U ER TR

41 2024 41 A

Electric Power Engineering Technology

Fa3E H1H

DOI:10.12158/j.2096-3203.2024.01.005

5L T A< oz e 1 i R e B R TR SR S i

ARG,

B, ATk

(LT RS i S L TR 4B, WL 2RI 430068 )

W EHRRSERARSE T © MR RIS H 09 LA s & MR — R AL L E IR FM 2%
fhRRIBATA el S 2R, B RARBAEL LA 3T, UP xR T BT 7, 4% 3 — A AR T 90 5 i o 4 89
fEARER B M — RARIR T ko Bk, B AR B R MR SR AL A R B b 3R A b e T o 0 4k AR A0 B B PR OR 45 A
¥R 7 ok, @A & B R & AL & (rate of change of frequency, RoCoF) ($7 £k £ 5B & K9 R B, XA T

I Ao B4 PO IR E Ko KA RS, AR B R R A IR & KX R 8 5 X AT, 334k Ak

oy iy i 7 X AT 3 &9

A0 LRI E R R A, IR B AT AR E R MR B R ARk N IRE L LA A &
89k A B S B ARKA R AL BT S KRR T AP RS A A RIHE T FTIR T kAR AR ARAE & P A

AR A mh b A R AR A AR R R

RIBIF : — RIAIR ;4% 48 s 90 B AR £ 5 R F T AL E (RoCoF) s #LN BE3) ; % B AR AL

hE 4y S TM761 XHfFRERY : A

0 3l

W A AR, br ki 2 R E B se IR g i A0 A
PeAEslt Y o SR, v LA 37 5 R A 0 4 19 & 0 D A
RGBT R R E P s S e Y fEBE R 4
ELA e R R A R AR T R A
RE R R 3 v g 81 45 T LA A5 v L T A AR
FaErE .

MAERERGES 5 HL RS, X HOR AL T
T A R i AT Rk
FEhl b, kT AR B A 1 AR, A B 506 R A
AR RS S, UG AERH N T X2 540
WA, DI AL i i R B L R B R 4
477 FEUIRZS (state of charge, SOC) | FETH AL A1 5 H:
PEER S A5 i ] (4 S I OC A%, BT T2 5 IR A0 SR g il
FEHHL R ES SOC BhASULIC , RE A% 2k HCE 41 14 45
EZE87 1 d 55 R (£ 0 & 51 e U N DR
FEZ BT XA 22 451, T 24 i ) R g
T RETR (5 LU i I, 2R 8 6 Sl 1B g AR G /), 40
Bl A U KRS AR (rate of change of fre-
quency , RoCoF ) A] BE{ [F] 25 HIL ) BH 5 40 B 52 i 45 A
HNTREE Y, HOh ORI 22 4212 47, 250K RoCol
A R R bR R

MEEG T B 22 5 RoCoF SR i14if BE
WyRs ey, BT oY E 2 R TR A =
P S e R A AT A
R H B2 RE S S A ARAT R R R GBI SCHE
WA B #:2023-08-21 ;4= B 4 :2023-10-26
A AR AR E AL R KB R B (2021BAA193)

N E RS :2096-3203(2024)01-0041-09

U4 RoCoF 2R PR, T 7E 25 & i B 57 1 A9 17 14
T, A 18 it e TR F A 7 Ak RoCoF A 3%
A B . — T, LA BT K &3
1ok BB s il 2 DA e i g b RS, PR
fiti ik th YR, AT ZE RoCoF sat B A £ %6 1k M 42
MRS L AT, R RE R G T R A
SR VISR 25 A 1, 990 Al 2 1 o B B i
ANVEAT LR AELE Yt 3 s 5% I 1 1 P B 25 A K 11
RoCoF , i AT A 22 11 g 42 il 455 5 e Bk ) R
HAMIEYE" . Ao, FaBBH M 2% 5 RoCoF {55
2 (AR I A AN S AE AR R — B, B R4 30 i 3
FIEMHK RoCoF A — i 2 R U K A
B2, TR B IE W T IR R G S RE TR S
PEAT VRS A BT, DA T S5 00 HEL DR 431 2% s o] 62X %) A 4
NESIR

