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Coordinated frequency regulation strategy for PV-CSP-BESS hybrid systems
based on state quadrant perception and adaptive frequency-domain decoupling

WANG Bin, ZHANG Guangtai, LI Guoliang, ZHANG Haixiong, SHEN Weitao

(Gansu Longyuan New Energy Co., Ltd., Lanzhou 730000, China)

Abstract: [Objective] In photovoltaic-concentrating solar power-battery energy storage system (PV-CSP-BESS)
coordinated frequency regulation, unresolved response sequence coupling, control instruction conflicts, and state-
of-charge (SOC) divergence remain critical challenges. This paper proposes a temporal coordinated control strategy
based on state quadrant perception and adaptive frequency-domain decoupling to enhance system disturbance
rejection capability. [Methods] First, an adaptive high-pass filter driven by the rate of change of frequency
(RoCoF) is introduced into the BESS control loop to achieve temporal decoupling between transient high-frequency
damping and steady-state low-frequency support. Second, to address long-term steady-state bias, a non-symmetric
quadrant isolation mechanism based on Sigmoid function is proposed. This mechanism blocks reverse power
feedback through the product of frequency deviation and SOC features, effectively preventing SOC drift in BESS.
The adaptive time constant of the high-pass filter is dynamically adjusted in real time according to RoCoF
magnitude, ensuring that BESS provides enhanced power support during severe transient disturbances while
smoothly withdrawing during frequency recovery phases. The quadrant perception module monitors the algebraic
signs of frequency deviation and RoCoF simultaneously: when both share the same sign, the system is in a perturbed
state requiring immediate BESS intervention; when their signs differ, the system enters the recovery phase and
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BESS should withdraw to avoid power conflicts with CSP, thereby suppressing reverse power injection. [Results]
Simulation results demonstrate that under step disturbances and low-inertia conditions, the proposed strategy
effectively suppresses system transient extrema, with improvements in maximum frequency deviation and RoCoF
reaching 21.6% and 43.2%, respectively, while reducing the risk of CSP main steam pressure violations. Under
continuous random fluctuation scenarios, the equivalent cycling mileage of BESS decreases by 85.4%, the depth of
discharge converges to 0.007%, and the steady-state SOC drift remains below 0.001%, achieving asymptotic
stability. In scenarios where CSP output is constrained, photovoltaic reserve capacity is triggered to compensate for
the steady-state active power gap, reducing the integral absolute error of frequency by 32.3%. Comparative analysis
reveals that fixed-parameter decoupling control exhibits transient improvement at the cost of overall performance
deterioration, whereas the proposed adaptive mechanism maintains robust performance across diverse operating
boundaries. [Conclusion] The proposed strategy effectively mitigates power response conflicts between transient
support and steady-state recovery, enhancing the dynamic complementarity and frequency stability support
capability of multi-source heterogeneous equipment under complex operating boundaries. The approach provides a
systematic solution for temporal coordination in hybrid renewable energy systems with diverse dynamic
characteristics.

Key words: PV-CSP-BESS hybrid system; coordinated frequency regulation; adaptive frequency-domain

decoupling; state quadrant perception; state of charge (SOC) recovery
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Fig.4 Dynamic response characteristics of the hybrid system
under step load disturbance

AR A R AE 28 5] 0 S B T SR A
Bt & 4(e)Eam, ACHIET PV IE{4ThE )y 0.061
p.U., BH LN 0.089 p.u.fE{k 31.5%; CSP I§{H
Dh#4 0.063 p.u., HHHLEES 0.069 p.u.fE1K 8.7%.
PSR4 N E) S R R B A
ML EH 7 BC 2 BESS, CSP 5 PV {&4H P4
RASE, SFRHEIBARBMK.
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MEAGZE 11.396 5, BOH FLARE G N 11.2% . HARJE
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FIVR L B By 50046 T, BESS /1B RIS E%E
2, WHER T DI

CSP = Z&VA I JI 20 A2 il 40 RS s A A 1 e
PR B B A(d)Eon, HERURRE R R 2RE S
WA 25 IEFIE(E-0.032 p.u., &I E P2 pE 2k
FRE-0.04 p.u. 224 N PR o A SR IR FH [ 5 LL Al
TaEEEE], B2 CSP #ITIR TN, HLEhP]
) CSP #ia PR yRkh DhZemhAn, ok =(4) P
WIE AR T . ASORBH S EREZRE R
BESS J&, CSP F iRk JiimZ g (E i 8k %2-0.023
p.U., ZAAIERTF 28.1%, Hiff CSP fE 4Lt
RS

ASOC WS EIE— D I0UE T B A RAE I S
Fads SOC WSS P FIE 1. B 4(c)ion, —Hf
FMELE 60 s Hf ZI ) A SOC 43 711 °8—0.172%-—-0.118%
5-0.185%, Z5ELE 0.067 NE 7 A LLN . A0
BIEE AW BESS 3 53 DPHIMRAE, (HARSH
I RIREAES BE R A A, 5% BESS
K0 B AiiEiE S8 SoC BAMmEL, LBl TR
E S SOC WS M E R . #IRISTEM RS
PR T N RGBS RS TR 20 & 2
B 7E PEAl 2 1] SR AL B0 J5 1) 4 R RS W T e
RISk IAE MIGev i (el i DA 05 5 t 4T[0,
60]s 1 X [H] .

