zhenyi”, LIN Jian, CHEN Yongjin, WU Zilong
(Guangdong Power Grid Co., Ltd. Shaoguan Renhua Power Supply Bureau , Shaoguan 512300, China)

Abstract : In response to the challenge posed by the high proportion of new energy intensity uncertainty within island microgrids ,
which can lead to significant frequency fluctuations and exceed the boundary threshold in extreme cases, thereby triggering the
protective action of power grid devices and endangering the security and stability of the power grid , we propose a multi-source
collaborative scheduling method for islanded microgrids. This method considers converter frequency support and capacity
constraints. Firstly, a dynamic frequency response model for the islanded microgrid with multi—source participation (wind,
photovoltaic, hydro, and storage) in dynamic frequency support is established. This model includes the system’s multi—source
power—frequency time—domain expression and dynamic frequency safety constraints. Secondly, the relationship between the
capacity limitations of converter and the demands for active frequency modulation and reactive voltage regulation is discussed.A
dynamic frequency support strategy based on the remaining available capacity of inverters is proposed. With dual optimization
objectives of system operational economy and frequency—voltage security , and considering constraints such as dynamic frequency
and voltage safety, an optimal dispatch method for islanded microgrids is proposed, incorporating coordinated frequency and
voltage regulation by wind, photovoltaic, hydro, and storage. Finally, simulation results based on an improved IEEE 33-node
system validate the effectiveness of the proposed method in enhancing the frequency and voltage stability of islanded microgrids
under large disturbances and uncertainties.

Keywords:isolated microgrid; wind, photovoltaic, hydro and storage; frequency support; voltage safety; optimal dispatch
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Table 1 Cost-related parameters

@
@

ZHA R ZHUH SRR ZHH

¢}/ey/(TEIR) 2500 e,/ (TL/kW) 0.21

5 /eS/ (IBAR) 1800 ¢/(T6/ kW) 0.08

c4/ey/ (TTIR) 3000 ¢,/(7T/ kW) 0.08

e4/ey/ (TLIR) 2000 c/(JC/ kW) 0.10

ci/ey (TLHR) 1800 ¢,/ (TT/ kW) 0.18

*2 EBUESH
Table 2 Generator units’ parameters
. FoRIMIT FoNRTr AR B T ma R E]

IMW /MW /h WEL RE /s

H1 1.0 0.2 8 720 1.2
H2 0.5 0.1 6 3 15 12
H3 1.0 0.2 8 6 15 1.2
H4 0.8 0.16 6 5 10 1.2
H5 0.6 0.12 8 4 15 12
Wi 0.5 0 5 20 0
w2 0.5 0 — 5 20 0
PV1 0.5 0 — 5 20 0
PV2 0.5 0 — 5 20 0
PV3 0.5 0 — 5 20 0
ES1 1.0 0 6 25 0
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Fig.5 Wind power, photovoltaic and load forecasting power
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Optimal Method for Joint Configuration of Photovoltaic Storage

Systems Under Multi—stakeholder Interaction
FENG Depin', XU Bing!,SHEN Tao', MA Xiaohui*
(1.State Grid Linyi Power Supply Company , Linyi 276000, China;
2.School of Electrical and Information Engineering, Tianjin University , Tianjin 300072, China)

Abstract: To address the challenge faced by existing developers in distributed photovoltaic and storage planning, specifically
the difficulty in adequately considering the impacts of network reconfiguration , storage operation strategies , and active power
reduction on the configuration results of optical storage under the drive of different stakeholders, an optimization method for
the joint configuration of photovoltaic and storage systems under multi-stakeholder interaction is proposed. First, a joint
configuration framework is constructed under the interaction between developers and distribution network operators (DNO) ,
revealing the decision variables and interaction mechanisms of each stakeholder.Secondly, a joint configuration model for
photovoltaic and storage systems under the interaction between developers and DNO is established.In the developer planning
stage, the distributed photovoltaic capacity and storage capacity are determined by maximizing the developer’s annual
investment and operational revenue.In the developer operation stage , the storage operation strategy is decided by maximizing
the developer’s annual operational revenue.In the DNO operation stage , the network reconfiguration , active power curtailment ,
and power purchase and sale with developers and the upstream grid are decided by maximizing the supply revenue.Then, the
planning and operation models of developers are coupled, and the KKT (Karush—-Kuhn—-Tucker ) conditions and the big—M
method are used to transform the developer’s planning and operation models into constraints of the DNO model for solution.
Finally, the effectiveness and economic feasibility of the proposed photovoltaic storage joint configuration method are validated
through a case study in a specific region.
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Sliding Mode Control of Grid—forming PV-storage System Based on

Reduced-order High Gain Observer
XUE Ruize!, LI Xing!, WANG Jiali?, REN Junheng®, HUANG Jinfeng!"
(1.School of Electrical Engineering, Shaanxi University of Technology , Hanzhong 723001, China;
2.Xi’an Xingyuan Bo Rui New Energy Technology Co., Ltd.,Xi’an 710000, China;
3.School of Physics and Telecommunication Engineering, Shaanxi University of Technology , Hanzhong 723001, China)

Abstract: Aiming at the problem that the DC bus voltage fluctuation will be caused by the power change of new energy
equipment, and the active power may produce power oscillation under the weak power network environment with large
frequency fluctuation of the power grid, thus worsening the transient performance of the grid—type optical storage system,
based on the virtual synchronous generator technology, a novel terminal complementary sliding mode control (NTCSMC )
strategy based on the reduced—order high gain observer (RHGO ) is proposed.Firstly, a high gain coefficient is introduced into
the observer to suppress transient oscillations, and the structure of the observer is simplified by a reduced—order design.
Secondly , the control coefficient is introduced on the terminal complementary sliding mode surface to enhance the stability of
the controlled system, and the superhelical switching law is designed to suppress buffeting. Then, the stability of RHGO and
NTCSMC is proved theoretically. Finally , proportional integral (PI) control, traditional extended state observer—sliding mode
control (ESO-SMC) , and improved ESO-SMC control methods are simulated and verified by experiments on MATLAB
simulation and experiment platform. The results show that the proposed control method has a good effect on the transient
performance of grid—connected photovoltaic energy storage systems.
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Fig.1 Overall structure of GFM photovoltaic energy storage system
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Abstract ; In harmonic analysis of power system, spectrum leakage and fence effect pose significant challenges to the accuracy
of signal detection.In order to effectively reduce the influence of spectrum leakage and fence effect on harmonic detection , a
second—order hybrid convolution window bispeciral interpolation algorithm based on Hanning window and five—term Maximum-
sidelobe —decay (MSD ) window is constructed. The algorithm not only ensures that the width of the main lobe meets the
requirements , but also significantly improves the sidelobe characteristics , and the bispectral interpolation algorithm can detect
the amplitude , phase and frequency of complex harmonic signals more accurately.The simulation analysis of complex harmonic
signals shows that the proposed method has higher detection accuracy and stability when dealing with complex harmonic
signals , especially in the presence of white noise interference.
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Table 2 Simulation signal specific parameters