WBER P 7 ¥ T X AR R i 22 1 RoCoF 4R 25
T BhZS VR ATR Y R GRS HEA TR, AT SS90
B R 177 A B IR s A BRSh 2 R A
FEVHCHRTIR I 77 0 0 B, AN 5 B s s LA ) AR 4
AR 2 I YNGR BI AT S BE 7 5 T ek A 0] 5K 5
I, 7 A OB R 9K 5 AR AR BT A 2 4
) 52 5 O 7 B Bl 2 B A A R4 T
i, BIVRR Ha 351 20 e 5 T35 2 68 L U, SR T4
UK S0y X B TR AT D b A TR A LR AR A
R Sy {5 S VR A A R L, £ T i RE K L AN R 1Y
TR, £ B BE T IR B, DTS ) T i
PRI, R, S % 8 GeAb AR AR 25 B 110 £ B
S 5RETR G5 7 R IR IR 5 i e 18 2 5 A i)
A, A R — A R R



R HEHER 42

AR H — ol 32 T AR o L R 114 i Al B
L 9 — ORI A4 ] S s, DL A 36 R 48 RoCol I
AW 2 LR G BT HEAT R REA Dok th 77 X
i it 22 AR A TRl B A B 55 5K A , 52 DAk AE i
By e R R £33 3K RE B L

1 fEsES SRM—RIFMEREE

AR RER B A% 58 K i ALZL 2 5 — YR A F
FEH S M RES 5 T B R R SR 4 A,
KL s, Horb R O HLAL IR 22 280 AP O KO LA
Wi JOE D3 3% 5 APy, Ay i RE A L 2 25 5 AP Sy B 465 41 30 i
255 A PR 2 s H O K ML S5 5 D O By
BHJE 2580 M., o it BE RE AUV 28 5 KA i i 400
PER RELEEQHE . KBYLA ERER S X

L L AL A SRR
1 J‘

2Hs+D |Af

it BER St

B1 eSS REmERENRE
Fig.1 Energy storage participates in load
frequency control system

JCRUALZH T2 2 by A AR AR R G A B
J o VR AR I 1 PR RN -
1
T (1)
PRI LB S PTER Sy, 14328 RN R
1 KTs+1

G, =G G, = X 2
w wl(s) w2<s> 1 + TS TrS + 1 ( )

e T, 2 i o i B 8] 5305 7, 0 PR AT [ 35805 71
NI )R8 K M AR

S BESR M AULIBE IR LR 40T AR 45 & 128 &
il Jr 2 SR, Ho h Feak T

d
APB:MedAtf+K6Af (3)

G(s) =

2 E-TImEMmE S XA iERE IR BN 77 kT

FURIT, 3 L 7 2R 5t 35 2 DA R AR A 00 5 i 22
PESR R H 5, A RoCol ARAEWIA 2R . Bl vl
FHEREIRB B AR g, 7E L ) R GEMLIE T R A 1 B
', RoCoF RBUNAEIR IR h T LI IE

2.1 RoCoF 5if$ngE Ku)XEX 5

HEL ) ) B AT 3R 30 2l 1) ARAS D PR A i 5
Al T R AN o 7 Fi I B A 0 R P e e o, 2
AR LR G450 07 S SIBUT  ARYE ) 1, nl 45
F G AR 1 75 RN (4) s o

dAf 1
=(ar, - ar, -m, 2~k
A= (AP AP M RN e
(4)
Y.
i+ 1) s (D4 K)ar= AP, - AP,
(5)

B (5) etk Ab, 5 AT R A4 & AP, RoR
LA, Pk ImwEE , B PR, Af 5 KR
WLAL S 3k O, fr LT A5
dAf AP, |,

(e T - T oH+ M,
AP, |,., = AP, (6)
Ao MLk BT 2, 1% B Z) RoCoF f: K, id i
C(t)o JasCEIH LA € IR RoCoF

