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Fig.1 Sub- / super-synchronous oscillation waveforms
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Fig.2 Diagram of system bus classification
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Fig.3 Calculative results of interharmonic power flow
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Table 1 Results of interharmonic voltage distribution

of four-machine two-area system

s I3k ) 2 2R IRV W AT 452

T WE/V M/ C) WEE/V O A/ C)
N, 1327.847 -88.411 1327.933 -88.434
Ny 2534.871 -96.962 2535.034 -96.985
N, 3941.580  -102.390 3941.833  -102.414
Ny 12087.946  -105493  12088.723  -105.516
N, 20212.686  —106.073  20213.986  —106.097
N, 12991695  -100.571 12992713  -100.611
N, 6798.154 -91.795 6797.502 -91.790
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Table 2 Results of interharmonic current distribution

of four-machine two-area system

S Il 7S4S [ B S 2
WE(E /A A6/ (O)  WEE /A MG/ C)
Ge,-N, 3095670  -29.510  3092.856  -29.465
Ge,-N,  5919.071  -38340  5917.041  -38.365
Ges-N,,  15899.062  -33272  15896.666  —33.343
Ge-N,, 30385544  -42.139  30366.117  -42.076
N,-N, 269.244 0518 268.926 0.534
N,-N, 781.921 -5.296 781.273 -5313
N,-N, 806.694  -0.304 805449  -0316
Ng-N, 804754  -0.270 802.619  -0.261
N,-N,, 4015987  -9.079 4011974  -9.078
N,-N,, 1382809  -3.265 1382.225 -3.343
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Ny-G 677.367  70.017 676.886 69.985
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Fig.4 Voltage distribution of interharmonic power flow
of IEEE 10-machine 39-bus system
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Fig.5 Equivalent impedance of thermal power unit

with frequency scanning method
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Table 3 Comparison of calculative and actual values

of generator port voltage

HlLg HEME/V HIAE/ V. MHRXRZE /%
G, 705.575 773.455 -8.776
G, 1193.204 1224.257 -2.536
G, 1252.819 1282.074 -2.282
G, 2414.731 2443.779 -1.189
Gy 2291.865 2319.435 -1.189
Gy 2241.309 2268.271 -1.189
G, 2050.952 2075.623 -1.189
Gy 846.113 1354.885 -37.551
G, 998.028 1064.192 -6.217
G 292.631 309.642 -5.494

KL HLAL R A AL 25 5 ) 3 0 25 R4 BH B AR
Ak, DT S 00 (6] S5O0 3 0 A o Fh 6 3 T4 ML G,
PR A X 152 22 Fe K, I 22 1R ik —37.551 %, i KT A
Wk BAT BRI B . ML G IE R E &
AR HLAL , BERIERG . SBR v 2 e
A3 7 5 T B A 0 2 o R S A5 ) £ ) 3
U R R FEL IR A0 A 5 AR AR e AR LR 0T 4 [
H L A A AF TR B R 22, I AT RES | 2 T KL
AR .

5 it

A SCEE X H e BRI/ R PR G AR
P T A R R A A M A (A1 IR 5
Ty g T SE AT R 2% R8T R B A A
XFHL I RGO R AT TR S T
)R T HL ) R G R S B TR . TR
AT RSP i S B AP IR GE A T
PUALF X IR 2R 45 L) M TEEE 1001 39 15 5 R 48 b St
AT L5 VR SR e B B ) 0 i S O A
RCHE AR TE o SR T 20 T TR0 I At o A FE B e
PR R 25435 5 | A &3 K H HLER it A AR R ) v )
I

AR ST B TR RE IR I I A S AT 0 174 [ 5
WA AR TR B . A TR
Ti :RERE AT R0 o AR BE IR U / ] 041855 N [
U H, s P 3 T P T o ) A% R R0 A1 T R4S PR
LR AR, IE RN KU U [ 20 4 35 Y8 4 3 K H,
HLZH i R IR

P S LA M 2518 (http : / www.epae.cn)

B2 3k -
[ 1] 20 R TR 5o % REUREG LR IR BT — (R ) R4

B ARFEAEL) ] v B s HL T2 4, 2018, 38(7) : 1893-1904,
2205.