I R WEAE/V AABL/C2)
Rk 1 56.2
2 0.03 -12.2
3 0.02 542
4 0.04 81.5
5 0.02 452
6 0.03 -12.5
7 0.01 78.6
8 0.2 -26.7
9 0.01 -38.5
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Table 3 Comparison of signal frequency relative error
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W . ) . —hiRE ZBRSA
Hanning % 135 MSD %

WHL B B

%) 7.8x1073 5.7%1077 6.9x107% 3.5x10710
2 5.8x1074 2.8x1078 2.2x107° 1.4x1071
3 7.4x1073 3.9x107 4.1x10°% 5.2x107!"
4 3.6x107 1.0x1077 1.4x1078 8.7x107!!
5 2.9x107 4.9x10°% 6.7x107° 4.6x101
6 4.3x10° 1.2x10°8 2x107 1.9x107!!
7 2.9x107 1.3x10°% 1.4%107 2x10712
8 5.5x107 3.7%x1078 4.5%107 1.9x107!!
9 7.3%x107 5.3%10°8 6.5%107 3.1x107"!
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Table 4 Comparison of relative error of signal amplitude

A %
a4 —BriRGE RS
Hanning % T35 MSD #f

EL B B
1 2.0x107 9.2x1078 6.5x10°8 4.2x10°8
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5 9.2x107° 1.0x107 6.3x1078 5.3x107®
6 1.2x107 1.0x1077 6.1x1078 5.5x1078
7 1.2x1075 1.0x107 6.0x1078 5.5x1078
8 1.1x107° 1.0x1077 6.0x1078 5.5x107®
9 7.5%107° 1.0x107 6.1x1078 5.5x1078
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Table 5 Comparison of relative error of signal phase

AT %
jic33 A —BiRE  CBRE
Hanning % FL35 MSD %

UEL B BRI
%) 1.0x1073 7.0x1077 8.6x10°% 4.3x10710
2 9.9x107 5.7x107° 4.5%10710 4x10712
3 1.1x1073 6.7x10° 7.0x107° 9x10712
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6 7.4%x1075 3.3x107° 4.3x10710 3x10712
7 2.6x107 7.3x107° 8.9x107"! 110712
8 1.3x10° 4.1%107° 5.2x10710 2x10712
9 4.6x10° 6.4%107 8.1x10710 4x10712
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Anomaly Detection Method for Power Industrial Control System Flow

Based on Unsupervised Adaptive Mechanism
MA Li"-2, WANG Dan"'-2,JI Shiyu'-?,LIU Jinli'-?,SHI He'-?"
(1.NARI Group Corporation (State Grid Electric Power Research Institute ) , Nanjing 211106, China;
2.Beijing Kedong Power Control System Co., Ltd., Beijing 100192, China)

Abstract: Abnormal flow detection in power industrial control systems (ICS)is a critical technology for ensuring the normal
operation of control systems and identifying potential network attacks.This paper takes the IEC 60870-5-104 protocol as an
example and proposes an unsupervised abnormal flow detection method for power ICS based on convolutional autoencoder
(CAE) and adaptive threshold adjustment. The method addresses the limitations of current ICS flow anomaly detection
methods , including inadequate detection capability, poor interpretability, and lack of dynamic adjustment mechanisms.
Initially , session packets from large volumes of normal ICS traffic are extracted for feature generation using a sliding window
approach , forming input vectors.Subsequently , the constructed CAE model is trained , with optimal hyperparameters determined
through cross—validation, and the model is solidified. During the detection phase, real-time traffic session packets are
reconstructed by the model , and reconstruction errors are calculated.An adaptive threshold adjustment mechanism is then used
to dynamically generate a threshold interval , enabling anomaly determination and detection output. Finally, experiments with
typical anomalous traffic are conducted to validate the model, with results showing that the proposed method accurately
identifies various anomalies in power ICS environments and effectively improves safety protection capabilities.

Keywords:electric power industrial control flow ; anomaly detection ; deep learning; convolutional autoencoder; adaptive threshold
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convld_3 (HFUZ 4) (256,166,64) 6208
up_samplingld_1(_F>REEZ 2) (256,330,64) 0
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FHUs 28 ) 2% — 15 B4 28 ) 2% (convolutional neural network—recurrent neural network , CNN—RNN) Y& & P 4% 2844 , ] T e 12F Ha,
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Traffic Classification of Power IoT Based on Self-attention

Hybrid Model
WANG Cong!,ZHENG Haijie! ,HUANG Zhen!, WANG Gaozhou'!, QU Haipeng>*

(1.Information and Communication Company, State Grid Shandong Electric Power Company, Jinan 250013, China;

2.Faculty of Information Science and Engineering, Ocean University of China, Qingdao 266100, China)

Abstract ;: Network traffic classification is an important part of network monitoring and analysis, which is used for malicious
traffic interception, quality of service assurance, application bottleneck prevention and malicious behavior identification.
Recently, there are great challenges on the low accuracy and slow convergence problems, when classifying network traffic
generated by communication protocols like Modbus and message queuing telemetry transport (MQTT ) in the context of power
ToT devices applications.To address aforementioned issues, a convolutional neural network—recurrent neural network ( CNN-
RNN ) hybrid architecture based on self-attention mechanism is proposed to improve the classification performance of Modbus
and MQTT traffic for IoT devices that already in use within the power system.By simulating and collecting the network traffic
of power IoT device in the real environment, a large number of Modbus and MQTT communication data packets are obtained.
Additionally , the traffic data is converted into pseudo—image format, and a self-attention mechanism is introduced to enhance
the network’s attention and feature capture capabilities in different regions.The experimental results show that, compared with
traditional multilayer perceptron (MLP) , RNN, CNN models, the proposed CNN-RNN hybrid model with self-attention
mechanism demonstrates achieved significant improvement in loT traffic classification. The model can achieve up to 95%
accuracy , demonstrating better convergence and training efficiency.