Yeshkim fa K AL T U sh R, nT A K LA

Lingasy R

AP, = (2H + M,)

VR SRV
(7)
K ATL A iz A B, A T O A g A7
RoCoF 520, # A I € (¢, ) 3 AL A7 52 e 1 4] 39 1Y)
AP L H.
AP, = (2H + M_)C(t,) + AP, (8)
A C (1) R, S FHAT Dy PR e {2 =
HBHLA S 35 v 10 (A1, XML 22 428 47 1
U, SR B — 2 i e LA T A
2.2 FEMMALIX | %5
W ARG it B, X s g A —
fER, GB/T 15945—2008 i : i1 1) REEIE ¥ 18
TTAET IR 2 L XHE N 7E 0.2 Hz LN, RS
A BU/NA S A 0.5 Ha,
FEBE R E RO N, M i 1T R A
A2 BB, T %8 S B SRR PR (1]
Ho B, fEEAGERE B B R AR AE A 5 /IME 0.2
Hz 1RSS5 22 10 B {EL &, AT K A 2S00 % Al 2
AIFEBLRI /A 2 A8 X T oho< | A, | <8,
XA R §< [ Af | A 2 Bis . 4fkhES 5 M
BB, FE D[] TR FH & BRI 3 B, 78 X a] 11 DU
SRR AL AT Sh 0 A R R R



43 ACIER I 45 « BT i O A 1) fd R D v IR0 7 %

4 4 t
2 FRRERES
Fig.2 Frequency deviation area division
2 v e, P20 PSR 1, I 20 28 G0 3 i 22 2|
RFRAMA AfL o YTRSEREH [R] I 25 [& RoCoF A%
LI, L FF AR RoCol iR L3RIk . Y0 8l ok Il b
IF) , A3l 22 2 O, Xof IO ) DI 38 A O

AP, |, == (2H + M,)C(1,) (9)
WA 22 B IR AR AR ET, RoCoF 2 0, MFEK (5)
Fefiti ErrEX(10)
AP, |, =AP|,_, - AP |,_, =(D+K)Af,
Af,
AP |, =~ 2
(10)

PO 25 L 22 B & 1 % (10) g

A TR RO 2 (8 0.2 616 4 2 s
f i

Mm=Amt%=—#;+D+KJ (11)

KA AP, G A5, Y3 E SO R AR AP R
INE B BRAE SKs R R SRS IR M 20 8, 1K
AP, BB AT A2 R G4 2
K& G 1 A BHLJE 2R 88 it RE B 400 T 1 R A S HL
ZH 22 R BN BIEONE — DB 2, Bl (1) AT R
1
AP, =-8/R (12)
AP, BTERACEN , #5015 o, I %) AP AHTE], /)N
Bk AP, . Zi5(6) H5x(9)—X(12) Al fH:
AP,|,_, =AP, == (2H + M,)C(1,) (13)
F(12) AKX (13) , ARG SR8 2= 4 6
I, Xk I Bl el I Y RoCol, B Ay Xof 1y A 28545 52 i
2E{H 8 1) RoCoF {2 R C,, HFEIRX T .
8
C =+ MR (14)
fan, # & L Zh i H Ry 5.92, fiff BE R 40
M R M, Ky 3.8 ATsRAE €, 0.256 Ha/s,
3R €,k RoCoF (1% S (R AAEL, SR 1T 52 B H D)
BT R A 43 A 2L R Y RoCoF {37, DATE [ K

EE S PP s RIE B RoCoF iy 0.135 Hz/s, 53
24350 MW 43715 5 o JEUBE 190 A 492 o 5 254 ol 1
bRz AT 5 W oK, IR A R BMEAE
RoCoF [®{{H ,4H K C,,Bl:C,=0.135 Hz/s,

H1 AT RoCoF X% 43 : T X 0< | C(1,) | <
Gl IXHK G I < [C() |o

RoCoF 43 Xyn 2N 3 Fin ., 54008 M 22 X 3,
X153 HFRZEMRL, 24 € (e, ) AT D] 1T, 27 H )
BT AT BESZ B R, RS HI A 25 A7 3 0.2
Hz 1 XU, 208 D0 T il RE 2 15 v I IR A3 I, 255 Ak
HA T, LAvde i LA s e ) o