& 2 MERSRBELR T RGohSINZEN R 8 FRXTEE
Tab.2 Comparison of system dynamic frequency response
metrics under step load and low-inertia conditions

RN e | I KA I KINRAE 25N} i 2
T IR %IHz 2% IHzls B4
ﬁ’%{lmkﬁ -0.2964 -1.2243 10.2757
£t
FRAREY  REESH
BEHER) s ] -0.2828 -1.1060 11.3965
AR HIE
s -0.2462 -0.8001 9.5342
w %Em}la -0.2971 -1.4032 9.6298
£t
KE FEEsi
i (] -0.2939 -1.1143 9.6737
R HIE
[Nera -0.2140 -1.1072 9.6736

% S S 035 4T 2508 1A H T B B
RN A USRS, JRAUREIT, AR 5
TR,

R 3EATIE 018 pUbFHRM RIS R, EE
7B 6 3 M T oo MO AT 45 SR 24 Tooo £
0.2 WK 1O W, BB AEZ WA, 7
BE 78 LI FE (depth of discharge, DOD)AH N 141,
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BUREAFR A2, Y Teo 2T+ 5 2.0 KX 4.0 B, LR
N 5] i % R G0 5 1 AR GRY B, DR 2% 20
ST ATAEN . XIHAESHRN, MR T
TR A A RLA R ERbrisiTd, KM
I E) 5 302 T 806k R K I TR G O B S L 51 R
SOC RFELERE FINid it AL . Rk, ACHai) 8%
WE TR TR RIEZE, £ 3 A B
P RHUE AR, I8IE T Z R IEAL I 7E X AR 2
S 1) 2 A BHWTRE 77
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Tab.3 Sensitivity analysis of adaptive high-pass filter

parameters
FARIE S FONES .L, S
P xR e g

o H#HThEIp.u. - ER DOD/%
G Hz

0.2 0.0773 0.268 1 7.993 6 0.1940
0.5 0.087 7 0.2519 7.978 6 0.203 6
1.0 0.0975 0.2273 7.9478 0.2230
2.0 0.1041 0.199 3 7.8924 0.256 5
4.0 0.1041 0.199 3 7.8924 0.256 5

RNATVH R BN EIE G S8 K M3
WAL, AR 4 PR T RNRBIXT IR
M7 %o R, /IR THES T K=0.0
55.80.0 (i SR AT, DABRAESEIX Ret s Ktzh T
WAL T FRARBETHE K=28.0, FH LU 2 BRA S 3L
7 RABUE 2R P AR B . AR ISR R EAZ O
BRSBTS HOR TR, £ 4 BURHES T
IAE FabrAR oIt E] B 1180 — & N[0, 50]s B fa] X
). RAHA[50, 60]s FadsK R X [l I fUN& 4% 1%
ZHM, FZFRFRSECN B IAE 4606 BUE AR T8
A RERR ST R . BT T USR5 I TE ]
— A REE R R 5, 24T R E A S
Hs AR A R R g .

MR s R, % S N AT S A R
MEhRE R . 7E 0.05 p.u /MRS TR, H
T84 RoCoF WH R R S e AL IX ME, H
TN B I8 B AT A, & IR ARANBE K RS
Bl AR = AR B, ARG T H IR 5 R
(I RETC AL S . T 0.18 pou. BRI KL SN T
T, RoCoF iV R4 X I, LR K, 3K 23
HT I I SCERR RE e KA EH 0.246 7 Hz [%
£ 0.2456 Hz. IXM7E/NLE) “PA8L” « KRB “i
W7 ORI LR, GERR T BT IS R BUE S5

N B 2 JA)SEEL T R AT

% 5/~ T SOC MKE JRIFHE 8 S8 Kree X R
G ASVERE AT . BEE Kee 1 1.0 SIS
20.0, fik B R GE A1 FnAR SOC WSk it B 5h 7 i 35 145 .
X — MU AN ] 3 S b 58 40 B sk 1 ik e TR A
BT, SRR ES |AE B0 IR
WAk, {H[ER 7S DOD KifE T F%.

a8 TASCR T IEZR M Sigmoid RIR 1452
5, SOC WK FIL A ™4 R il £E AN B AL S T e i
P24 RIR A . B, BB LE Kree £ 20 f585 E
AR PRI R, RGeS ALRE FEAN 4
N 3%, HARERINHNRY . X R4 P& EIUE
BRIFOSEEREE. £ TREMHAT, #HHE Ke i
fEIX[EN 2.0 & 5.0, FEGFHIAEH SOC P H i 3
5 LA S T