Keywords:deep learning; self—attention mechanism ; cyber security ; power Internet of Things ; traffic classification
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Table 1 Sequential construction of hybrid network models

introducing self attention mechanism

W4 275 Al PN BiER ¢ i HH 3 A A
1 LBRZ 3 32
2 Lz 32 32
3 R 32 32
4 LBRZ 32 64
5 Lz 64 64
6 fLH—)2 64 64
7 [ERE vl 64 64
8 LSTM J2 64 512
9 LSTM J2 512 256
10 AR 256 128
11 R 128 n
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Table 2 Classification of network traffic and sample size

) AR
modbus_func_1 8816
modbus_func_3 54 854
modbus_func_4 38 756
modbus_func_5 9780
modbus_func_6 9 804
modbus_func_16 9984
modbus_func_43 34071
modbus_func_unknow 54 854
MQTT_disconnect 39769
MQTT_connectemd 39769
MQTT_connectack 39769
MQTT_publish 73 797
MQTT_pingrequest 20 850
MQTT_subscribe 8014
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Fig.4 Pseudo image form of power loT traffic
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Fig.7 The loss of both mixed models decreased
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Table 3 Classification results of all categories of

network traffic

CIVNERES-wIL IS

IRAHR

CNN-RNN
eS|

AR AR R A A R0 P M

modbus_func_1 097 097 0098 096 098 0.97

modbus_func_3 092 078 084 095 0.78 0.86
modbus_func_4 098 098 098 097 097 097
modbus_func_5 0.75 09 082 094 090 0.92
modbus_func_6 099 097 098 098 1.00 0.99
modbus_func_16 080 0.87 0.83 082 085 0.83
modbus_func_43 .00 1.00 1.00 1.00  1.00 1.00
modbus_func_unknow 0.99 099  0.99 1.00  1.00 1.00
MQTT_disconnect ~ 0.88  0.77 0.82 0.86 0.90 0.88
MQTT_connectemd 093 095 094 093 090 0091
MQTT_connectack ~ 0.95 0.97 0.96 092 099 0.95
MQTT_publish 090 095 092 099 096 0.97

MQTT_pingrequest  0.93  0.94 093 096 095 0.95
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Fig.8 The confusion matrix of a hybrid model with self-attention mechanism is introduced
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Fig.9 Experimental results on two publicly datasets
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Table 4 Evaluation of multi-model traffic classification
capability
W 2RIk iR Wi®E F 8 HlE
CNN-RNN {R A5 0.960 0.937 0.948 0.945

FLUIDS 0.944 0.931 0.937 0.944
ByteSGAN 0.922 0.933 0.927 0.943
AECNN 0.958 0.929 0.943 0.913
DP-SAE 0.795 0.936 0.860 0.878
DP-CNN 0.937 0.922 0.929 0.901
Securitas—C4.5 0.913 0.906 0.909 0.943
GNN 0.949 0.930 0.928 0.927
Flowformers 0.958 0.933 0.936 0.940

207 N RIS A] 3 ZE Rl an e 5 ffs . R
5 A1, 5 GNN . Flowformers ZE B RIAH L, A SCHE
AR TSR AR X ARG . 3 2 A Sy AR A
SEFTR] B, O HLRE A8 76 — 5 T2 R S 1012 2 R FIB
VR IR) R, G R A A T T Transformer Y
Flowformers #5875 73 P GEAH S A1 &0 T, A Al
YN 4y JS st B) 5 A

e B 5237 5, DR A A i R 8 ) e A% i e 4
AT E MRS ) B2 P ARV 2 MR S 5 . O T BRIk
AR SCHE Y AR R 1 RE A8 AT S5 IR R 7 T 1)
Bl oM A MR R R . BEALR R AR A R B —
PR E O, B A7 M AR A /Y LE B 10%. 9K
J& I 1A H T AL ) CNN-RNN R & %
A (GNN  Flowformers S B 1 73 f 432

Mg P PR BE U 5 2 JEAR AR AN 6 s o TEMIR R
RV RSO 25 R I e 43 28 ) o 0 N 3
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o RIS SEEGUE T, 2180 4 3 2 TR Y B, AR SCHR
HH AR SR T DA S0 A BRI A G 26, O HLRE I
Ik RE LA Sk HRRE o

®5 HA R ERSS K E

Table 5 Multi-schemes training time and classification time

TR ST PIERINEIS J3 I /ms
CNN-RNN {E A5 422 2.7
FLUIDS 653 13.1
ByteSGAN 514 4.5
AECNN 610 6.3
DP-SAE 1868 3.2
DP-CNN 659 41.5
Securitas—C4.5 1822 10.2
GNN 757 6.5
Flowformers 2544 22.9

x6 BREIMETSERSSENTME
Table 6 Evaluation of multi-model classification capability
in noisy environment

MR M 7 PRI T IR %
CNN-RNN JR A #5040 0.948
FLUIDS 0.913
ByteSGAN 0.896
AECNN 0.944
DP-SAE 0.788
DP-CNN 0.897
Securitas—C4.5 0.911
GNN 0.940
Flowformers 0.943

BT RS Bz A, AR SCE BT Alvaro
Michelena ™' 4 AH T CoAP MM Y38 15 5%, IF
Wk 73830 319 458 . A2 R H MY (constrained
application protocol , CoAP) f&— & hy W Iz B 11 4
HK O 15 A TR T 110 55 4 1 2801 I 2 A% A AL, £
FURE R P (user data protocol, UDP) , P BT
FISE Y BCE A8 , [ AT LUS B8/ D TF 8 fIDAE
BB R AR IE 3 T TR . CoAP E X
T4 AP SE A T B B (confirmable , CON) |
ANETHIAT B (non-confirmable, NON) . #ffi 1A vj 2%

72

NERSH (acknowledgement, ACK) . & fii 14 B (reset,
RST) . HR4EE B I A SCHEE T 40k 7 s 9 R
FHT it i3 R BE 5 .

