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Abstract: When photovoltaic-storage hybrid plants participate simultaneously in energy and
frequency regulation markets, storage flexibility must be shared among energy trading,
imbalance mitigation and fast regulation, which may cause duplicated use of power reserves,
insufficient state-of-charge (SOC) energy margins and underestimated degradation under
stacked services. A multi-timescale coordinated bidding method considering energy -
frequency regulation coupled battery degradation is therefore developed. In the day-ahead
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stage, energy bids, regulation capacity and the SOC trajectory are jointly optimized.
Regulation commitments are converted into power-margin and sustained-response energy-
margin constraints, while deep-cycle degradation, regulation-induced micro-cycle degradation
and their interaction are internalized as lifetime cost. In the intraday stage, model predictive
control (MPC) updates storage operation under cleared schedules and committed regulation
capacity to coordinate imbalance mitigation, automatic generation control (AGC) tracking and
SOC security. Tests using five typical scenarios and 150 operating days show no SOC
violation or unavailable committed regulation capacity for the complete method. Compared
with the method without MPC, excessive imbalance energy and imbalance penalty are both
reduced by about 90.0%; compared with the method without coupled degradation, equivalent
cycles and degradation cost are reduced by about 9.4% and 11.0%, respectively. Under a
forecast-error stress scenario of about 18%, MPC still maintains SOC security and regulation
availability, although deviations beyond the remaining power and energy margins can only be
partially corrected. These results show that coordinated modeling of capacity deliverability,
coupled degradation and intraday closed-loop correction improves risk-adjusted economic
performance, operational feasibility and lifetime-preserving operation in multi-market
participation.

Keywords: photovoltaic-storage hybrid plant; electricity spot market; frequency regulation

ancillary service; energy-frequency regulation coupled battery degradation; model

predictive control
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Multi-timescale coordinated bidding and control framework for a photovoltaic-storage hybrid plant
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KB EUE R ke DIRESTEHA SR B, A fiete

E2 HAMPCREHHITIZE

AR LB (19 RGE L ARB )=,
TBCHE D AR M B T 8, AL AT 24 1 U 2 1

Fig. 2 Execution logic of intraday MPC rolling control
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Table 2 Main Parameter Settings
23 Parameter #{ti Value KU/ A Source/Basis i W] Description
JeAR A 5E 22 5 Rated PV capacity 10 MW R 5E Example setting 10 MW Z& 564k 7~ 51 10 MW-class PV example
Bl T e T s 1S B
THRERE TR I8 5 Rat.ed storage power/ 5 MW/10 I8 Example setting 2 hfifie741 2 h storage example
capacity MWh
o T2 %410 % Engi i fet .
SOC 2171 SOC operating range 0.20~0.90 BREUR ”r;?iltneenng saely [95 13 78 i i Prevent overcharge/overdischarge
W14 SOClnitial SOC 0.50 AR BEE Example setting 224 [X [6] 71 Midpoint of the safe range
7oL Charging/discharging 0.95 TFE4 %18 Engineering 76 XK [ {E Same charging and discharging
efficiency ' empirical value efficiency
. ¥ B i 24 Fs AR i -
144 /2 Day-ahead time step 1h Fﬁ éEF'if&E‘I&ﬂ:‘xﬁ Mark(.at KR 24 B Bt El.au 1574 Corresponding to the 24
bidding-interval assumption period day-ahead model
AN E Rolling- I L )
H W MPC # K Intraday MPC step 15 min mzjﬁimufem:gmg wonte S B A 2 15 1F For rapid imbalance correction
VAT S LI | i ined- _ B R ARG ined-
YRS S0 S I 8] Regulat!on sustained 0.25h W14 lustrative rule value FH T HESE 0 N R 544 B For su§ta|ned response
response duration energy margin
1 5 R i i
W7 95 ¥ Imbalance tolerance band ~ 0.20 MW LU 7R Hil{E lllustrative rule value AT REET @%{Uii:;;;:e imbalance penalty
it | | ) AN A . e
(RE R4 R{H Imbalance 0.45 MW 4iit-¥% & Statistical setting FT R #r4i 11 Used in risk-metric statistics
exceedance threshold
WA IB L R E L Baseline coupled- 0.20 BB 4> # R Sensitivity- e MR E £, FFkRsE Not a cell-material
degradation coefficient ' analysis baseline constant; calibration is required
B S 1 5 S I — B Zh L )
[56 B F T Random seed 20240601 H P 5E Reproducibility % 71K M Rl — P8 #i2k Same disturbance

