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Frequency stability challenges and countermeasures in typical isolated synchronous power
grids with high penetration of renewable energy (part I)
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Abstract: In the context of the widespread integration of high-proportion renewable energy and power electronic devices,
this paper analyzes the challenges faced by isolated synchronous power grids operating with high renewable penetration.
First, the Irish, Texas, and Australian power grids are selected to review their system characteristics and renewable
development paths, identifying frequency stability risks associated with high-penetration operation. Then, from five key
perspectives: reduced system inertia, scarcity of frequency regulation resources, diversification of frequency regulation
methods, increased risk of frequency oscillations, and the impact of distributed renewables on under-frequency load
shedding, the common challenges faced by these grids are summarized. Finally, the systemic characteristics of frequency
stability issues under high renewable penetration are identified, and future research directions are proposed, including
critical inertia assessment, coordinated multi-source frequency regulation, oscillation suppression, and optimization of
load shedding strategies. These insights aim to provide both a theoretical foundation and practical reference for building
new power systems.
This work is supported by the National Key Research and Development Program of China (No. 2022YFB2403500).
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Fig. 1 Power network structure of Ireland’s all-island grid
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Table 1 Overview of Ireland’s all-island power system in 2023

JbEmR= BIRZE EIREAR
RHEEH/GW 1.349 4.620 5.969
A AR RRUREHL/GW 1.687 5.788 7.475
LA B/GW 2.267 7.321 9.588
EIRBA/GW 0.450 0.500 0.950
L H/GW 0.500 0.500 1.000

R2 BREZ2BWEERRENAX
Table 2 Renewable energy installation plan for

Ireland’s all-island grid

NIFEAR N B/GW
2024 E 2030 4
HH 6.495 13.250
PN 0.785 2.115
it 7.280 15.365

3 YAIRHIZ/RE=2 BB L RERHNKT K BEARIERR
Table 3 Key indicators limiting renewable energy sources

consumption in Ireland’s all-island grid
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Fig. 2 ERCOT power network diagram
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Fig. 3 Installed capacity of ERCOT
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Fig. 4 Renewable energy sources penetration at different
net load levels for ERCOT
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Table 4 Renewable energy installation planning for ERCOT
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Fig. 8 Trend of highest RES penetration from 2018 to 2025
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Table 5 Comparative assessment of three isolated synchronous grids

IR By

GG AL WRAE Ay 1737

SRS FHPI(NEM. SWIS., Jb#fH

HH % /R = (EirGrid) fdL % /K 2 (SONI) 7 [F]25 H (ERCOT), 5 SPP HLMIFI

L 4244 ), NEM 7 #% R #§if, H AEMO
SRR RS, SRMRIR BRI éﬁ) e
Gi—izE
¥ W% 0.5 GWHVDC £ (5 1 GW), 4 4 HVDC £k a s 1.22GW, L

FHE LR R 5 (6.785 GW)II 14.7%.

MR Hh T A BE YR 4

NEM WA FD HIR, TEs X HVDC
TR iz 1 XA A /N R R A

U (90 GW TN 1.35%. FECE
ARG, DAAHE R Py
i 5T 7.031 GW(2023 4F), Fifif  WEAE i FiiT 2033 4EiA 153.23 GW,

Q2 HLEE 180 TWh(2022 4F), 2050 4F 7

B SRR WK% FEHHEK 6.8% SREAEE 320 TWh
. FIEAREIELEHL 7475 GW, K HTREURZEHL 78.4 GW(47%), RN Bl 65.5 GW(RE RIGR), w4
17 79.85%; HHMLLE 9.588 GW 88.4 GW(53%) REURVBIE % 75.6%(2024 4F)
LA 2030 Hig RES-E (5t 70%, AR Bs ARUCE R LLE B bs, ERRGERER AT R K L EE 83%(2030—2031
[ BIEH 95% ML G IR Efige 4F), 2050 £Eik 98%
KRS . N, LA AT A KL iR, EREDFEIR R, RIS REE. KFHBE(E ETOGR) N E, HHEl
H#z fEIR UkySE ) e
.  RGINE TR RIRTREAL N RAS B XA I8 AT KUK S A U R
Kk AR AR It TIPS, Y551 PRSI A 2 G R SUX
2 ﬁﬁ!?ﬂﬁlﬁl*ﬁ%lﬁl?ﬁﬁ‘é;ﬁ%%ﬁﬁﬁﬁ 50— aooosrtmE KT
B s 0 = B A 2 6] B o\ Zimmermane