)

3 RoCoF X & %|4%
Fig.3 RoCoF interval division
23 ETHAMIEINEGEERHNTEESE
WA 3R o3BT, 2453 22 5 RoCoF it fir 152
JE Y B (L2 5 XCTR] T, 7 220 REAE 2 5 v I 3 A5
I RE AT 10 Pt 38 R A S i b 9 A 2, Lok
B AL g, DR FR RGBT 2 40 BT I
B R TERERE AR 4 A b He 18 73 ( propor-
tional integral , PT) il &% , LA™ A= il AL 5 il {5 5, %)
fitk BE R gt R TR, A (15) fror.
AP, = (1 +K)) Me%‘f+KEAf (15)
K P45 Ho B R %80
Tl RES: 15 VR 31 A4 A7 2 i HL s 52 4 o i L 9] 3R
BOK, AL K M5 A0 o R K S, %)
X 3 ASEEA TR AT BURAERES SRR )
FREE o AR XA 0w 22 55 RoCoF Rk 1) 434, 15 2]
UK S AL 7S AN 4 Bz, B2 0 DRI 34 AR 2 A
P 22 ¢ RoCoF #f ASnsi i 8e X J5 , it s % K, M, |
K, R R Hh i
BT IRSA A
X=C(s,) U A, (16)
P AR Y HTE BT — YR A 58 S AR S A
R4 22 WA
T 25 9 A Al 22 ARG (. A BSR AR =X (17)
NS



R HEHER 44

A
0
YEFF
FaEX
(1T1X)
-G o G, C(t)
> e
HHEIX
(111%)

B4 WeHHMUTE
Fig.4 Schematic diagram of driving rules
AP, R
1+DR+ (1 +K)KR (17)
Af, = M+ Mo
B AR TR /=) V-8 OSSR PN NI B = N
YRS AT RE S B A IS E—
I 2R IR 22 Ao B, BRI BRI AF,, C(¢,)
Al RGBT HAEP . EAR T H AT T X
I, PN R GEAL T4 Fr Ao X, il A8 a1 =X (18)
JerRs s “F AR — D EE AL T I X, 4 87 &
AL TR LI, Ak ek X (19) B
dAf

APy = (1K) (M, S8+ Kasr] o (18)

Ay =- 50 %

AP, = (1 + sz)(Mcz %ﬂ KCZAf) (19)
KK, K, o PLESIE H 50 M,, M Y )
BERBG K, K, BT | RE B EIEX A
0.03 Hz, # i RIS AR WA 5 PR

1 B |- - - - - FEEAES |~
— | a7
3 [/R} [ AU e e |
: !
+ :
;
—~{ P

g

B5 HIRMRE
Fig.5 Flow chart of control strategy
204 T LAt e A 1 00 T X R4 1 2 Bk A T
PRREIS A BE H 1 1 95 n] SR AT B A R R AOCR , F

XA ML B A SO (E i E 0 T Fl TR BE 2 S i
EFRE A5 i, 4 7 2208 AE I 5 HoAT Doy ik, 4
iy See L At BE 1 1] , 4 e IR 0 E 73 i B AE , 25
RERHIBMREL, NG 2T mNR, #172 H
PROCACTRDRE AT 55K A, ATRESR I ARACR 5 il e
R A7 iy Z 18] BRSP4 o

3 LW HEH S B AR A BRI S
S

3.1 BifRE\EEL
et RN D N B T e N 8 W
X JEVE , A B AU A BB i 1T R AR A
Wtits RiEAT 2 HAAL R B 53T
(1) B BRI . 4ERERFRARE R T R SE
AR A HE AT R o 2 L ) 52 B G AT L S, B
SRl 2 A R VL O AR 42 ) SOR ) SR S AR
WICRE R A9 38 0 22 T Ay A0 248 0 1 5 1 4 B 1 B
Presg—, R
J, =1 (20)
(2) REREDG PR T A o ol AR R v, i
REAE 1l 73 i 52 PR BT | 76 00 v T8 B2 55 52 ), £ 1
PSR R 45, MO IR 5 SR IR R G &R,
HARFR XA 0T
N, =- 3 278H}, - 5H, + 12 823H; -
14 122H, + 5 112 (21)
11 ZMEAERER AR is A7 RS 032 ), e 78 e
JE Hy nT R SOC Ay As kA, B .