R4 S IR TMRT U SHEURME S
Tab.4 Sensitivity analysis of frequency rate-of-change gain
parameter under multiple operating conditions

- Hi& RERR ROASIE - -
WO g ey SR SHE
i Kr p.u. {E/Hz
00 00181 00922 26766 00514
005 100 00181 00922 26766 00514
}S’E”Z;}J 200 00181 00922 26766 00514
TH 400 00181 00922 26766 00515
800 00181 00922 26766  0.0515
100 00897 02467 79737 02068
048 200 00902 02464 79730 02072
B, 280 00006 02462 79725 02075
Tu 400 00911 02458 79717 02080
500 00915 02456 79711 02084

% 5 SOC k& R i3I8 S BRI 17
Tab.5 Sensitivity analysis of SOC recovery feedback gain

parameter
WHFR  GEREROR  BOOEMR 4R FEiRE
B Kee  FHIJRIpu.  EHHE/Mz - ZRS DOD/%
1.0 0.090 6 0.2457 7.945 8 0.209 4
22 0.090 6 0.246 2 7.9725 0.2075
5.0 0.090 4 0.247 3 8.024 7 0.2032
10.0 0.090 2 0.2493 8.0914 0.1958
20.0 0.089 7 0.2532 8.1881 0.1818
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Fig.5 Robustness verification and adaptive command
smoothing characteristics of the system under low inertia
boundary
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MPPT) iR i fa e M T4

= RIS IR LAE 438 9.629. 9.673 & 9.673,
72 e NI 0.5%, 2 BT K S AR 3 it T CEAIRAE
B/ L T 8. XEFARTE R GRS
i E B — RSN R E, SERIESI
MUHITE I o AR SCHREME FRIAZ O (B AR BLTE B A AR A 1)
ARSI, X5 3.1.1 FikRAR T
(RI4E AR ELEDAIE, 3[R S0AIE T AUk R A S E B 15
Y0 P I

] 5 2 A 1 I E G & T N M Re R
o 3 2 o [ 52 SRS 1 B KA 9—0.293 Hz, 1Y
BUE RIS IS 1.3%, K TFARFR TOL R 4.6%(1)
SRR . R FETE TR E To FI#k R R IR
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B R B SR &, SEREFIEE A
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WEEAE Th2 N 0.067 p.u., DCAASCHRMS 0.108 p.u.ff)
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WHE 120 s EZFENL A SN T, STt shig{E
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BESS fifi Bl AT RFI: I BSGE Sl | AU AR AR AHE
BRSNS s N IR R, R 6 B, &
BN R SOC (% B AL SR EE 1) 0.021 3%
$4 % 0.003 7%, F#IE 82.6%; DOD Hi 0.032 2% %
0.006 9%, [%ME 78.6%; 55 24zh1EHLF% H 0.067 0 p.u.
PRF% 2 0.009 8 p.u., [%MF 85.4%. K 7(a) 5K 7(b)
HUWEREM T EiReE: AHEKKzA DOD A
0.007, {CAHE SN 0.032 () 21.9%; “5X0E01FH
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Fig.6 Dynamic damping characteristics and asymptotic
convergence trajectory of SOC under continuous random
fluctuations

R Ak BE AT i i b R 2 U T R BRI 2 A
HLHXS BESS Dk i L3N HMHI . BENLILAD T2
WA % Af 5 RoCoF MU NRAT S, WSS T
BESS #iiB B = B RFE TR U, T RE 6b) i

NI ASOC RIZURY:, HHLEMS ASOC UEIE(E IR
0.04%. ASCIRMETE Af 5 RoCoF -5 i 3 a4
To, FHWT BESS X H w4 & N, i ASOC H
LRI T E LR B, W I(E Y 0.008%, B A
e B 80%.

% 6 EEMEHEE TR TEEEE T T

Tab.6 Evaluation of BESS operating characteristics under
continuous random fluctuations

S g R A Bl ALHEMN
SRR N e
il il il
K SOC /% 0.0213 0.0103 0.0037
T IR FE % 0.0322 0.019 7 0.006 9
A RS IER % -0.0019 -0.002 4 -0.000 2
LR EhE B p.u. 0.067 0 0.062 6 0.009 8
ftRe R ZE p.u. 0.001 8 0.0018 0.000 8
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Fig.7 Comparison of BESS depth of discharge and
equivalent mileage under continuous random fluctuations
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R TCEBN AR TE L, FEC s 2475
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I OCHK, fd BESS AUAE LB Al A H B A 4,
SSERBNHA ] E BN IR R, PR T RAR IR
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VR VA Ty 26 43 B i — S0 A AIE 7 A SC RS 1Y
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¥ BESS MRy hidiios, PV 1N IR
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Fig.8 Internal dynamic complementarity and global
frequency stability support under the extreme output
limitation boundary of CSP
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