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Frequency nadir prediction for large disturbances in power systems considering detailed
governor system models and frequency regulation reserves
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Abstract: With the increasing proportion of renewable energy in the power system, system inertia decreases, and
frequency control resources become scarcer, posing a severe challenge to system frequency stability. Therefore, in this
context of ever-changing operation scenarios, it is particularly important to rapidly and accurately assess the power system
frequency security indices when there are large power disturbances. Specifically, the frequency nadir, which has a highly
nonlinear and unexpressed quantitative relationship with multiple parameters, making it difficult to predict accurately and
quickly, is a research focus in the power system frequency security assessment. However, current methods for rapidly
predicting the frequency nadir do not adequately consider the impact of frequency regulation reserves. This paper, based
on a parabolic approximation of system frequency deviation for the average system frequency (ASF) model, presents an
open-loop decoupling approach. This approach allows for the quantification of the relationship between the system
frequency nadir and governor output power while accounting for frequency regulation reserves. Ultimately, it facilitates
the rapid prediction and evaluation of the frequency nadir, considering the impact of frequency regulation reserves. The
accuracy of this method is validated through case studies on a small system and the ACTIVSg2000 system, with
prediction accuracies of 99.28% and 97.71%, respectively. This method is important for addressing issues related to unit
commitments with frequency safety constraints, evaluating the effectiveness of frequency stability control measures, and
assessing the operational capacity of new energy sources within systems subject to such constraints.
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Table 1 Comparison of frequency nadir and time of small system
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Table 2 Comparison of frequency nadir and time
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Table A1 Hydraulic turbine model parameters

IKEEHL Gl G2 G3 G4
By, 20 20 10 10
T, 0.2 0.2 0.2 0.2
b, 0.04 0.04 0.04 0.04
T, 0.4 0.45 0.3 0.5
K, 2 2 2 2
T, 1.9 2.1 1.8 2
K, 3 3 3 3

AR, 0.06 0.08 0.03 0.01
K, 1 1 1 1
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Table A2 Thermal turbine model parameters

VR G5 G6 G7 G8
By 400 300 300 400
T, 0.4 0.5 0.3 0.6
b, 0.04 0.05 0.04 0.05
T, 0.3 0.3 0.4 0.45
K, 5 5 5 5
T, 7 7 8 9
K, 5 5 5 5
£, 0.7 0.7 0.6 0.6
K, 5 5 5 5
F, 03 03 0.4 0.4
T, 0.02 0.02 0.02 0.02
AR, 0.03 0.02 0.05 0.1
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Table B1 Results of different evaluation schemes
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Fig. C1 Overall governor and damping response curve

0081 yestsifishae
- KL%

hE/p.u.

=
~..

————
_____________

-0.02

0 04 08 12 16 20 24 28 32 36 40
AR S IAEL I 50/
C2 FRIER=EM A SR & RER AR X &R
Fig. C2 Relationship of the different governor response

with the time of frequency nadir
SE 308k

(1] T4, kT, MR, 25 X o) RGN %2420

BT IR B o R X & (7], o B H L D AR 22 R, 2022,
42(1): 1-25.
ZHANG Ziyang, ZHANG Ning, DU Ershun, et al. Review
and countermeasures on frequency security issues of power
systems with high shares of renewables and power
electronics[J]. Proceedings of the CSEE, 2022, 42(1): 1-25.

(2] ZIESC, EFEM, Tw, & & TSk eI

By I AR AR WA B 43 BT T V(3] HL I S E AR R, 2022,
38(5): 16-24.
LIZhengwen, WANG Xiangxu, DING Qili, et al. Model-
data integration driven based frequency response analysis
method[J]. Power System and Clean Energy, 2022, 38(5):
16-24.

(3] ERRA, FAEA, W, 2. =X HIEE T MR gE

AT I A0 2R R e S ) SR I AT (0], #2022,
51(10): 103-113.
GUO Liangjie, WANG Delin, XIE Peng, et al. Research
on frequency stability control strategy of power grid peak
shaving operation under high wind power penetration[J].
Thermal Power Generation, 2022, 51(10): 103-113.

(4] T5M8, BRi%, RUE, S OBFTHHE RS L REIRREREBIE
ENAUAAE IR, H B, 2022, 43(9): 87-93.
SU Peng, CHEN Lu, WU Jian, et al. Dynamic optimal
control model of multi-energy inertia in new power
system[J]. Electric Power Construction, 2022, 43(9): 87-93.

(6] FhEZR, Vrik, #hag, 5. sl “8+ 9”7 KiFHHKI
At Bkt A [ R PR R s D], A L C AR 2R, 2019,
39(21): 6183-6192.
SUN Huadong, XU Tao, GUO Qiang, et al. Analysis on
blackout in Great Britain power grid on August 9th, 2019
and its enlightenment to power grid in China[J]. Proceedings
of the CSEE, 2019, 39(21): 6183-6192.

