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Abstract: [ Objective ] With the advancement of integrated development models for hydro-wind-solar clean energy bases, key
challenges have emerged regarding how to achieve optimal dispatch under hydro-wind-solar coupling and how to evaluate the
stability support capability provided by hydropower units. To address these issues, this study aims to explore the stability support
performance of such bases under different dispatch modes and to realize optimal scheduling under large-scale renewable energy
integration. A grid-connected optimal scheduling model for hydro-wind-solar clean energy bases is established, along with a
quantitative assessment method for inertia support capability. [ Methods ] Two dispatching modes for the hydro-wind-solar
integrated base are defined; large coupling and small coupling. Optimization models for both modes are constructed with the
objective of maximizing the consumption of wind and solar energy. Based on the equivalent inertia constant method, quantitative
evaluation indicators for the system’ s inertia support capability are proposed. These indicators are further used to analyze the
impact of various wind-to-solar ratios, hydropower capacities, and operation modes on the system’ s equivalent inertia.
[ Results | The results show that under the large coupling mode, system frequency security is more vulnerable, with periods of
inertia deficiency identified. Moreover, photovoltaic generation uncertainty exerts a greater influence on hydropower scheduling
than wind power, leading to an increased number of operating hydropower units. However, this also enhances the system’ s
equivalent inertia. Additionally, the wind-solar ratio has a more pronounced impact on the scheduling result under the small
coupling mode than under the large coupling mode. [ Conclusion ] Under the large coupling mode, the overall inertia support
capacity of the base is superior to that under the small coupling mode, providing more spinning reserves and better supporting the
stable operation of the power system.

Keywords: hydro-wind-solar coupling; clean energy integrated base; optimal dispatch; system equivalent inertia; stability

support

i}

0 3l

FURT, BRIE I BE AL AU AE 1 A SUE Bk
i, TR T RE TR At DR BE DR AL R 22 4 M X A
ARAE I SRS . K KO — IR B — P 2R 5 1Y
RERT AR, HHEBE IR R K RE . KUBEAIK FH AE
SFANRIZE R Al AR BRI MO e, B T RETREL AR
AR, A i 3 ] 2 Ay B A A T RE TR &
pEE T, BT RENT AR
TE R BT, DAL, ARk I A
MPLAETRIE , JRAE R G UG R R 4 — A
PR EEHT I 0, SRR, A KOG I
A LB R, RERESHENTREELEE, A
BT BT, AKROE— S R S Y
SR S A 22 5 T TR 22 R AT
AP, BETTH Bl e R Gta AT AR E T

BRI KOG — A Al il G A 9 2 ) 80 ) B 5
SCHRL 11 ] 06 7K KOl — A Ak 22 B8 B b 75 3 4% Hb ) 98] J3E
AT TIRARDY, IR T4 B 0N ET7
U5, G DX R R 2 R U, R TR RE TR
N IFAR DR T RN G AR, SCHER[ 12 ] 42 T —
7K K RG22 B8 HL A 2R Gk 8] B2 1 7 20 AL A A
KTk, KBEARMEET, KKOLZRETLAN RS
REAE S i K R I T IR R IR AR aE AT 3 0 . SCliR[ 13 ]
FIREET X R KO — A % i R G 2 )= bR A 7

KFKEBER(PHRZ) $£56%5 2025 FES2 H

BCI LAY TOE9E, By ikddm 1T RERIH A R,
SCHR[ 14 ] 3 R AU K K HL J5 i) 79 Ao ofe] E A 2, B
HL R AR TN E AN T TIRA IS, T IA
BRI T PR FERE A R P L, (IR SE H RAA
AT BERR  SCHRL 15 ] 20 e T K KOG E AN R GE
SCABATRIF RGBT R P BE S, i 5 B aa th 1
PIRPSRIE AL SoE st il X E IR A £k
AXER H KOG — PR AL 2 5 8 B2 14 5 02 W
RETRTR 24 BB R Aa AT, e o FIHL X v O 9 52 0 7]
FEATT 2L

i — 2R3 AT 7K FRL T X DG A R AR
SCHRL 16 ] 32 T — M A & AR S KU 19 T 3k, 9F
M T 2 HARIREEAEAD @ R OK s 17 2R &
P T RE W R AR S AR ot L XURS: . SCHk [ 17 ] 36
AR TR AN RGP R R AR, e 7%
JEZE TR g A0 R A1 L 9 22 H AR AL I BE ST
I SRR B T il 7 R R G R s AT A S AR
Mo SCIRL18 T 1 — B GIPR K L ol 5 WU | DB AR
S5 FHEREANSS SR IL AR, B BIS R B K
B - -SGIR & R G HA I 2 L AR s oK i
TS, SCHR 19 ] i i b FE R >R A S v e 39) ] FEA= i
BRATRENE, UK, W TIURZ
FARMLAR, JERIN )8 7RIz, i
TR AR - IR G T7 R U T R U SOk
[20 48 T —MFE IR, Tk -SER -