FEZEEAE L 51 B R AL B CNN-
RNN VR &% 5 GNN . Flowformers 258 %1 £ 4T 1 %f
Feszmy . SEEGZE AR 10 s, 3 T CoAP Wi, 5
A H B SIHLHN ) CNN-RNN TR A 45 50 B o i 5%
FaHfR F, 408 A 18535024 0.90.0.91.,0.91.0.92,

=7 ZREAMHILCoAP HiiEE
Table 7 Constrained application protocol dataset

M RS et
CON 12 127
NON 9095
ACK 6063
RST 3034

Lo mufewik mofiiE mMAER WFIMH
0.8+
0.6
m
&
04r
021
0
10 20 30 40 50
B

10 CoAP i £ LIGLER
Fig.10 CoAP protocol classification experimental results
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(time—aware shaper, TAS) #1256 8% 9 2% (time—sensitive networking , TSN ) FRifE B BER R 2 — . L4 TASHLHIA
3 TR 58 UL, L JE A F 3l A 22 e AN RIS SE 55K o At , 4 R — o DR 6 10T S AR AR 431

Tk, Boe, 2 —F T E PR H T2 5 £ (International Electrotechnical Commission, IEC) 61850 i % 5 TSN 35 A fl 419
TR B TG ARG T T B R R SO A BT R s B 4 L — AR TR R s AR B ) g 10 R A Ak, SR )
IR IR 307 % . D ELAS SR 3204 1 e Ak TAS AL A I ) 187 1 R 435K W, 7E 2 /b5 T BB IRAR 1 4%
PN AR AL Sy I 4 U W S B P 1 ) b 52 2% B 0 5 (generic object—oriented substation event, GOOSE ) 1A i 12 A A% i o) 22
FEHIAE 3 ms DL, R B P47 RAE I 12 {H (sampled measured value , SMV ) Jii & 1) E AL R A T 3%,
SRERR I ] BB 2 5 TEC 618505 6 [ EAIHETE i 5 Ui ek IS5

FESES:TM63 XERPRERD: A T EHS 1 1007-9904(2025)06-0075-11

Dynamic Time Window Division of Time-sensitive Networking in

Intelligent Substation
LI Wei', BAI Yang', QI Buren', XU Jian*
(1.Information and Telecommunication Branch, State Grid Jiangsu Electric Power Co., Ltd., Nanjing 210024, China;
2.School of Computer Science and Engineering , Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: With the rapid growth of the business data volume of smart grids, the requirements for low-latency and high—
reliability in control information transmission keep continuously increasing.The time—aware shaper (TAS)mechanism is one of
the key technologies in time—sensitive networking (TSN ) standard. However, the traditional TAS mechanisms can not fully
utilize the communication bandwidth resources, which makes it difficult to simultaneously meet the diverse latency
requirements of various traffic flows within substations.To address this issue, this paper proposes the idea of dynamic and fine—
grained protection time window division. We first propose a traffic mapping scheme based on the integration of International
Electrotechnical Commission (IEC) 61850 communication and TSN technology.Then , a utility analysis model for time window
division is designed. Finally, a utility—based dynamic time window division algorithm is proposed to obtain the maximum
benefits overall.The simulation results show that, by optimizing the time window division strategy of the TAS mechanism , the
proposed algorithm significantly reduces overall network transmission latency under various scenarios. In particular, the
transmission delay of critical generic object—oriented substation event (GOOSE) 1A traffic is kept within 3 ms, while ensuring
that the packet loss rate of sampled measured value (SMV ) traffic does not exceed 3%.

Keywords: time—sensitive networking; IEC 61850 ; time—aware shaper ;traffic mapping
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Bl SR BRIE AR H 3 ) bR oA A, E AR H s
FHIEC 61850 Gi—il fGhrifE. TEC 61850 J&ARH vl [
SNk U A ERE B AR, FRE T8R4 5K
P2 S A B R ERAE A A7 R A B
F o IEC 61850 78 H 3l 3 F LUK W 2R 44 #E 4 7 040
5, IR U A 4 o8 SR R DU 2 (sampled measured
value, SMV ) Jiit & | i FH T 7] X 52 748 L 3 4 (generic
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object—oriented substation event, GOOSE) i & A i) 1
TH B HLYE (manufacture message specification , MMS ) i
=R, o SMV R SR I [a] fish 4 B S 300 1 4
3C, 1M GOOSE H1 MMS it 32 i [1) fth %z 5 = 7Ffigh 2
S55 BRI AR S

H A 7Z HL 34 3T TEC 61850 WM ISGH i LUK
172G o TERRUE LR I BEAth T Jh Je A Sk 1 1 1]
B X 2% (time—sensitive networking, TSN) BE % iy &
& ) I 8] ARG B2 AR SE IR A} Bl 0 o 1A%
Hifk55 . TSN & IEEE 89— 20 bR vE WML >, A 45 i
B L AL (IEEE 802.1AS-Rev) . I 5 I8 BE ML
(IEEE 802.1Qbv) . Iidts 5 HL#|" (IEEE 802.1Qbu) .
WA g R W AL E T (IEEE 802.1Qci) , 4P TSN
A0, 475 A 22 ol BRS¢
HTEC 61850 i SCH& 4 Ol E 1 o

X B} (] JB R R O 4% (time—aware shaper, TAS)
(9 TSN i bk 1 BE ORI, SCHRL 10 4T % TAS HILiH]
HAE LR 28 1 B K 8% T (best—effort, BE) i i, $2 1 —
FITESRRES T3 NS AT IT 9], 3T BAS %) 2 25 AL (B
JHFE 22 BE BRI (4 8 B2 550, B9 51> BE BAS17E
BRI TR] P e /N IR RE B SRR L1 9 ) — Ty
TAS 5 IBCEE 11 (weighted round—robin, WRR)
S56 1Y Ui B BE B Rk o R JH TAS B B BUE i
(scheduled traffic, ST)FI BE 3t , 85 # ] WRR 7 BE
BAZIT ST IT R I8 RE BE 3t , i v, OGP i
NS AB AT TARZS LB, BRAE ST 14 & 2% (8] B 1N A%
Fah b alE & BE BRI B, IR BTE R SR>
1 BE Vi RV AH B BELZE X S50 3 g o 42 P 50, (ER A
FEACE e R L X BE SEBdRmi &4 iIpHZE

B 7L L PN A A R L URORAE (TR
SR S5 22 T Rl S P R A T 22 BS80S I A A
7& 5 H BN Ik 8] 73 A5 O 2 S RS B0 T T B
[ 7 1 3 53 B0 SE TR 2, DT ™ B e 3 S 2B
PR SO f i ZE PR RE . B AT, OC T TAS P8
AL A 58 45 e A DR 3 1 10 oA o ) O 9 B2, 3
T3 PR AR LR U e 18] A4 A% A 5 4 [ AT, 9 505
1 R PRAP T 10 DL AR A S A0 U R RS T SR
SR, 2k BER 325 S EUH T TAS Jit 2 9 BE 19 T 14551
7 (gate control list, GCL) i & o H FAEHL 3 SMV Jit
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A SR IR o 7 SR T N1 R R B S 'S
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b PR BT RO M Sh AR R R 4 B g
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1 it REE

