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Optimal Dispatching Method for Power System Considering the Flexibility of BESS and PHES
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Abstract: Making full use of the regulation of flexible resources can effectively suppress the fluctuation of
renewable energy generation and ensure the economic and safe operation of power system. An optimal dispatching
method for power system considering the flexibility of battery energy storage systems (BESS)and pumped hydro
energy storage (PHES)was proposed. Based on the establishment of the flexible ramp-up (FRU)and flexible ramp-
down (FRD) requirement model, a mixed-integer linear problem (MILP) based temporal day-ahead security-
constrained unit commitment and re-dispatch with the objective of minimizing the cost of energy, reserve, and
flexible ramp products (FRP) was formulated for the studies, which was solved using CPLEX solver. The IEEE-
RTS-24 node system was taken as an example and the proposed model was studied on 4 cases to verify that the
proposed method can effectively improve the operational flexibility of power system and reduce operating cost.

Key words: battery energy storage systems (BESS) ; pumped hydro energy storage (PHES) ; flexible ramp
products (FRP) ; mixed-integer linear problem (MILP) ; optimal dispatch
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Fig.3  Optimization methodology proposed

H i 8 B2 19 B Ar sR 8Ok S/ ME BB I AS (4%
FH LA W 3 FRP (4 BCAS B RN, H i 378 B2 455 70
B3R 15 min AT SRS A58 B A ], A
F5 W RUALLE (0 2 B T H R DL R 4% R 3 1 e VR A A
THR), A A S st 8 B2 v FUDLA H g R R T
R ) PR L SR B H AR RN BN
A A7 A 11 DA 5T AR A 3 R S AR S AR Y
AU, 3T H AT B, AR S min $AF7 S A I AR
R LRIE S B R B 0 i A S D 2 H R R B TR
PATEE R E 15 B LR EE T
21 HirmE#
AL T H bRl H i B Re & A |
# A (FRP R LA | S e 30 B v 47 g 1) D
FFER FECAETT A Z A S A /)
Min(C,,.) = C°% + C°* + €2 + LC™" + RC™ (3)
Hrp
Co = DUCuy, + > sl ply, )+

DUCHy, + Clzy) + S (CP) +

be,t

S5 Pt + Co Pt (4)

ph.t phit
pht

ch = C‘“(zres[’l + zresp,u + zresbw ) (5)

it ph.t be,t

Cor = E(RUU +RD,)+ > (RU,, +RD,,) +

phit

> (RU,, +RD,) ] (6)

OO L OO, Ny 5 Sk HRT A B RO R
A B FH A F FRP I8 F LA s LC™ kg S B 38 B2 v
A Aar B AR 5 RC™ A SR B vp 38 XL L 36 7k
FHRAS : Crm AL i 1) /N HUBRAR s, SRS A
PLLLAE ¢ 15 2 J AR 28 5 s, AL i R — A R
B VEALAESE b BEIRER s pi AHLAL TE5 kB
W15 C COAy A R HLAL i B A5 AS 5y, 2,57
SIRHLLH i (TS S E A2 A OCAT Bh AR AR i 5
SRy fith e FL L Y 78 AR 5 Py, A A g R T ) FE L
i e, Ot 430 /K & REALAL Y & L 4
IKIEAS s PEs, P 53300 Ry 7K & BEAILAH 19 & |
KT ¢ Ry 35 A s res,, , res,,,  res,,, 73 91K
HHIALLL . PHES, BESS 19 %5 2 ; €™ > FRP 14
AR ;RU,,RU,,,,,RU,, 3910 H BAHLAL . PHES,
BESS (¥ n] I R IG5 ;RD,,,RD,,,,RD,, 7354
WAL . PHES, BESS i i) F RIGPEA &

A (), 56 1A T B LA A R
BRI S, 58 2 3643 i AL A )3 A5 B

31



WA AR 20245F H 54K F oA

MRS AR AR A R E M R ) A GARALIA R T ok

A% ER 33045 K PHES Hh/K & % HUBE R B s
55 43R5 M BESS JICHE A .
22 AREH
2.2.1 HHHLHLA R
FWHIHLAL 1 E R R eyt 2 HLH
BATARES KR MRS L F S A F
Pu, <P, +res, + RU, < Pu, (7)