(6] WHE, Ehegi, XK. FT v-SVR [MH) R GHk



- 86 -

W) R GRP bk

[11]

[11]

[12]

B G B AR TN W77 B 34, 2015, 35(7):
83-88.

BO Qibin, WANG Xiaoru, LIU Ketian. Minimum frequency
prediction based on v-SVR for post-disturbance power
system[J]. Electric Power Automation Equipment, 2015,
35(7): 83-88.

skAf. TR ST ) R GRS JE AR T D).
Drrd: AR, 2018.

ZHANG Yi. Deep learning based frequency prediction
after power system disturbance[D].
University, 2018.

Z g, W, E, ST RAEIE A BN
W RFZIMEANEHETN[I]. BMEAR, 2021,
45(7): 2492-2502.

LI Guanzheng, LI Bin, WANG Shuai, et al. Dynamic

frequency prediction of power system post-disturbance

Jinan: Shandong

based on feature selection and random forest[J]. Power
System Technology, 2021, 45(7): 2492-2502.

AR, LB, W, &5 BT REEEZRTIN
AN A BSORTAT0 10 226 1) 25 DR HEL B, 0 2R SRR A TR A ).
HLM A, 2022, 46(8): 3181-3193.

ZHAO Dongmei, ZHENG Yarui, XIE Jiakang, et al.
Frequency stability evaluation of power system containing
wind power based on light gradient boosting machine and
generative network[J].
Technology, 2022, 46(8): 3181-3193.
MR, X5te, i, 5 S-SR S REE
L A 2 TP A (D). B0 R G L A B,
2022, 34(6): 61-70.

CHEN Zhe, DENG Baohua, JIN Jianxin, et al. Frequency
safety evaluation of microgrid with electricity-gas-heat
coupling system[J]. Proceedings of the CSU-EPSA, 2022,
34(6): 61-70.

BARE, KA, BIEL, 5 BEMEZEL RN
HEEE MRS ) RENAAEI]. B RGHR
P56, 2022, 50(11): 61-70.

MAO Yingqun, ZHANG Jianping, CHENG Haozhong, et al.

Unit commitment of a power system considering frequency

adversarial Power System

safety constraint and wind power integrated inertial
control[J]. Power System Protection and Control, 2022,
50(11): 61-70.

W, wHAGE, R, S RS SR BRE i N BT R
BRI AP L R TR B RG IR 44,
2023, 51(2): 34-45.

YAO Yu, YE Chengjin, ZHU Chao, et al. Data-driven
frequency constrained economic dispatch considering fast
demand resources[J]. Power System Protection and Control,
2023, 51(2): 34-45.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

AHMADI H, GHASEMI H. Security-constrained unit
commitment with linearized system frequency limit
constraints[J]. IEEE Transactions on Power Systems, 2014,
29(4): 1536-1545.

ZHANG C, LIU L, CHENG H, et al. Frequency-constrained
co-planning of generation and energy storage with
high-penetration renewable energy[J]. Journal of Modern
Power Systems and Clean Energy, 2021, 9(4): 760-775.
OSKOUEE S S, KAMALI S, AMRAEE T. Primary
frequency support in unit commitment using a multi-area
frequency model with flywheel energy storage[J]. IEEE
Transactions on Power Systems, 2021, 36(6): 5105-5119.
ZHANG Z, DU E, TENG F, et al. Modeling frequency
dynamics in unit commitment with a high share of
renewable energy[J]. IEEE Transactions on Power Systems,
2020, 35(6): 4383-4395.

REIH, FER, £1E, & BERPHEZERER
FE SR LA R HLHE A ] B RGER H5HH],
2023, 51(13): 102-110.

ZHANG lJiaqi, XU Guoyi, WANG Cheng, et al. Unit
commitment considering the sensitivity of the synchronous
generator adjustment coefficient and frequency constraint[J].
Power System Protection and Control, 2023, 51(13):
102-110.

JVE, XTI, B, 85 b NUIR SCHEERE 1 o0
FHERB R[] B TREEAR, 2022, 41(4):
18-24, 107.

ZHOU Tao, LIU Zicheng, CHEN Zhong, et al. Frequency
support capacity of asynchronous motor andits equivalent
inertia evaluation[J]. Electric Power Engineering Technology,
2022, 41(4): 18-24, 107.

EGIDO I, FERNANDEZ-BERNAL F, CENTENO P, et al.
Maximum frequency deviation calculation in small isolated
power systems[J]. IEEE Transactions on Power Systems,
2009, 24(4): 1731-1738.