1.1 H=HE

75 B S AR (S DY TEC 61850 £U 7 SMV Jite
GOOSE it fl MMS i i = K 288, Hidr GOOSE
Uit 2 T AR T S E Y BEURRRR B 43 O GOOSE 1A FiI
GOOSE 1B, GOOSE 1A HA e iER 2K | J& ok
i (HCH R TR (Al fd & 5 =l TR A T i 2
(HP GOOSE 1A & JEPER S 55 A i) . 1EC
61850 Yt X b 55 2 A S I RETT K ANk 1 Ffs o

*1 IEC61850mENZE
Table 1 Classification of IEC 61850 traffic F#{i/ :ms

kel &z I B SR
SMV RFE(H 3

GOOSE 1A B i i 4> 3

GOOSE 1B FAL B AR AL 10~20
MMS VAR (I BR F A | H S5 100~1 000

TSN B T LUK VLAN ML, 2+
8 MMILAEGBAS] . TAS PHEEHLHI AN 1 s . HIE 1
AL, TAS A BEALHI & OR3P SO PRI it it g 1 S1
FEHEGR A I i 1 S2. PEEEALT PR i i 7 1
FIA L B PR (KB 55 T i R B ) DUk o T4
2T T BNIIF Je fi s 11 00 2 Ak 3 s 1 e 4
Wit TAS 3 Ik 145 5 Fe s il it et A, AR Ak 2 Jor
No 22,1 FORMEHTT R 0 Fon B G
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Table 2 TAS traffic scheduling mechanism gate control list
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Fig.2 Traditional TAS time window division scheme
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Table 3 Gate control list for traditional TAS time

window division scheme
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Fig.3 TAS time window division scheme proposed
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Table 4 Gate control list for the TAS time window

division scheme proposed

(R CTE 7S b e [T R [ b e | S Ao | R P 1A e

S0’ 0 0 0 0 0
St’ 1 0 0 0 0
S2' 0 1 1 1 1
S3' 0 0 0 0 0
S4' 1 0 0 0 0

0 1 1 1 1

S5’

Zi BR, ShAS Rl 1 R 00 J7 SRR T I E
R 1) 7 100 31 23, REAR 408 552 s 3L i 75 SR 181 B ) ) 7 10
4 B2 AR o T R S S O T A i ) [
IR, 754 B 22 i A SRR e 7 5K, DT
A SEA AR B AR %07 SO HGE T g e
P X RO RS | 5 ] SEIE A AR 2R I 5

2 WEEAXNSEERT

2.1 IEC61850Z| TSNiREMH AR

IEC 61850 I TSN [ i It R 5 77 58 % J& GOOSE
RS R SMV ]S R MMS ) SC LA K BE i
i, GOOSE #f¢ 3C : Bk Il iy 2 (GOOSE 1A) 41t 56 2 fie
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Table 5 IEC 61850 traffic mapping scheme
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Fig.4 Flowchart utility—based TAS dynamic time window

division algorithm
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Fig.5 Simulation experiment system architecture
*6 BRESHIZE
Table 5 Parameter settings for each traffic flow
WOCRR MKJE/ B 802.1Q e EiEFEAM/ws AR LI /ps VIS SRS TSN Ji s miglshi %
SMV 283 5 417 0/100/200/300/400  HLE§ AFEHIHTORFEN RIS, fRAP it 0.1
GOOSE 1A 273 7 50 0 TAESS &0 RS EISFSiab TN 1Y 0
GOOSE 1B 273 6 200 0 TAESS 21540 55 1 E|EPS Ak ey 0
MMS 288~1 500 4 EEME A = 0.1 0 T AR 3/ 1y IR 55 AEfrdr i 0
F®7 3FET SMVRERLBATEEZE
Table 7 SMV traffic start time settings in three scenarios BALps
- SMVI(HLES AIERIBATE 1) SMV2(HLER AFERIZAIC 1) SMV3(HLEs AEERIBAIE 2)  SMVA(HLES AF&EHI 2T 3)
- HHRT ] HL AR ] LRI ] IR ]
1CGRAEE L) 0 200 100 100
20 A1 L) 0 200 100 300
3(He gt i) 0 200 100 400
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Bt , o X5 IR A BRI AT SR . A SO
B9 Tabu-RG .75 F1 HERMES B9E7E %5 F )
RIBONFEIT | 25 WG bR 106 2 I S5 5K B I 24
M4, SR, Tabu—RG Fl HERMES &3 1 &8 43 46 b5
W3 A SCE M s Tabu-RG T H 4 R AL S ms , 1
A s gl AT A E LA, 5 80hr 1 I
2% Fil i KB AE % 757 s HERMES (19 22 BA S LRI FL S &
TR B 7 vk A A BRAR v 338 1) I ek s n T 20 e
JETFES R ECT R ERE S b, W 1 PRI
ARG OR I T R AIE .

%8 HE1TSMVHRESEGR
Table 7 SMV latency and packet loss rate in scenario 1

EERIE S A% Tabu-RG HERMS

EizE

1 SMV SMV SMV SMV
fe/ N AT /ms 0.407 0.407 0.441 0.434
K HFAE /ms 0.461 0.461 0.538 0.591

FFAEE T 5 ms 0.436 0.436 0.458 0.457

I AE - 2480 ms 0.433 0.433 0.482 0.495

bR 22 0.038 0.038 0.051 0.046
T/ % 0 0 0 0

®9 %=1 TFGOOSE1ARESEGR
Table 9 GOOSE 1A Latency and packet loss rate in
scenario 1

[ 5E W] % 1 A Tabu-RG HERMES

v
Hin GOOSE 1A GOOSE 1A GOOSE 1A GOOSE 1A

e/ N AE /ms 0.512 0.512 0.563 0.622
Fe KA /ms 0.810 0.810 0.933 1.132
B AEE T v 4 ms 0.581 0.581 0.692 0.723
I 4P 255 ms 0.616 0.616 0.721 0.814
T 1 Bl 22 0.210 0.210 0.322 0.290
FALFI% 0 0 0 0

%10 3%=1TGOOSE IBHESEGX
Table 10 GOOSE 1B latency and packet loss rate in

scenario 1
S BER R 0 AR, Tabu-RG HERMES
GOOSE 1B GOOSE 1B GOOSE 1B GOOSE 1B
5/ IV AE /ms 10.720 10.720 11.210 11.329
e K 4 /ms 11.132 11.132 13.411 12.702
2 43 4 /ms 10.892 10.892 12.043 12.112
i} S 15 80/ ms 10.874 10.874 12.115 12.089
B 22 0.214 0.214 0.346 0.331
FA1 5% 0 0 0 0