763



w8, &/ ZREHANESNKRAEDREEENEBUTE

RIS R GE, i oA & L AT B 2% B AR E K
PR A sl 7 RRSE ml A RETRURE 5 X L R GERY
AFIFE , I A0 DX TR A D7 i A e 1 XURE |
IKEA SR FIR BH A S A AR 3 0 i L sy Tt 4 1) A
DA b SCHRIE A R A T BT K R B, TR B R AT fE
VRN | DA A R [ BRI AT 2 A5
TIPS T —E MR, AT, a5 BEAY E SR X
AR B I AT AT A PPAG A [RS8 A A O B
SCHERE T RS2 H AR S — A SRRl

FEMPPAG 71, SCHR[ 21-24 0B A 5 X
AT TRRHZRA ) IFR AR GT L N R SOk R [R) AP
PLL R PR BB SO A B 2R IR, o, SCik[ 23 ]
Xof S5 RO B A S AT T TR AN R A IR, STk
[24 52 TR B ITAL O ik 1 LT P i
J7 M 2% ( Central Frequency Squared Deviation, CFSD)
MM, BT 7k ] DUA RURAR T — YR A0 15 B 3
MRS BERYSENE , TESERRIstTh, AF KRG 2
SRR 7 ARt — R R SR IR SR RE S, N
e, BFFER KOG — I FE AN [R) s 471 B2 7 X Y
R SCHERE IR T e U L A IR RE AR, AT g A
AR ARG ERAERE L,

L5 LFTR, AT RO — A S A AR 0T 5
e SRR IR, A ROTAE T PRt SO B
JETTA, ASSCR T K XOGTE I BRI AE AN ] el B AR
AT I SR RE T AT s . ASSCR K KOG T T AE T
TN A BRI RA S 5 R Gua T i UE SCh
/MEETTEC, RN K IXOE R IR s E RS 5 &
GEIRRERREAE SO R GT7 30, 2Bl R/ Ml 75X
NIRRT RBE , RO Ml E T
AR EE SRS R R S RE TR

1 BAORGHRE

1.1 BEARSEBENAL

ML) RGP A AR R, RS
RAESUE BN, B BN KB YR AR B, RS
(AR 2 e TR B0 Bl D S A A 8, X — 2 R
1LV R S P 5 F v ) 151 = S e i S VR
BrBE . — RS B B B R R AR R B B
TERAI LM B, WtE R B Be, W
AL T RE SR B FHE . MR, SN kIS
SEUNEEEgiN iR ST R EEiE RS iU I RN |
e s, &N RENS 7 K s ] Y S Bl
DUIFRR 2R, AERPUR RS T

WS R Y IR R RSN Y B E v, #

764

TEHY R B SCERE ) . T I R, X—&
T HL AR R R e Ve RE T, B W R LR
L SIHILAYERE AR B At . @A F T 0 2 o 5 v, T 1
AHEKRS, BEWS 10 S D BB 42 1l 175 &0 T L U I =R
3, RESSFEMERCHE T shifte , 1
M S T N

]=fr2dm (1)

b, r MR (m)  m RF TR (kg) o
1.2 EHFRBIRARIREEH

[F] 20 A H LA 15 B X T2 Hs A TR B 200
HEWVEM, 5Bt b, (R0 A B BILIR e e R A T LA
FHIC R A7fitt 00 e sl e 1t 5 AN P 19 A7 Zh D) R A7 58
e, DIU/D DRV T B n 22 IR . XM aE
2 ()20 e B BLAG 1 7 RS 5 1 L DA 3R 2 ) 7 5%
RITPUER . TERE LAY, i i B A
—ERYEEE B R, Y RGP AR AN B A D) 2 R
B, keSO i 5 T 0 5 B R R R AT AN
BAORSE, MRGE O LA, BT Mgk
AEAAL YR AL, DA AR 0 g 125 EA T AMES o % 1k
JER S RGR Z MRS BRI G R . AR
R BB A BRI T RO, T S T
PG 8 FL O R R L 2 ey 28 S O i
1 2 AR < D 4 N ) D S =
B 22, AT ZR G B B FoR s AT, X Al
R H SR RE S FD R LR R R —,
HAeg e h RGP iaEizly, g, W25
K AL T S MR PN

w =pl)
_r
*60
w = 2f,
X, o MHESMAHSE (rad/s) 5 p HHITEL Q AP
AR (rad/s); f T H MR (Hz) ; n A FEH
(rad/min)