setting

trajectory for all methods

*3 ZARRE

Table 3 Multi-Scenario Settings

e L
%%t Scenario £ Z4E4E Main feature JeARILEN PV disturbance - Regulation  HLM#4iE Price profile
Forecast error level
demand
- STt )25 HE Smooth-output §5BEHLILE) Weak random % (#43%) Low Hh W L% 7Y Normal
C1 I K C1 Sunny ) . ) )
baseline disturbance (about 3%) Baseline peak-valley profile
C2 %% C2 Cloud P18 %2 Br = Multiple midday B9k 3 5 Th % 274 Rapid o (£110%) Feife &L Normal
¥ cloud passages fluctuations and power drops Medium (about 10%)  Baseline peak-valley profile
C3 1 TN s 22 I it 72 R 8 - 4 T E 5% A 22 2 B AL 71 (4118%) " JN
: . ) ) ) S i #IE2 Normal
C3 Extreme Persistent and sign-changing Sinusoidal forecast error Stress level (about . )
) Baseline peak-valley profile
forecast error forecast error plus random noise 18%)
ST R = i A A SEUEM 1.
C4.mlﬂ/*mj.zC4 AGC m;k%q] ik ) rFEEBEHLI 50 Moderate i (#£18%) Medium iiEE/] 155 G2 Normal
High regulation Concentrated increase in random disturbance (about 8%) #1.55% eak-valley profile
demand AGC demand ° baseline P yp
KE . . ~ . HEEE ) 1.65 £
cs 9ﬁ%1ﬁ&zﬁ cs i v WA 22 1SR Amiplified FHEEBE LIS Moderate 1 (£18%) Medium Feife K IRBE 1 1.65 6%
Strong price . . . 1.65% peak-valley
. evening peak spread random disturbance (about 8%) Baseline .
volatility amplitude

e BNRZEAKCT I SIS HARPLE L C3 £ 18% AR ZE € SRS HEME 25 ORI Wi TN o 22 [ & 37 547,

SRR ) 5% G i 22

BINEENLYESD, TR H R AT EYES H N MPCIRBIMEIE N M PR EHENE, AR E XIRGE A . C4 R C5 ) A% HEHE VA R AN

W 2/ 1.55 4. 1.65 511t BT A BENLYL) A A AH R BEALED 7
Note: Forecast error denotes the target disturbance intensity. C3 uses an about 18% stress error, formed by persistent sign-changing systematic
deviation plus random disturbance, to test the closed-loop robustness of day-ahead scenario modeling and intraday MPC; it is not a statistical
extreme for a specific region. C4 and C5 use 1.55% baseline regulation demand and 1.65x baseline peak-valley price spread, respectively; all
random disturbances use the same random seed.

€00 = 0.20 MW, £, = 0.45 MW. L ik#845H T4

W7 75 92 15 DU ] SRAT PR A SO R

5.2 ZHRGHSIEMLL S
VEPAR I LAl oS ' DA NI - f= g X AL

MPC PR # IEH, A A1 A2. A3 %35
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Table 4 Multi-Scenario Statistical Results of the Complete Method
. [ o — mzEBRAEE/ SOCHRK  MAEEATH . .
el Ak oodRRET S SOCEIR WIMUEER e g
o i . MWhExcess #S0OC #/%Regulation- )
5t Scenario Net revenue / Degradation imbalance violations / capacity Equivalent
4 4
10°CNY cost/10* CNY energy / MWh times unavailability / % cycles
5K Sunny 3.017+0.049 0.070+0.002 0.002 0.00 0.00 1.534
% 7 Cloudy 2.798+0.074 0.073+0.002 0.000 0.00 0.00 1.589
Hedi U0 % Extreme forecast error  2.925+0.080  0.077+0.004 0.448 0.00 0.00 1.656
=AM >R High regulation demand ~ 3.239+0.083 0.078+0.004 0.008 0.00 0.00 1.751
5 FEL A% 3] Strong price volatility 3.310+0.086 0.068+0.002 0.007 0.00 0.00 1.505

SERETTIEAE TR 5 T ¥ AR B SOC Bk R A
TSI EATH . 2 2 AR i T 22 37 S5 IS o %
X, EEHTMEZIE SIS EF 20N C3 W
Z5 A PR 1 %S 0.448 MWh, {H SOC 7 [ 1 1 45
REATHHEA N0, MPC 8 A 58 444 1F 1 i 22
D IR e SRR R AR FE LRI PR e . BRI MK A
JE IR R T BB, DL AR D KA S R
SOC e =AM, M B/ME;: WEE 1 NIED
Wae (13) — (16a) KPRELHR., BHiZaR
(00 22 33 N 2553, S UBB R SOC 1 F a3 il A7 7K
FARA . DR, 18% HFAEGeit i S pkAE, T2
ARGk N “ 8650 22 O H o] 58 248 IR 4