P,-P, | +res, + RU,<R;u, ,+ Sy,
(8)
P, ,-P,—res, —RD,<R;u,+Sz,
(9)
Yio = Zi = Uiy T Uiy (10)
vy tz,s1 (11)

Kb P, R ALAL i 7 B2 T T kW
PP Ay AL i A DI ) B URBR KW R,
R S LA ) b ) R TESEAR B, kW/h; S;, S;
GRS R R, kW /h
222 PHES#H®I

PHES (504  J HGE AT 3R

Py =(n.pgH™) Q0 (12)
Py = (pgH"™ Q™ I, (13)
LS =L om0 (14)
Ll =Ll (O - omne (s)
Pjii" + res,, + RU,, <Py (16)
P,?A;Ph - res,,, ~ RD/)h,t < P]f)lillnp ( 17)

Kz Py, P 4303 2 PHES /9 % B D) 32 Fdh 7K
R a5 bR KA O, Qi LA K L
TFOKFEEAK S HY HY AR OG5, m., 53 51 28 PHES 1
R HBCR MK SR Ly, Lt 230 o b TR KR
[R7KAL 5 PER" Pit™ res ,, 430 PHES [ % HLRE B
Ui fhKreR I &MY FERU,, , RD,, N
PHES $24t (% ) b 2 35 PR AN ) R 2354 50 KAy
W g N TN
2.2.3 BESSHiRI

BESS ) H, 2 - i 29 5 L 8 0 F DR R 2
W TR RUNT

S0C,, =S0C,, , +[ P\t = P/l Ae
(18)
soc, <soc,,<S0C, (19)
P, <Pl <PV, (20)
PYL,, <Pl <PEL,, (21)

32

Y, +{. <1 (22)

K :S0C,,, J BESS ()7 HUCRAS s Pyt P 3 5l
BESS 78, i HL I3 W, 4, 2300 BESS FEHE |
I TAEIRZS B 0-175 5 5 mi, m3. 433 BESS 72
FL BRI R R A i AR CR

2 (22) B PR T it B H e ) 7 HRL 5 L S (]
AT
224 HRETEH AE

Feth SR H AR

O0<P,<P’™ Vsu (23)
O<P, <P VYuwi (24)
A P P B EAR R AT U R 1

SN
225 ARG R MG A RA R
H iR B R BLALAL L PHES, BESS i J2 [7]
b/ R RIEHEF R L AT
RR® = >RU, + > RU,, + > RU,, (25)

RR" =>'RD,, + > RD,, + > RD,,  (26)
b b b

zresu + Zresp,l., + zresb“ = 0.5Max(P,u,,)
oh be

(27)
SRR, RR" 5350 R 88 HE ) L 1) R R 3%
F(27) RGN THA R, RIE RS 54T
AT RETE , & FH 28 I BN F LA o R
1 50%
22.6 RGN G EELH
¢ B 22099 55 b 5719 55 (R A0 A A DI 23 R A L
PEAL R A LA I
Pfy =9, (D, = D,)S,.. Vbi (28)
-1, <Pf,, <ll,, Vb (29)
S Pf, o e B2 8 b 50 8 n B B A i T
R, D, 43BN b AT o AR AR
S e R0 T FEL 2R IS 25 B FEUE AL 5 v, Ol B R K B
Y510, PR IR KA i A
227 SERFRIGPEL R
SEIHEE o FRUFRD R i (1) 45, 5
PR R G R IEE RN
SRUS + Y RUJ, + > RUS, = FRU,  (30)

SRDE + > RDY, + > RD}, = FRD,  (31)
i ph be

A RUL, RU, RU, 3] o S5 3 B H e



R 5 A A A K S R R E M ) R R RALIAE ik

WA AR 20245F H 544 Ko

Z % MALAL  PHES, BESS (19 [a] I 5 3% PEfit 45 5
RD™,RD™ RDI 435519 S BE R m B 220 3 10
HLAL  PHES, BESS [y [l T R 3% ¥k i 45 5 FRU,,
FRD, 43 50 g SN V82 7t m B 220 2R 5 1) 1o
TRIEHEFR R
228 UPRFELHR