MHRTR B H AT bR, F ) R GE R AR L At
N 50 Hz, KHCRLK ) & 0[R20 & LR %
TR RGTFEARE G, HAT IR B i e oy A
AL, AT AR 2 AL b B Sl e PR e 1
RGARI AL, [R5 & LR E fA R e e i A
T T AR R ShEE E N

Ezéﬁﬁ (3)

B R & T A B[R] 28 e R AL A 115 o

(2)

KFPKEBER(PHRZ) $£56%5 2025 FES2 #



K, I e LB K H O e B T e AL

e A R SRE 2 LA e AR, TR
H—E—]w” A
=5, 728, (4)

K, Sy RSP EUE 2 5 (MW) |
1.3 BARGENREEHITH

Bl T PR RRUR A i FHRORIEE A, TR
St ROR IR AR Z ek, BT RRIR A H R 4R 1Y T e
AT DA 3 45 ) SR SRy 2R G R (AT A ) R FOLAE o SR
L ) R G U A AN BT s BE T A — A s
Rhr, ERLG TG AR, Hragli & B ooil & i
s BRI RN BE T, LATEAS 2R 50X 45 % sl i Hik bt
J1o SERUB R RUR WL T R GERER A5 B SRR R
FERe )y, HrpfLas ke HLEE AL T A8 R A 10 o LAl
T RE R & FELATL R 8] 42 170 4 U368 o S e 4 o B AR 42

BEB IR, HART AR
E_+E_+E
HS}‘S — rsg S;ug load ( 5)

K, B, WRGSFRURE R (s) 5 S, WHII ARG
ERE(MW); E,, . E, . E,, 705008 4 5 g gL
TW%?@%U) T RE IR ZH R PDUAB B 4 ol S A3 1)
RELE () A 15 Emﬁ%ﬁm B ()) .

ERERERRE, ERIRGET, el
8 BLHEEFE3 B I BERS LE I 3 S AR A 7 2 AR
PRSI R, XA T2 AR A Rl LR Y e e
AL, 1ER I RGARALRS, S shipL el LA
FI B 15 S I R B IR TE B R ARk, AT 7R S
[N SCHE R GEWR, 5 — 07, #As AT, i
WA, TEBCA LR UL S TS L T
2 PR e O R P 9 s - 2 28] R ) 0 A 1
flan, 4R R, %uxﬁmmﬁ"‘Aﬂm
SRR R A, BeAh, FRTH ) R Ge
22 MR FH e SR W o7 8, e 5 RE R AR X R A T
WA e A A T AR ], LAY 1 LR AL,
T XS A3 507 A RV T A %o P A2

AR e R MK T3 e B AILEE F [ A0 e B ML Y
U, DLk BT LAL LA I8 BE X 2R G 4558 ﬁ%
Wil o R, R KOG — W%ﬁﬂgﬁéﬂﬁ

Ot KL e R B 5 s
mzwﬂﬁ

R (6)

ﬁ¢l¥ﬁ%%ﬂ@ﬁﬁﬁ%ﬂﬁ ﬁﬁ()

UP o e ZE L BOKHALERTTPLIRES ; S7 0

KFKEBER(PHRZ) $£56%5 2025 FES2 H

BB, B/ EBEAPREROALERE TN BUITHE L
BRI (MW) ,

2 KRG AL HE I W e A 8] B AR Y

2.1 BfREH
TEF I R, fm KOG K BIHRA U
T RGLEAABEROCHE, RSN KRR i & J
AR B 42, R ) X5 T 7K RO — AR Ak 35 i 1
T, HTES TR, WL ESCIR & B A5 2 Fhm] f
AREIR, FLIF RIS AT R0 AL IR BE SR M X T4 R R X
S HLTH AN T Ry S BRI, AR SO 3 Py A1
SR HLTH 9 238 B R i DA I BE R R 1) H s e
B, BARHEALH

PIDNAEIID W
F = max lei/vl:l Lle L:l (7)

2 21 P;L:,[max + Z; Zl Pr lmax
Kb, PP jﬂt BFZIEE @ & KO & LA 1,
P ﬁ%ﬂﬂjﬁtﬁfxﬂﬁgi HRE . R EHLA

myﬁﬁﬁwmm,%mW%w%ﬁmﬁﬁﬁMNﬂ
2.2 HREH
(1) RGLUPR A 2]