. A SOC MR E IRIF =4 Ik FIX 18 ;
bR 3 e SCRT A, 4k 808 K 2 20% 5 30% =
TG T 22 B, AN MPC () B 510
Fo ARG R FI TS i A RS AR
m, EEEAWE AT SRS Sl B
e ELA HH I B e TR A

AU T U B BT 2R B2, AME
NP ST 1% . 2 5 HIEE 6 £ 25 150 AN I ik H -1
BEER, KRS THARENE . MaRIM
MPC I T BRECR 3% 6 I LU B AN [F] kv
THERIERE R

x5 HELFFIEXTEL
Table 5 Comparison of Ablation Methods
s . . , o oy, AT g e
Gt FRRAIE L R SoCkm e AT i
— i ERVETEINY € #/%Regulation-
L JistNet  Degradation ) MWhExcess SOC ) Imbalance
771 Method Equivalent ) o capacity
revenue / cost/ 10* oveles imbalance violations / unavailabilit penalty / 104
104 CNY CNY 4 energy /MWh  times T y CNY
(o]
A1 T A1 No capacity reserve  3.109 0.092 1.987 0.112 5.33 2.85 0.263
A2 Tofh# A2 No coupling 3.023 0.082 1.773 0.154 0.00 0.01 0.044
A3 Jo:MPCA3 No MPC 2.883 0.071 1.538 0.929 0.00 0.00 0.231
A4 5E%)57): A4 Complete method 3.058 0.073 1.607 0.093 0.00 0.00 0.023

HREE R R 7R, AVRUH R =1 A R4
Ik H 1P 5.33 Pk SOC HEFR, 45 & AN al Fll &
IE#2.85%; i EfEHKE, A1 I TR
T BT AR AU B G Th R FE AN RE
MEEHATAR, HULaRSETHHERE SOC PR AT 43
R, BIEA R & SEhR AT AT . A2 BUH
MEIRILE, SERARI BN AF fi A 7 ) i 56 2

J7i%111.607. 0.073 /3 e 4 1.773. 0.082 J3 G
A3 HLH MPC &, 22 68 PR FE, B A i 22 75 511 40 1) 38
%0.929 MWh. 0.231 /3 7T

FEAEXT L RN, B RIS 5 0 i g B A
B2 R ARAR 56 IR 45 B R Al 248 IE 2510, B3{EAh
RO IA 5 S AR A 2 4477, B4 BRI SR/ W 7 1
WALAL R T i 22 A ST L . SEBE TR R
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Table 6 Comparison of Benchmark Methods
WIERATH o
galas . SRR mEEBR R SOC R/ /% e
_ T AT TG . TG
. Ji7tNet . b4 MWhExcess SOC Regulation-
7712 Method Degradation . . L ) Imbalance
revenue / cost / 104 CNY Equivalent imbalance violations / capacity enalty / 10°
10* CNY cycles energy / MWh times unavailability P CIYJY
1 %
B1 #1737 B1 Energy-only market 2.612 0.059 1.318 0.128 0.00 — 0.033
B2 i 4iff 5t B2 Regulation-priority 2.934 0.087 1.824 0.121 0.67 0.42 0.036
B3 [ii] & 71tk B3 Fixed-throughput 3.037 0.085 1.845 0.138 0.00 0.02 0.039
B4 #iJll SOCB4 Rule-based SOC 2.946 0.075 1.645 0.514 0.33 0.20 0.112
A4 5E% 515 A4 Complete method 3.058 0.073 1.607 0.093 0.00 0.00 0.023

T =7 BREFEASERBIRS, SORGHASIEE AR, Note: “—” indicates that the method does not provide frequency-
regulation service; therefore, regulation-capacity unavailability is not calculated.

iy A . SOC 22 4 Al 45w H 1tk 2 1) B A5 85 4
P

P 3 &t A i T O 22 15 0 3 5T BOARER
SOC #L ik, 14 7] HE £k 79 SOC k. "~ IR 0.90 AN
0.20. L&A= HE SOC £ K fih kb 5t: LA
BRI B B A R A, SR S R A :
A5 JE MPC I BB BCT- T Bl 22 R AS 2. 583 ’ ’ 0

- ZBRRM
No capacity reserve

ERARI
No coupled degradation)
FMPC

J71%K SOC H Z 4 fE (A X (8], b, RS 3 RIRTUMMREE 135] TR ET AR SOC #ik
Fig. 3 SOC trajectories under the extreme forecast-