ZHOU Xiaoxin, CHEN Shuyong, LU Zongxiang, et al. Techno-
logy features of the new generation power system in China
[J]. Proceedings of the CSEE,2018,38(7):1893-1904,2205.
Wi i, tRatze, PNV AR, 25 i FL A o L T L T R S
RGITEERARLT ] LT R A4, 2021,41(7) :2297-2310.
CHEN Lujie, XU Shiyun, SUN Huadong, et al. A survey on

wide-frequency oscillation for power systems with high pene-

—
NS}
[a—

tration of power electronics[J]. Proceedings of the CSEE,

2021,41(7):2297-2310.

ik, EPGH R . KB I M R Ge ik R 25 0k 5 2

AAGHFREEDI AT PR AL T 2242, 2020,40(16) - 5217-

5229.

MA Wenda, WANG Xitian, XIE Da. Characteristics of subsyn-

chronous oscillation power propagation in the large-scale wind

farm integrated system[]]. Proceedings of the CSEE,2020,40

(16):5217-5229.

[ 4] GAO Bo,WANG Yang,XU Wilsun,et al. Identifying and ran-
king sources of SSR based on the concept of subsynchronous
powcr[ﬂ. IEEE Transactions on Power Delivery,2020,35(1):
258-268.

[ 5] WANG Yang, JIA Xiaolong, XIE Xiaorong, et al. Identifying

sources of subsynchronous resonance using wide-area phasor

—
(98]
[a—

measurements[ J]. IEEE Transactions on Power Delivery,2020,
36(5):3242-3254.

[6] XIE Xiaorong, ZHAN Ying, SHAIR J, et al. Identifying the
source of subsynchronous control interaction via wide-area
monitoring of sub / super-synchronous power flows[J]. IEEE
Transactions on Power Delivery,2020,35(5):2177-2185.

(7] W, EOCHE, T, 45 . R 8 25 RE Vit A9 U [ 25 5l iR

DAL EEE O S BUE PP (1], IR SE [ 8hik, 2016,40(19) :

1-8.

CHEN Lei, WANG Wenjie, WANG Maohai, et al. Disturbance

source location of subsynchronous forced oscillation and dam-

ping evaluation using transient energy flow[J]. Automation of

Electric Power Systems,2016,40(19):1-8.

AEAGHR, i, D 53, 25 R IR IR B A RE IR S AL DR A

FRIGHA IR ). )RS A1k, 2018,42(22) :52-58.

REN Yina, CHEN Lei, MIN Yong,et al. Relationship between

transient energy flow, electric power and damping torque in

—
oo
[—

subsynchronous oscillation [J].  Automation of Electric Power
Systems,2018,42(22) :52-58.
RV, T R, A5 BT RE R R A 03 T ARG U
ERLI] T RGEA K, 2010,34(5) 1 1-6.
YU Yiping, MIN Yong, CHEN Lei, et al. Disturbance source
location of forced power oscillation using energy functions
[J]. Automation of Electric Power Systems,2010,34(5):1-6.
(107 Bk, w5 )9, 45 . HL I S8 AR v S5 0 Mg 45 A 7 58
(3], W RGE A 3h1E,2021,45(11):152-159.
FAN Chen, YAO Jianguo, CHANG Naichao, et al. Technical

scheme for real-time monitoring of wide-frequency oscillation

—
=)
[—

in power grid[J]. Automation of Electric Power Systems,2021,
45(11):152-159.

[11] MR WRd A, A5 T 1] SEARUHR o 4 ) SE AP e ) e
B(J/0L]. [2022-05-18]. H H ABh{ki% 4. http: //d()i.org/
10.16081 / j.epae.202205037.

[12] XU, VFomils, HE K0k, A5 . TR DA i (1 (o) 8 D ae St 5
L1, w1 A B, 2019,39(1) :153-160.