I in

Sp S 2

Ao, Pt P RIS KHLH T (MW) 5
PPl oY g FE L A UL T (MW)
Py P RO SRSEAIR I TS (MW) 5 Pf
KA Ty PR ST R (MW)

(2) KR
0 < P;l: lin g U;l; 'inP?, in, max
h, out h, out ph, out,
0< PitY lour < Uily [mrPi out, max
-1
(U?: tin _ Uﬁl" tifl ) ng, in, on Z U?: :ut = O
=I*Th' in, o -1
-1
(U = e 5 (At 20
=7t ooy
t—1
(U = UL ETE " 2 Ui =0
=t- -1
t—
(U;l: tu_u; _ U:l,, rout)Tf, out, off + z (1 _ U?,:ut) = O
T=1- 7J ad
(9)

765



w8, &/ ZREHANESNKRAEDREEENEBUTE

St Pl ne s phe v S ISH S R SN { A
LA I T3 (MW) 5 U | 0% 2 53 3] 3
SN § A HLAL I AR (1 RRIETT . 0 R
) 3 T o T o Sy AN £ A K L
SR IFIAII (h) 5 T8 T o o G5 3
PISNES K LA R ()
(3) RUL 4 r 243

0< P?f’f” < P'f:‘f”‘ m

0= PPy

0=<P,

0 < PL, out s Pi', out, max

i, t i, t

o, Py Sy He il o XU S ) B KA (MW) 5
Py SRl AR D BORAE (MW) 5 Py
HEH AN ) B R (MW) 5 P Sy B o
SR H KM (MW)

(4) KHBZHR

UE PEt S PSS UE P

[ [

N

(10)

N

out < w, out, max
= P/,

A

=1
(Uf, - U _)TE ™ + > v, =0
T==TS o]
=1
. off
(U5, —UE )T+ Y

i, t—=1
r=1-T¢ -1

(1-05,) =0

_ 8 d g _ p&
r; gpi,t Pi,z—l

< o

(11)
L, ve, A i D BRHLARMBITRE (1L Rz
7. OARERICH) 5 P ™ 5 i AN KL W B/
J(MW )5 Pe™ R i A KB LAWK i)
(MW) 5 T " B i A K EMLA R RKIF R BT (h) ;
T 0 NS A S LA R RS I E] (h) 5 !
550 A KPR 1) RIS RS 1o SRS S K
BLZL Y 1] LT3 PR

3 Hbinr

3.1 HEHIfEN

ARSI FH 5 7K R — A Ak 5 1l S 3 3204 7 55461
Gy, R R AL o 2 000 MW ; 6K
RHEBEHLZA R N 1500 MW; /K J1 & B HLA &
8 730 MW, Hir | JKITkH RS H 16 /KA HLAH
B, BARZERER 1 s,

FEH AN & LA LA 5O 5 000 MW Bk &
HLAEHLZ A 3 000 MW 7K 77 & Hi 25 L 45 i
80 740 MW ; K Sk HLAEHLZ 1M 18 250 MW, AL i
TSR B KA A 59 100 MW, 45 HL I H 7 B 67 fp 7 2R

766

R D s 8t , BAARMRZNR 1 =08 4 frs

E Bk hEBERIEE
BB | BE/MW (| F 5| FR/MY | T B | FR/MW
1 600 7 660 13 770
2 600 8 360 14 770
3 600 9 360 15 700
4 600 10 320 16 480
5 600 11 360 — —
6 600 12 350 — —

ol
NG
l,)é»
«
i=
&
0:3 L . I . I . L . |
0 2000 4000 6 000 8000
i Z%i/h

B1 fEEk

w
N 0.
1)(5_»
R 0.
=
K 0.
g
2 0.
% L 1 L 1 ' | L L
0 2000 4000 6000 8 000
HZ%i/h
2 KHEEKHAN

0.8 : : , ; , . . .
-« ]
E o6t e
k)
B t
= 04f _
g 0.2+ |
= 0.0 - e

" 1 n 1 n 1 L 1
0 2000 4000 6000 8000
i %i1/h
3 KHEHA

1.0 - T T T T T T T
g g
X
¥ 06
R
H 04
RS
R 02

2000 4000 6000 8000
i Z%il/h
B4 HEKHEA

3.2 AEEBITAXTHANIIAS
B, XTGBT PG LR 2R T

KFPKEBER(PHRZ) $£56%5 2025 FES2 #