11 HEITMMSHESEZG%E
Table 11 MMS latency and packet loss rate in scenario 1

EERTE S AR Tabu-RG  HERME

s H MMS MMS MMS MMS
ot/ NI AE /ms 232 232 238 241
Foe K 4 /ms 265 265 266 270
I A 037 % /ms 238 238 247 255
I AE P 255 /ms 243 243 251 256
T 1 B 22 8.113 8.113 9.152 9.137
FALRI % 0 0 0 0

s 2 F A T IS S0 AT A3 Bl ISR 12— 15
Jii7s o TE%5 2 8, RI4rHT B GOOSE 1A Hi 8 17—
FE AR BRI IE S IS A D R S T 3 ms
A HE T 5K, 3K 2 B T B R IR SE 4 MMS
48 1T 2 3k R A5 DU S, o A T AR e 1 (A
GOOSE 1A A~ fig S i) £ iy AT 3 B 1 ) 28 58 10 30
% . /LR GOOSE 1B 5% GOOSE 1A ZE i i 52 i ,
B AERE

x12 HZ=2TFSMVHRESEER
Table 12 SMV latency and packet loss rate in scenario 2

[EEmf g A3 Tabu-RG HERMS

Bz

0 SMV SMV SMV SMV
/NI A /ms 0.407 0.480 0.557 0.539
Fe KIS /ms 0.421 0.830 0.943 0.988

Fof 42 H 037 55/ ms 0.414 0.644 0.750 0.764

I AE - 24080 ms 0.416 0.657 0.761 0.769

b 22 0.009 0.247 0.021 0.013
FALHEI% 0 2.5 3.1 2.8
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Table 13 GOOSE 1A latency and packet loss rate in

scenario 2
o BERHE % 0 A Tabu-RG HERMES
GOOSE 1A GOOSE 1A GOOSE 1A GOOSE 1A

e/ N AE /ms 0.869 0.500 0.571 0.634
I KT HE /ms 7.390 2312 2.586 2.637
isf 42E 157 45 /ms 1.403 1.385 1.412 1.458
Fisf 4IE - 34 %50 /ms 1.412 1.374 1.447 1.501
T 1 it 2 4.611 1.281 1.832 1.736

FEAIRI% 20 0 0 0

x15 HE2TMMSHESEGRE
Table 15 MMS latency and packet loss rate in scenario 2

[EEmE % 11 AP Tabu-RG HERMS

15 MMS MMS MMS MMS
5/ N A /ms 428.131 284.412  299.634  301.973
F K 48 /ms 722.356 508.523  526.012  530.028
IHIE R/ ms  512.458 337.983  345.041  347.752
I 234 8 Ums - 533.172 342265  350.103  352.890
T s 22 42.301 27.242 32117 33.202
FEALRI% 27 0 0 0

Yike 38, 4 it e I SE 43 A 3 ) Ak 16—3K 19
PR o A 3 M 00T, ORAP B ) 1 L
didl TS E R, S 3Ok S GOOSE 1A it i i
3 ms BYBTIEFR K o [AEF, T GOOSE 1A i it 75 %
FE J5 Z A~ R A Re A% i, i — 2P 2 3L GOOSE 1B
AR S AT 2 75K

MR 12—FR 19 AT LUE 7R 5 2 Fldg 5t 3
RSO R E A B (R B R A R T TR
BT GOOSE 1A [ B ZEVERE B fe KB 1L 2=
3 ms KL, 1M Tabu-RG Al HERMES 53378 P4~ 37 5
T R AR BEIRIF GOOSE 1A W& i 4E 25k, (B A%
e READ T A X - Tabu-RG 164 SR8 R R XT3
AT B (R b A Ry G218, oA fig Rk o 1 35 1 e 4
MR KR TR, FE GOOSE 1A )5 K I FE 2 b
6 T AR SCE BT 19 GOOSE 1A 1 85 KB 4E | [ I 78
RO S G i it 52 M T 38 i T B ZE 3% 3 5 17 HERMES
BRI K X5 e AT VR B ME LR IE 4 SR e
PR [T o 5 e R A i AR I LR A
NBEIRAFAE T BB A BE S 25 9 ] B8, AT 1
B BAF i A AL, AR AR SR e i ]
7l 43 FE R IS LT, e g s i 2 &
T SRAMIC G e S 2 1) T T E AT B AR

£14 HE2TGOOSE IBHESEGR

Table 14 GOOSE 1B latency and packet loss rate in

scenario 2

*16 HEITSMVHESEGR
Table 16 SMV latency and packet loss rate in scenario 3

- B % F A% Tabu-RG - HERMES
[ERZD

SMV SMV SMV SMV
e/ NI AE /ms 0.407 0.489 0.563 0.552
Fe K 48 /ms 0.421 0.565 0.942 1.103

I A 037 % /ms 0.411 0.524 0.638 0.642

I AP 255 /ms 0.410 0.518 0.621 0.623

T T B 22 0.009 0.053 0.021 0.015
FALRI% 0 3 32 2.9

#£17 HZ=3TGOOSE AMESZEG=R
Table 17 GOOSE 1A latency and packet loss rate in

scenario 3
Joh [ ER EE 0 A7 Tabu-RG HERMES
GOOSE 1A GOOSE 1A GOOSE 1A GOOSE 1A
/NI A /ms 2.774 0.512 0.591 0.621
H K A& /ms 15.997 2.131 2.630 2.731
s 42 037 45 /ms 11.314 1.694 1.718 1.726
Ao A~ 3485/ ms 9.652 1.424 1.512 1.538
T i 22 9.350 1.144 1.871 1.743
TR /% 80 0 0 0

#18 #HE3TGOOSE 1BHESERRE
Table 18 GOOSE 1B latency and packet loss rate in
scenario 3

[ E WA % 11 AR Tabu-RG HERMES

[EE R A% 1 AR Tabu-RG HERMES

BN
GOOSE 1B GOOSE 1B GOOSE 1B GOOSE 1B

e/ N HE /ms 11.283 10.744 10.624 11.014
I K} AE /ms 16.218 11.430 12.709 13.526
isf 426 57 £ /ms 13.282 10.943 11.261 11.834
s S~ 35 43/ ms 13.335 10.997 11.302 12.011
Bt 22 4.944 1.332 2.310 1.960

FALHI% 25 0 0 0

o
g GOOSE 1B GOOSE 1B GOOSE 1B GOOSE 1B
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Table 19 MMS latency and packet loss rate in scenario 3
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Table 20 Performance metrics
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Study on Mechanism of Low Frequency Vibration Fault of Large