t+At

f AP, d¢

Hl) = Ss()C,x+A: - SsOC.: = P (22)
N

ftq:' ZSsoc,z ﬂy{%ﬁgﬁi %E'LJ‘E/‘J SOC 5 Ssoc,mm y‘jﬁ%ﬁ%ﬁ
Ssoc, HERl LR At J5 Y SOC; PO RERUE 24
i (21) (3K (22) W], £ BE S0 A0 TR B S 1R
PRI A7 i L 7R S, T B i 1 0 R S e L TR
JE S TEARSC , by b vl A0 E b b -5 0 20 £ 71 7 i
SRS . LA R R L ofe A LA A
A, Bt HAR R 0
J, = AP, | (23)
AR b3 H AR e80T 2 B IR R 2 5
A LRI — AL AR S , B Pareto RifSi , Al 76 12 i
P VPR G IE 1 BRI, 75 2 AT SR AL, ik
BT N R bR
J=kJ, + kJ, (24)
Ay By AL K, R BE XA R4 o 7 K A
TETEBCE , LSS 2 AN [R5 5K ) dee DU e




45 ACIER I 45 « BT i O A 1) fd R D v IR0 7 %

3.2 ZAREH
(1) Wiefp 22 20K o 4% B R bR, ok — K
PR S IR ZE LA L 0.2 Hz, SO 56 22
Iy .
0< |Af.|<02Hz (25)
(2) RoCoF Zysi, [E AW N R HETE R R
RoCoF #%FRAHEC N 0.5 Hz/s" 2" |,
0<C(t;) <0.5Hz's (26)
(3) ffRER M2 T i BE FEL Tt 2 B - A Ak
L D) 4 R SOC A3, XTSRRI, A -
0< |AP,|< AP, .. (27)
K APy, B i RE FE TR KR D2
Mg RE R H 2.3 T prad aaiil gy X, Hi s
Z PLEEHI AR LU BG5S K, R BUBIME R M UL
PR R E K 52, PR e DR A R A S A
IS EL R

0<K =<1
oM <M, (28)
0<K <K_,.

M, o K 209008 B R RE AU 2R R e K

HEDLT T 2258, 43 I 3.8 i1 3,451,

XF T SOC 2y 5fe, W2 Ky B 1k sesicid il , B

Ssoc,min < Ssoc S Ss0c,max (29)

A Sgoc M HLE SOC; Ssoc,min S SOC /M, —
B 0.2 S50 A SOC Fe KAH, —FHL 0.8,
3.3 ZBMRMHEIEKE

2 HARUCAE AR IR X 220> H AR ek B A7 5K i
WHEZ 5 PR 25 R AT i e o 2% 1 3 an SR s
2 HAR )AL Ry B H b [ 8 2 J5 A7 5K A, BT A
P A DLAC A SRR U R A, 25 5 e ARy vl e G L
ZAR i AE O, PR, 450 R FH B TR o 5 g i) e
YL HE P A& 1% (non-dominated sorting genetic al-
gorithm I NSGA- 1) EAT2R A , LA Iy 40115 454
HFRIFE K

SR AR o AR R L AR B BG4 B
A3 LR, FLOR B 37 B R AR B 2 A H AR R
BBt ol I RE e o 0B /)N DO 7 R
TR e RS BB A, BUOSKR i 5RZ
FICHRL30] .