UL T RO R AR L R ) R G Bh AR AL
TRMD]. RRHS: PHFACE K2, 2018.

FAN Chengwei. Characteristic prediction of power system
dynamic frequency considering governor nonlinearity[D].
Chengdu: Southwest Jiaotong University, 2018.

DR AT, Eean, Fgem, 55 T IRE R G E A
i R G R A EN JE B ARSR T[], 0 E i
B4, 2019, 39(10): 163-167.

LUO Qiheng, WANG Xiaoru, LIU Jianqiang, et al.
Minimum frequency prediction of power system after
disturbance based on equivalent model of governor
system[J]. Electric Power Automation Equipment, 2019,
39(10): 163-167.



YR,

T B R E 2 G VRIS TR AT % (1 KT S e A T U5 9%

- 87 -

[22] M0, PR, WA, 5. KRIFEHK TS

il TH AR 07 AR T]. D R A E Bk, 2019,
43(17): 78-83.
LIU Liu, LT Weidong, CHANG Youyi, et al. Low-order
simulation model for frequency nadir estimation with
high power deficit[J]. Automation of Electric Power Systems,
2019, 43(17): 78-83.

(23] TRILHE, S, w297, S5 TRINHTREVR BN HL M 2 4R

JE I A R B ASF RBEAL[T]. HMEAR, 2023,
47(5): 1788-1799.
ZHANG Yingmin, PENG Zefeng, PENG Qiao, et al.
Generic ASF model of new-energy-integrated power grid
for frequency nadir estimation under disturbance[J].
Power System Technology, 2023, 47(5): 1788-1799.

[24] BASKARAD T, KUZLE I, HOLJEVAC N. Photovoltaic
system power reserve determination using parabolic
approximation of frequency response[J]. IEEE Transactions
on Smart Grid, 2021, 12(4): 3175-3184.

[25] LIU L, LI W, BA Y, et al. An analytical model for
frequency nadir prediction following a major disturbance[J].
IEEE Transactions on Power Systems, 2020, 35(4):
2527-2536.

[26] B#E, T2, BRM, % ZELIHERE SRER
TRH REVR R T R G — xS A € [J/OL].  [H
BLHL T2 22 4R . 1-13[2023-03-01]. http://kns.cnki.net/
kems/detail/11.2107.TM.20230301.1119.003.html.
YANG Mugqing, WANG Cheng, GE Chenyu, et al. Primary
frequency regulation reserve procurement of renewable
energy power system considering multiple damping
states and governor limiters[J/JOL]. Proceeding of the
CSEE: 1-13[2023-03-01]. http://kns.cnki.net/kcms/ detail/11.
2107.TM.20230301.1119.003.html.

[27] ®IZHE, 2R, FIEX, & i L KEREX 5 R
i 0 v o) XU ) RGEALAL L & [T B AR
2022, 46(4): 1326-1337.

SHEN Jiakai, LI Weidong, LI Zhengwen, et al. Unit

commitment of power system with high proportion of

wind power considering the deadband and limiter of primary
frequency response[J]. Power System Technology, 2022,
46(4): 1326-1337.

[28] CHAN M L, DUNLOP R D, SCHWEPPE F. Dynamic
equivalents for average system frequency behavior
following major disturbances[J]. IEEE Transactions on
Power Apparatus and Systems, 1972 (4): 1637-1642.

[29] COMM R. Dynamic models for steam and hydro turbines
in power system studies[J]. IEEE transactions on power
apparatus and systems, 1973(6): 1904-1915.

[30] Hxueli)m. B RG%efkEIN: GB 38755—
2019[S]. dbxi: HE Iy R, 2019.

[31] CAIG ZHOU S, LIU C, et al. Hierarchical under frequency
load shedding scheme for inter-connected power systems|[J].
Protection and Control of Modern Power Systems, 2023,
8(2): 556-567.

[32] CHAVEZ H, BALDICK R, SHARMA S. Governor
rate-constrained OPF for primary frequency control
adequacy[J]. IEEE Transactions on Power Systems, 2014,
29(3): 1473-1480.

[33] BIRCHFIELD A B, XU T, GEGNER K M, et al. Grid
structural characteristics as validation criteria for synthetic
networks[J]. IEEE Transactions on power systems, 2016,
32(4): 3258-3265.

Yrks BEA: 2023-09-02;
fEEE -

EgA19920), F, W, HRFT@HENREHE
4#7; E-mail: eewkmo@gmail.com

PR (2002—), B, MIEARRE, HRFEADSH Z
S AL E A, E-mail: 786735605@qq.com

HesE (1975—), F, @fa4H, W, R, RS
WAL HZFERHTH. & EEMXNETEEH.

E-mail: eehychen@scut.edu.cn

{&EIHER: 2023-12-27

(4h#E W)