Synchronous Condenser Rotor Induced by Rubbing
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Abstract: Sub—synchronous low—frequency vibration causing rotor dynamic instability is a major vibration fault in rotating
machinery. General experience suggests that the low—frequency vibrations of sub—synchronously unstable rotors are mainly
caused by bearing instability (film whirl and oil film oscillation) and airflow excitation. This paper conducts a modeling
analysis of the low—frequency vibration fault occurring in large synchronous condensers due to sub—synchronous instability.The
Riccati transfer matrix method is applied to calculate the natural frequencies and stability of the condenser rotor.Subsequently ,
numerical simulations based on Hertz’s contact theory are performed to analyze the vibration response waveforms and spectra
of the condenser rotor under contact conditions.This study investigates the mechanism and fault characteristics of rotor sub—
synchronous low—frequency vibration faults induced by contact and non—contact interactions , eliminating the commonly held
belief regarding the instability fault of the condenser bearings. Additionally, it corrects the traditional understanding that
contact mainly leads to rotor operating frequency vibrations , confirming that contact interactions are the primary cause of low—
frequency vibrations in condensers. The findings guide on-site repairs to eliminate contact faults, allowing the condenser to
return to normal operation. This deepens the understanding of sub—synchronous low—frequency vibration faults in condensers
and provides useful references for vibration management in equipment.

Keywords:condenser;low frequency vibration ; rotor instability ; dynamic and static rubbing
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Table 1 Spindle material characteristics

T H S8
up e 25Cr2NidMoV
FPERT R/ (N/m?) 0.21
HIRE L/ (KN/mm?) 80.77
J i % 4/ (mg/mm?) 7.85
HEL/N 0.3

®2 WMRITESHY

Table 2 Main parameters of shafting
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Fault Simulation Analysis and Measures for the Synchronous

Condenser Air Cooling Island Fan
HAO Yanan'?, WANG Jun', YAN Qing', LI Guihai*,GUO Yu!
(1.State Grid Shandong Electric Power Research Institute , Jinan 250003 , China;
2.Shandong Smart Grid Technology Innovation Center, Jinan 250003, China;
3.Shandong Zhongshi Yitong Group Co.,Ltd., Jinan 250003, China )

Abstract: The closed external cold water system (dry and wet combination) is mainly used in the water shorlage area in
northwest China , which is mainly composed of air cooling island and evaporative cooling tower.Since the air cooling island fan
of some stations has been put into operation , the motor has been burned seriously , resulting in a significant decrease in heat
transfer effect, which seriously affects the safe and stable operation of the unit.Through the field investigation and test of the
operation condition of the air cooling island, it is found that there is a difference in the number of burnout between the
frequency conversion fan and the power frequency motor. The following problems are found in the study and analysis: the
frequency converter + conventional motor is used in the design of the inverter, because the frequency converter is a multi—
mode , the pulse voltage is too large to destroy the winding insulation ; The site is located in the northwest of China, the air
cooling island lacks protective measures , and the heat exchanger fins are clogged seriously.Crosswind has a serious effect, and
the airflow structure backfilling leads to poor heat transfer effect. Motor selection does not meet the requirements , the motor
protection level is low, resulting in motor water rust.In view of the above situation, it is proposed to replace the special
frequency conversion motor with long bearing life and higher protection grade , and remove the air duct and air valve of the air
cooling island fan to install an anti—freezing shed.

Keywords:synchronous condenser;air cooling island ; fan ; converter
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Fig.3 Vibration measurement direction diagram
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Table 1 Vibration value of air cooling island fan A :mm/s
WAL i PR | KHL Jria SRBNME | KBL i SRBHE | KWL JriE SRBHE | KWL iiE RBHE | KWL iR dREHE
€ 3.7 L 2.5 1 2.9 L 2.8 1 3.1 €1 4.5
MIl  — 53 | MI2 — 27 | MI3 — 27 | Ml4 — 26 | MI5 — 4 M6 — 48
O 6.3 © 3.1 ©] 2.6 © 2.3 O 3.7 O 5.1
1 3.5 i 3.1 1L 25 1 2.6 1 5.4 1 5
M2 — 36 | M2 — 24 | M23 — 26 | M24 — 22 | M25 — 45 | M26 — 4
O 3.9 O 34 o 2.2 O 3.7 O 4.1 O 5.2
1 33 1L 4 1L 54 1 5.5 1 5.5 1 53
M31 — 3.6 M32 — 4.1 M33 — 5 M34 — 5.6 M35 — 6.1 M36 — 5.1
O 3.9 © 3.5 o 43 O 4.5 O 4.2 ©]) 3.7
1 33 1L 33 1 3.6 1L 1L 3.9 1 6.8
M4l  — 31 | M42 — 23 | M43 — 25 | M4 — I | M5 — 45 | Ma6 — T4
O 34 © 38 o 26 o} © 45 © 33
1 59 1 1 42 1 41 1L 9.5 1 45
M51 — 5.1 M52 — w M53 — 4.8 M54 — 3 M55 — 9.5 M56 — 6.5
O 24 o} o 29 o 31 O 46 O 34
1 3.2 1 2.9 1 42 1 3.8 1 6.3 i 5.9
M6l — 27 | M62 — 28 | M63 — 46 | M64 — 42 || M65 — 54 | M66 — 57
O 24 © 35 O 34 O 41 © 36 O 44
1 2 i 7.7 1 12 i 2.5 1 33 1 3.8
M71  — 17 | M72  — 45 | M73  — 1| M4  — 3 M75  — 25 | M76 — 29
©) 1.8 O 2.4 O] 6.9 © 3.7 ©] 33 ©] 3.7
1 2 i 1.1 1L 23 i 7.4 1 2.7 1 5
M8l  — 1 M82  — 1 M8 — 22 | M8 — 98 | M8 — 25 | M8 — 35
O 1.7 O 1.2 O] 2.3 ) 4.2 ©} 3.2 ©] 49
1 46 1 44 1L 28 1 2.7 1 2.9 1 3.1
M91 — 4.3 M92 — 3.9 M93 — 2.8 M94 — 2.4 M95 — 2.3 M96 — 2.7
©} 4.6 ) 4 O] 2.6 © 3.5 ©} 2.5 O]} 32
i 1L 3.1 1 25 1L 3 1 3 1 35
M101 — 3 | MI02 — 29 | MI03 — 26 |MI04 — 36 |MIOS — 42 |MIo6 — 34
o} © 33 © 35 o 37 © 31 © 38

A LA E,—ANE, O BAT A,
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Table 2 Air valve resistance calculation

S8 Hfl
U242 /m 0.54
TR/ i 0.46
JEE 2 fmm 1.5
B/ (kg/m?) 7.85
J B/ kg 5.39
HJJ/N 52.86
He st (I T R4 )/ Pa 115.40
fEE(°) 35
I frad 0.61
R 0.82
JER#/ Pa 140.87

MG 2 A5 S n n, RURIBE S 29 141 Pa.