L5 IR BT S T, A5 B i 5 O v R i i AR
K 6 Fin.,

4 REZMH

41 HEIMRIRE
DRYIE b B 3 7 1 0 R AT MR A, AE

D
EZTA
BA AR RCRAT
~ | e AR
[P = A A B <] s ey
NSGA- 11 & % HIERGLIR
SRR
- 255N
Pareto i i B LA K
HirE s S

4R

6 KR
Fig.6 Solution flow chart

MATLAB/Simulink 535 o £ 47 05 LI E. 57 Ak
FEAH B v Do A5 4 w7 AE A, HC rp B — A A D
500 MW fiki ), — A 12 MW/3 MW -h [
FHRERGL K RGEHRAE AW E N T=0.03 s, H
HHL L2 ) 4G SOC 18 0.8, KR ARGl &
SR BARIBE IR 1 R .

®1 BARGKHESHEIE

Table 1 Power system simulation parameter value
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Table 3 Numerical results obtained by simulation
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Comprehensive benefits optimization method for multiple types of
users connected to the same industrial park considering

shared energy storage and household photovoltaic
MA Jiayi', LIU Haitao'*>, ZHONG Cong', YUAN Yubo’, ZHANG Xiaocheng'
(1. School of Electric Power Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
2. Jiangsu Collaborative Innovation Center of Smart Distribution Network , Nanjing 211167, China;

3. State Grid Jiangsu Electric Power Co.,Ltd. Research Institute,Nanjing 211103, China)
Abstract : Considering the flexibility of shared energy storage and the different electricity demand of multiple types of users,a
bi-level optimization method is proposed to achieve the optimal overall economic benefits of users and improve the photovoltaic
consumption capacity for industrial users. Aiming at the lowest monthly power consumption cost of users, the upper layer model
is established considering the system energy balance, energy storage charging and discharging constraints and energy storage
state of charge constraints,so as to reduce the monthly maximum electricity demand and decrease demand charge. Taking the
optimized monthly demand from the upper layer model, the day-ahead model is established, and the charging and discharging
power of the shared energy storage, as well as the interactive power between users and the power grid are output to optimize
comprehensive benefits of multiple types of industrial users and improve the photovoltaic absorption ability. Strategies for shared
energy storage charging and discharging power, as well as user interaction power with the grid, are proposed to optimize the
comprehensive benefits for various types of industrial users, ensuring daily economic efficiency under the premise of monthly
overall economic optimality. Finally,the effectiveness of the proposed method is verified with the case study.

Keywords : shared energy storage; household photovoltaic; bi-level optimization; user comprehensive revenue; photovoltaic

absorption capacity ;demand of electricity
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Frequency regulation method assisted by energy storage

based on frequency response characteristics
ZHAO Xilin, LI Pin, FU Bo
(School of Electrical and Electronic Engineering, Hubei University of Technology , Wuhan 430068 , China)

Abstract: The increase of new energy permeability increases the complexity of power system frequency control. Frequency
regulation assisted by energy storage can alleviate this problem to some extent. However, due to the security and economic
constraints of energy storage operation, frequency regulation measures need to be more targeted. In this paper, a primary
frequency regulation method of power grid assisted by energy storage based on frequency response characteristics is proposed.
Firstly,based on the model of frequency regulation assisted by energy storage, the frequency modulation integrated control
method of auxiliary energy storage with inertia and droop is selected. Through the correlation analysis of rate of change of
frequency and frequency deviation to frequency modulation requirements, frequency regulation demand zoning rules based on
frequency response characteristics are designed. Then,according to the partition judgment corresponding to different frequency
modulation requirements,the energy storage active power output mode is dynamically adjusted to respond to the uncertainty of
frequency modulation requirements. On this basis, aiming at the contradictory relationship between frequency modulation
demand and energy storage output demand, energy storage output strength and its cycle life, the multi-objective optimization
problem is designed and solved to balance. Finally,the simulation results verify that the proposed method can effectively reduce
the depth of charge and discharge of energy storage on the basis of ensuring the frequency modulation effect of power grid.

Keywords : primary frequency regulation; energy storage; frequency deviation; rate of change of frequency ( RoCoF ) ; rule-

driven ;multiple objective optimization
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