LIU Hao, XU Sudi, BI Tianshu, et al. Inter-harmonic reduc-
tion algorithm based on synchrophasor measurements[J]. Elec-
tric Power Automation Equipment,2019,39(1):153-160.



@

% 0 & % & L %

Fa02k

[13]

RBE, DT X0 AR LBRTRR IR ) RGBSR
W7k S Bt ()], IR, 2021,45(9) :3496-3504.

WU Chen, MA Ningning, LIU Xufei, et al. Monitoring method
and device design of multimodal oscillation in high-propor-

tion renewable power systems[J]. Power System Technology,

[17] 0, T4, 909, 55 . BReIEOT MR G851 Kk i 52 28R 1] i

L H T [)]. rRIEIAR ,2017,41(4) : 1035-1042.

LI Mingjie, YU Zhao,XU Tao,et al. Study of complex oscilla-
tion caused by renewable energy integration and its solution
[J]. Power System Technology,2017,4l(4):1035—1042.

[18] BRI, =¥, 68, 55 . JFM VSC RGEIEE Iy —3s U4
TR /087 (J / OL]. [2022-05-16]. 11 A 364 . hup: /
doi.org / 10.16081 / j.epae.202203021.

[19] 7. mh RE @B S % (M) b Bhas it

2021,45(9):3496-3504.

[14] SV, Wi, & 98, 5 . 2 TIE8 SOl 2 & i e i 5 52
BLT]. WL F R 5 H 3h1,2020,44(20) : 136-141.
WU Yanping, YAO Jianguo, CHANG Naichao, et al. Design

and implementation of multi-functional wide-frequency mea- 2010 82-88.
surement device[J]. Automation of Electric Power Systems,
2020,44(20):136-141. EE RN :

[15] Sele BReE, 87,55 . M RGN FBIRG AN 5 (e Lk i (i 4L A (1997 —), B AL, T BB R
AREIELT]. I A BhEE,2020,40(9) :129-141. 54 & A 7 SR AR % B0 91 R (E-mail
WU Xi, CHEN Xi, LU Wan, et al. Review of detection and 201306080017@hhu.edu.cn) ;
online localization technology of sub-synchronous oscillation A—F(1977—), B , %%, W+ 42
W, ZEMA T AL ZALRKY
Balmk AL RARDESEESH
(E-mail : yyiping@hhu.edu.cn) ;
pos ¥ F(1962—), % Hak L, £ &
R e A e R R A
% % # %  (E-mail : pju@hhu.edu.cn)

in power system[J]. Electric Power Automation Equipment,
2020,40(9) :129-141.

[16] BGE L, PRI, ARIRTT . LU AL ) R GEH G — 2R B R = r
WAL ). VLSS R4, 1985,19(5) 1 11-23.
XIA Daozhi,SHEN Zanxun,ZHU Zhenqing. Unified fundamen- S
tal frequency and harmonic load flow solution in AC/DC
power systems[J]. Journal of Xi’an Jiaotong University, 1985,

19(5):11-23. (4iE F3)
Tracing method of sub- / super-synchronous oscillation based on
interharmonic power flow calculation of wide frequency measurement
JIN Biao',YU Yiping',FAN Chen*,YI Wenfei’,JU Ping'
(1. College of Energy and Electric Engineering,Hohai University, Nanjing 211100, China;
2. China Electric Power Research Institute(Nanjing),Nanjing 210003, China;
3. State Grid Jiangsu Electric Power Co.,Ltd.,Nanjing 211103, China)