2.1 1R=PEK
2.1.1 BI/R2L G RS E TR

HRER B IE R 1 DL R AL B8 R B HLAL 1B
%, SRS EEE N, FR&HREAEH
RAETAEES, B, BRZ2EHEIRGIRL
TREEE D 7 G RAFD R ELIEL, KGRI TR
BN 23GW-s. R, HTEZH 207 ERBEN
FGERS R LTS R, RGhARRD i
1535 R _ETHE SEUREACE N, R
AR 4¥, K (rate of change of frequency, RoCoF) 2 Ft.
FIORZE M T 2020 FE92BREE KR 2030
ARBTG5 R TR, CURREEN
BT SR E T, BARILE 9. 5 2020
SERALL, 2030 £ 2R G KT 535 PR L e i
I S5 B F-(23 GW-s)14L,
2.1.2 B R G R T B

2013 42023 43 HL R PR F R AL 2 B G
T35, AR, SN REIRENLLLGR S Tt
M 2011 4EH 5%38KF 2023 411 40%">1, Hik
L 10M), #R1EH) 2025 42 H, #reslEEmLELp]
KE 47%. WEFRY, BN RIS LB 4k st 1
TF, i3 2030 4Ei5F] 57%, F) 2040 4Eik 3] 66%*,

HE/(GW s)

0 2'5 5I0 7I5 I(I)O
FEEERT ] (4 /%
9 2020 £F1 2030 FAREKFELE
Fig. 9 Comparison of inertia levels in 2020 and 2030

I ok, mmes g I ABE. KBARE. fiFAE

Bt

0
2011 2013 2015 2017 2019 2021 2023
HEty

10 2011 53] 2023 FIFMEMKN T ELREN
Fig. 10 Installed capacity structure of ERCOT from 2011 to 2023



- 182 -

W) R Gy B

IR, ARG EIFEARBGITISFERE B R 2
FERMINMRFLE TR, maET iR, B
L 11 Hh R R R e E b A 4, &
FINGFRRV AL, LR R R Re RS 5 3
e R EE. X—WRMEEFRAET, 2022
TR HT A FL A A R B K HORAR A AR ARk, 2
BARIN BN T 2 I RIVRK L. 5
BUEAHLL, BXE IR 15 & TR R 22 (Rl D 2
SELGIRIEHLALIY 1.5 4517,

400

350

300
250 I I
200

10 f 44+ 41—+ 4 1

4

TENGW-s)

00 1 ! 1 T !
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
F
B 11 SNEER] 2013 £—2023 FHIRE
Fig. 11 Inertia of ERCOT from 2013 to 2023

ARG R ARk, Ak B g F e
PATFEITE 2], ot A BRAEVE T A1 e R L 45 4 77
AT EREW. FR, MEESRRHEEEIK IR E
A AR AN R, BRI TGS B PR "]
PATRIL, BlE RIRSR BN SR REIR ) 2
iR S 9 H B R T A BT BB — 2 T PR AR XSS
2.1.3 HAHI RGBT R

NN SRR g8 L N N E T S
NEM Jj 5| — B4R T 68 GW-s LA L, {HHETI
W, #2025 FAREATHE NFEE 45 GW-s, FFIEREIE
B SRR 35%. R GUIR R RFEE T B VES
Kol WL 12140,

160 +
140
120+
100 F-.

——20154F 20184
—— 20164 —— 20194
—— 20174 Lo 20254

RYEMERTH

I Mt

HE/(GW-s)

S = N ]
OOOOO

lb 2|0 3|0 4b Sb 6|0 7|0
FREERTIA] |5 BB /%
& 12 (1R EiFERTE Lk

Fig. 12 Inertia duration curve

B TR R SRS, BT R R R A
A7, BRI HE, I3 T 5% B o AR AN I ) I . 4
5 R R P X 3 R A e 1 0 5032 NI 1B AT I, Bk
Z N AT B NOK 5 B0Z X I DL 4 2 A R
EIEAT. ANXTIX—HkiE, AEMO i+% 7 NEM

BN X E/MIERR, R TR IEE
AN R IE DLV 1 2 B B R AT e 46 &
AR B, AN KR OR 3 A I R B A 1
L 6,

% 6 NEM 2024 £—2027 FIR2IFHER
Table 6 Inertia assessment results for the NEM from 2024 to 2027
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