P Z B IEOR AR o

53 BARUSHXLSSHHRMED T
RIS RS AR BN A AR

YRR H AT 85K 0 b5 S BUUR IR . e,

error stress scenario

RIS HiA RMUR T S0 TG IR e
FoE ML, 7 SRR OB AR ZE F B 5
BARMERACY O XSt (100 BURERIEI A 3 0 T 00 R, AR 4 556
SRR AR T, RN HA T 4 S

=7 KERBBESEUARBBRMES R

Table 7 Sensitivity Analysis of the Coupled Degradation Coefficient on a Representative Day

ST A I TT FFi AR T [
# 44 Coefficient ERE WL/ Net MWIl\/IeJaU: :;;iéon Imbvjllicel:)/e?:;:iy/ Degrjei::anlt}?c—:it (ﬁfs?; 104 %&‘Mﬁ%&’ﬁ
revenue / 10* CNY capacity / MW 104 CNY CNY Equivalent cycles
0.00 3.45 2.20 0.09 0.06 0.31
0.10 3.42 2.03 0.09 0.08 0.27
0.20 3.39 1.82 0.10 0.09 0.23
0.30 3.32 1.67 0.1 0.11 0.21
0.40 3.25 1.55 0.12 0.12 0.19

RTRW], MEMEG ROV rINAEL, & [FF21.55 MWA0.19, Ziaiiaiih 3.45 il &

#EAE 0.20 I ~F- 25 3 531 7% & 1 2.20 MW [ = 1.82
MW, SER006FFcE i 0.31 B2 420.23, BEEHSI AR
LERUEy L SiCE e ik U1k S TS il PR B et
142 0.40 1, P AU B AN S RE A Bt — b

3.25737C, A3t BRAS G S AR AN L SR [F] 17 A2
e R G RBOY R, BRI 00 4% R 20 $2
o, AR B DRI B R, (HET AR
i BRAAI AT BE BT b o AU 23 M A 36 IE 52 HL I
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Table 8 Sensitivity Verification of Market Rule Parameters

TR

CEEWTTT STV w R EA [
Z5 Elq&m/}J P ZE3E 517570 B /MWMean SOCHER/K A4 ﬁ‘ETE.IFﬁ SRR O
e ) JG Net Imbalance . SOC #/%Regulation- .
I35t Scenario regulation . . Equivalent
revenue/  penalty / 10* capacity / violations / capacity oveles
104 CNY CNY pactly times unavailability / % 4
MW
M1 A% M1 Mild penalty 3.064 0.016 1.64 0.00 0.00 1.589
M2 F:ESLI M2 Baseline rules 3.058 0.023 1.71 0.00 0.00 1.607
M3 4% % % M3 Strict penalty 3.041 0.028 1.58 0.00 0.00 1.575
M4 =R 2 M4 High regulation revenue 3.236 0.026 2.05 0.00 0.00 1.686

KRR, /M EHZERT, B
26 AR i R ORI AT o P A O 22 45 51, SOC i
BRI 45075 B AN AT 50 05 A v IR AL 2 17 S5t
T, PR R i, HA RN AT LRER
i R R, SRR REA N IR . 45 R
B, PR 5 VA Al 22 2 A AN R 2 98 P2 AR AL T AT
REDRFF IR AT 2 4] 5 SOC %4, HA —EM i
M ZHOE R -

6 % i

ASCREE T T S H R B — I AT A AR AL D i
B A L H AT SE 0 — H A MPC I3 5 7%, 23245
WIIR: (1) D Hp L N e 5 X 19 B ek e 1
WA E SRR ETTES S, 150 MK H
58T 121 SOC i B A 47 25 B AN W] I 45 4 0
(2) MEREAENE, MBEMERIEINE, %
BRI UEORN A7 iy A 73 50 P 240 9.4 % A111.0%
K, = ORI N E 42 (AU M &5 TR 3 W 58 L I 1 o iod-
SRR A AR S5, E K AT5 5 b it IBG & T B0 A e b
s (3) H A MPC s fi 22 B8 PR FRL B A i 22 15 411 42
To MPC J5 2 24 B2 90.0%,  #£ £ 18% Tl 1% %
& 7135 T AT ER 4 SOC M2 & 2 4, Hifl %2
BRI R R IR L S SOC RER AR LI A
E o MMM BURIES R R M2 B — €S

WM. JE A A SR 1. AGCAE T
3 b S B I & T OB T R S Hbn 2 5 5
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