Abstract: The rapid development of wide frequency measurement technology provides effective means for
monitoring sub- / super-synchronous oscillation of some renewable energy generation grid-connected buses.
However, due to the distribution limitation of measurement units,it is difficult to obtain the spread and dis-
tribution of oscillation in the whole grid. Thus, a tracing method of sub-/ super-synchronous oscillation
based on interharmonic power flow calculation of wide frequency measurement for renewable energy genera-
tion grid-connected buses is proposed. The network model and component model of interharmonic power
flow algorithm under sub-synchronous oscillation frequency are given,and the detailed steps of interharmonic
power flow calculation are summarized. The interharmonic power flow calculation is used to obtain the dis-
tribution of interharmonic voltage and current at each bus,and then the spread path of sub-/ super-synchro-
nous oscillation can be obtained. When the sub-synchronous oscillation propagation of renewable energy
power generation system causes the torsional vibration of shaft system in adjacent thermal power units,
there is a sudden change in the interharmonic equivalent impedance of torsional vibration units, so that
leading to the variation of the interharmonic power flow distribution. According to the difference between
the calculative results of interharmonic power flow under the expected oscillation state and the actual wide
frequency measurement results,it can be used to trace and locate the torsional vibration of shaft system in
adjacent thermal power units caused by sub-synchronous oscillation of renewable energy power generation.
Finally,the effectiveness and accuracy of the proposed method are verified by the case study of four-machine
two-area system and IEEE 10-machine 39-bus system.

Key words: wide frequency measurement;sub- / super-synchronous oscillation; interharmonic power flow; tra-

cing and locating;renewable energy



ik A

GO

EERRITE [

® BNRBR/EBREIE
RSAERS

'

ML T TR
@ ], BT =S
B

l ® | 4TED. MBER
©) REMIRE

Al [BlERER T BAEE
Fig.Al Calculation block diagram of interharmonic power flow

Ui | UJ’
EEm—
Z

(a) EEfEIEHE (b) 5 afkiEmE
A2 BRAIETEE

Fig.A2 Schematic diagram of path determination

Areal Area?
GGl GGS T
¢ Inject
Ns Ne N; Ng No N1o N,{
Gz % G.; G Gea

A3 UL X 155 3 G 8] 1 35 PEL 40 P 2%

Fig.A3 Interharmonic impedance network of four-machine two-area system
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Table B1 Network parameters of four-machine two-area system at

20 Hz frequency

EIAT A AR S0P SR BUpU. SR LS 9N/p.u.
5 6 0.00250 0.00833 0.01457
6 7 0.00100 0.00333 0.00583
7 8 0.00550 0.01833 0.12833
8 9 0.00550 0.01833 0.12833
9 10 0.00100 0.00333 0.00583
10 11 0.00250 0.00833 0.01457

Gur 0.10003 0.01770 0
9 Guo 0.05632 0.00386 0
5 Ger -0.00017 0.00933 0
6 Ge2 -0.00022 0.00931 0
10 Ges -0.00025 0.00929 0
n Ges -0.00024 0.00930 0




Table B2 IEEE 10-machine 39-nbus system network parameters at 20 Hz frequency

%< B2 IEEE 10 #1 39 TS R &R %% 20 Hz SR T MK S

EIGT R ART R SACEM/pu. SRCES/pU. SRR /pu. SRR GUEED /A SEE GHEED /A
! 2 0.0035 0.0137 0.2329 24.2698 24.7529
! 3 0.0010 0.0083 0.2500 24.3106 24.8405
2 3 0.0013 0.0050 0.0857 78.1805 79.2479
2 % 0.0070 0.0029 0.0487 3.6550 4.1008
2 30 0 0.0060 0 55.6050 55.9914
3 4 0.0013 0.0071 0.0738 117708 10.4934
3 18 0.0011 0.0044 0.0713 89.9620 89.7533
4 5 0.0008 0.0043 0.0447 435369 41.7694
4 14 0.0008 0.0043 0.0461 37.9069 37.7565
5 8 0.0008 0.0037 0.0492 236974 212513
6 5 0.0002 0.0009 0.0145 21,8539 21.2959
6 ! 0.0006 0.0031 0.0377 15.9910 13.5877
6 1 0.0007 0.0027 0.0463 21,3854 21.6665
! 8 0.0004 0.0015 0.0260 16.0246 13.6118
8 o 0.0023 0.0121 0.1268 34.7438 29.8613
9 3 0.0010 0.0083 0.4000 34.8231 29.9671
10 1 0.0004 0.0014 0.0243 19.3899 19.8032
10 13 0.0004 0.0014 0.0243 54.3005 53.5840
10 32 0 0.0067 0 37.9150 38.7014
12 1 0.0016 0.0145 0 2.3457 2.2483
12 13 0.0016 0.0145 0 5.0473 4.9916
13 14 0.0009 0.0034 0.0574 59.4814 58.5344
14 15 0.0018 0.0072 0.1220 97.0913 95.9711
15 16 0.0009 0.0031 0.0570 106.9241 105.9509
16 17 0.0007 0.0030 0.0447 157.9345 158.0590
16 19 0.0016 0.0065 0.1013 103.6338 104.3501
16 21 0.0008 0.0045 0.0849 823114 82,9522
16 24 0.0003 0.0020 0.0227 52.2392 52.5005
17 18 0.0007 0.0027 0.0440 91.4022 91.3200
17 27 0.0013 0.0058 0.1072 66.6201 66.9097
19 33 0.0007 0.0047 0 69.8921 70.4587
19 20 0.0007 0.0046 0 35.7452 35.7795