A U A8 0L R A 110 25 ¥4 B 3k AU AL T ] A AR
B TT R 149 Pao S5 A FINBH I AR 4R 22 55 5L 20 Pa,
PEIHXUEH K 149+20=169(Pa) .

Tz IR RN R S AR ST R R R B R
141+149+20=310(Pa) , fit B 1 112 17T TAFE S

HR A KUBLBH 77 5 KBLE BEAS ) SEBRiZ 1T TAE &
R ZY A 20 800 m*/h, # A 230 Pa, BLA A4
FiE A A 5 30% VT, PR T XU i) IRUBTL XU Ay i
BB 77% i47 o B TR BCREIR TR, 5
SOTE B 25 = W i BE T30 XL 72 451 XI5 230086 7 A
AT N T AL IR
42 RHLZEITEIER

R 138 AL S Brdz 47 B 9 R Dk 230 Pa,
S A, AR S AL T XL B il £ 00 A R X 3
(BB X)), BUAE [R] — AN A S 60 3 AN AT Y
JRUEE A K 1 A T T DX L XU 19 50 3 A R L
TR HR 2l (Wi ) o XUBIL I 2 IRUBIL Y [0 A B4, XL
B BhAst A 15 3 B 20 i 18 K, IR HE 1 28 SR
TR, S SR TR R FAN R A R R T
My A SRR, i 2z 23 S80Il 22 XUBIL, 4 itk e 52 )
S IR PR o K B AT 1l B AR ) B A5
TS 2 BE IR, [FIA R ATL £ 268 0 0 50 8 , 3
LI 31, 2 IR £ el Ak
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Fig.5 The actual operating point of the fan
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2025 4F-55 6 HH

DA XGHN 0 m/s, A0 3 7R . AR as B (R4 Al
R, FBOWLK R FLZTT . 2 BREZER, T.
SIXBILIA B 45 , XBILIEE FH 73 i FAEA

&3 RHLM71 AN O RE

Table 3 Inlet wind speed of M71 fan heat exchanger

BT m/s
A M1 B2 BEm 3 B4 Bim S
Hm 1 0.7 0.4 0.6 0 0.7
ENE 1.4 1.0 0.9 1.5 1.3
m 3 1.6 1.1 1.1 13 1.3
Y1 4 1.9 1.0 1.0 1.2 1.3
ENER] 1.6 1.1 1.0 1.1 1.0
LI 6 1.6 1.2 1.0 1.1 0.5
Y 7 1.3 1.0 0.8 0.9 0.6
NI 0.8 0.5 0 0.4 0.6
ENTRY 0.5 0.4 0 0.7 0.6

45 HBSigitE:3

25 V8 B SR JH AR A5UXHIL R T A5UXHILLH A5 1 7 X
AR KBIL T AR B0 BERE SR VE o A8 A5 XL FT LA
K A0 R+ 722 4 2 1) T 2l 3 FH A8 A5 XU
FH T AR AT 1) FF S R 8 1, — REAE 2.5~4 kHz, H
7L i T IOk b D U BE L K i K R B AR A &
HLAIL, o1 T B0 A 1 T H BRI A5 L2, FE LML
7 A R R S5 R A BELJE IR S B R, AT P A i
JE R pLLsd a2k Ak B B Sl g gagg e,

AT R AR Al R v LY L B AL AR e 2
WK, 24K T 500 Vs BF P08 B L4 25 % il
R W FEAS AT H TN IF 5% 30k g D | ok FH AR A
LB, RIEBRTTEE, MR g E T 50 m i
T FEAS AT A 11 256 1E 5% I B U 7%

A Sl RAILR FH AR A5+ R ALE R, LRy
— 4 =, B I i S A ] A e I AR A 28 AL
b LA K G 150 mo 38 TR A SR 42 5|
LR ARk i K3k 810 V.,

B 3l AR B AL R FH AR 451 25 + 8 B HLSE G, ok
— i DU, FLARR A NS T IR L IR I A B
T2 8 A ) P61 40 B DA AR s 22 FELBILALE 1) P 4
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id 180 mo i Ty AR AT R 5 B HL e 2R ik die K
K340V,

ARBRRBILIE AT I AR L UE U 1 A2 R
W P s, Qe P i 7 o 25 8 4 A ) A 2 1 B RO
L DRl RN o BURIIA S S ECRYLIRSIR, B
BT AR
4.6  ALHREN )

Xt 1 XALAR 338 I A 3l e A A B, A 6
A MHLIR S | Z IR SR CR T 6.5 mm/s) ; 1
MR AL ARE TB/T 8689—20 14 KUBLIR 6 K H:
BIRAEL) , UM 19 S KBUREESR T 4.6 mm/s) 75 i T
BEATEANIY S, AP AC EPARTE SO 10816-1—1995
{Mechanical vibration—Evalution of machine vibration
by measurements on non—roating parts>>'4:‘ﬂf€fjJﬁ’?,&[18] ,
W3k 4 FR, =% B RWLE T 1 2K siRsh g,
S 1 KWLMB2) iR B/ I, HoAh LR 3 K-
W (C L ) il 6 frs , R s v B S04
Z G EE AR

x4 BEIRHRANFE
Table 4 Classification of the equipment vibration levels
P mm/s

gl

1% e IS IV

[0,0.28]
(0.28,0.45]
(0.45,0.71]
(0.71,1.12]
(1.12,1.8]

(1.8,2.8]

(2.8,45]
(45,7.1]
(7.1,11.2]
(11.2,18]

(18,28]
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PARRE M EAETR A Loy XA % E&;IVEAF R K
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Fig.6 Vibration level of air cooling island fan
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Fig.7 Geometric model of air—cooled island
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Fig.8 Crosswind velocity—Fan outlet flow field simulation
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Fig.9 Relationship between crosswind speed and fan power
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Fig.10 Simulation of fan outlet flow field at -65°
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Fig.11 Simulation of fan outlet flow field at —25°
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Fig.12 Simulation of fan outlet flow field at 35°
diversion angle

Kt/
(m/s)
15

S W o ©

(b) 10 m/sitY (o) 15 m/sitiii s
13 55°ERAERKILE ORBHE

Fig.13 Simulation of fan outlet flow field at 55°
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