20 34 0.0009 0.0060 0 35.7452 33.5482
21 22 0.0008 0.0047 0.0855 77.3202 78.0004
22 23 0.0006 0.0032 0.0615 0.9535 0.9677
22 35 0 0.0048 0 77.4709 78.0845
2 24 0.0022 0.0117 0.1203 54.0820 54.3044
23 36 0.0005 0.0091 0 51.9566 52.3584
% 26 0.0032 0.0108 0.1710 29.9149 29.8224
25 37 0.0006 0.0077 0 29.1382 29.4777
% 27 0.0014 0.0049 0.0799 63.4262 63.5818
26 28 0.0043 0.0158 0.2601 16.5984 16.8897




EIGT R AR SACEM/pu. SRCEPU/pU. SRS /pu. SRR GQUEED /A SEE GHEED /A
% 2 0.0057 0.0208 0.3430 16.5721 16.8094
28 29 0.0014 0.0050 0.0830 16.4293 16.6235
29 38 0.0008 0.0052 0 33.0669 33.4783
31 6 0 0.0083 0 24.8146 24.6611
3 40 0.3055 0.0068 0 3.5618 3.6006
4 4 0.0824 0.0910 0 8.2374 8.3444
6 42 0.1810 0.1957 0 3.0522 3.1126
8 43 0.0862 0.0872 0 6.0277 6.2465
12 44 0.0095 0.3342 0 4.1137 2.7559
15 45 0.0961 0.1378 0 11.2510 112938
16 46 0.2734 0.0805 0 7.8042 7.8645
18 47 0.4694 0.2674 0 2.7504 2.7857
20 a8 0.1249 0.0615 0 10.3583 10.4913
21 49 0.1399 0.1761 0 8.3417 8.3800
23 50 0.2051 0.2103 0 5.2632 5.3122
2 51 0.3189 0.0317 0 6.6174 6.6754
25 52 0.3373 0.2132 0 18153 1.8530
26 53 0.6572 0.2411 0 1.4814 1.5027
27 54 0.2158 0.1740 0 4.8909 4.9305
28 55 0.4343 0.1745 0 1.6565 1.6849
29 56 0.3400 0.0968 0 1.9937 2.0139
30 57 0.0025 0.0064 0 55.5553 55.9914
31 58 32252 48377 0 0.1097 0.1074
31 59 -0.0006 0.0254 0 24.7504 24.5731
32 60 10,0083 0.0156 0 37.8262 38.7014
33 61 00110 0.0159 0 69.7226 70.4587
34 62 0.0176 0.0342 0 33.1769 33.5482
35 63 0.0078 0.0136 0 77.3232 78.0845
36 64 0.0128 0.0181 0 51.8231 52.3584
37 65 0.0023 0.0134 0 29.0417 29.4777
38 66 10,0064 0.0153 0 33.0806 33.4783
39 67 0.0658 0.0447 0 2.0445 1.9624
39 68 10,0005 0.0028 0 58.1665 53.8768




7 |
- i 11 13 I 20 22

10

32 4 éea _@_35

31 13
B2 (AR R IBREE
Fig.B2 Interharmonic power flow propagation path diagram
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