90 32 e () 2y 2 £y 249 SRR H P R B o
IR S S AL i L IR

2Pt PR X PR Y P -

pheph, ph e ph, be € be,
ch —_
> Pl - NL, = Pf,, (32)
be € be,
RT g ph_RT _ m_ph_RT
DSPE D Pritt - N oty
iei, phepb, phepb,
dis_RT _ ch_RT _
> opit— N P+ FRU,,
be € be, be € be,
RT _ RT
FRDb.m + LC[!.m - N bm T be,n.m
(33)

i, phy, be, 5350 R H BALAL . PHES, BESS 2
AT SR A s PR S R 2 v m B 20 1 R
BLALH T35 P, P50 43 ) DAy S 8 B2 v m I
ZIW PHES A& B K D38 5 Py, P i 43 ) Sy 5
AF 8 JBE v m iF 2201 BESS 78 U IR LC,, A5
P 670 705 10 it 5 VYT Ay S 6776 5 P, SR S
T,

3 HBl oM

AR CLLTEEE-RTS-24 1 5 R 4 N H175 5,
BT 42 Y f) MILP B B 75 GAMS 24.2.3 i Rl
AL B A CPLEX SR f# , i1 B HLAC & 4 Intel Core
i7-10510U &4, 345 1.8 GHz, P17 16 GB,

3.1 EHINA

DLk i TEEE-RTS-24 7 &5 5 48 0 55 1) A
RN 4 7R o Horp WA 57 Ty 2 900 MW 5
FUALLE Y A 124 (CHidr 15 95 45 23 15 54 94 2
AN, MEEPLZS RN 3 380 MW ; 4341 =0 XUHL 35 445 3
A, BAEHLZ N 450 MW ;401 OGR4 34,
AN E N 550 MW K & BET 05 14, EA
1 TMC, B RIRh 200 MW 5 iERETT 14, 4
251 200 MW - h, e KI# 50 MW, 3 36 P4 % U5
ARG LN 1R .

gy HIAN XSGR 4 100 $/(WM-h) o
H AT R 3 T R E XN Ko, b o, g HR AR Iy
BRI B A AR 2 KL 1, RS0 R
H 171 far B WO Ty i Zean &1 5 B .

G )| Solar |@ [ Solar |
| L,
[ 1 |
23 :

Y ? |—"—| —"—| Solar

18 21

M A A 4
3 0 Tm
:
o

2 z 8
[Wins |é)v| Vi é¢ é)¢

4 VA% 1 IEEE-RTS-24 15 55 R G 45 # 1]
Fig.4  Structure of the modified IEEE-RTS-24 system
R1 REEFRBENERL

Tab.1  Conditions of flexible resources

RGO AT S /MW
18 400
21 400
1 150
2 150
15 60
HHMLA P 1
16 155
23 310
23 350
7 350
13 600
22 300
ik # A 12 200
LA R 3 50

32 SRS

T B R TR O R A R XL 4 R
RHATXT AT -

T % AL H AL B AL FRP, R H AL
20 $2 it A& 45 TR0 FRP, PHES H BESS H 42 {it

PNEN=X

HeH o
TP 2 A8 VAR B iR LA A
33



WAAES 20245 H54% o R, 5 A B AR R A K B A R E MG W ) R SRR L T ik
PHES L[] #2 11t FRP, *2 FAFEMEEER
jf 2 3 %E jf 2% GE ST Hﬂ AI%L, 0L 41 F Tab.2  Scheduling results for different cases
A D A . ’ =
BESS L[] #25L FRP., AT, s, FRUVER] FRD VA
F5 % 4 A SC T ER T2t LR $x103 A$x105  H/(MW-h)  H/(MW-h)
PHES Fl BESS H: [ 2 fit FRP, ES! 472 3.14 560.0 475
, N , "y %2 4.60 2.68 568.3 3.75
1 6 4 )7 %6 1 FLRTIRE Jr 26 L T 7 )y ;
. o . %3 4.58 2.35 772.0 425
1 A SE R SR, R 8~F 10 7 58 4 i B
ED! 4.57 25 779.0 6.84

HL4H . PHES, BESS $2 £t FRP 1% H 7 1% #1521 74
JE 8] ) 22

3000

2500

S}
=3
=3
(=]

1500

VA /MW

= 1000

i par

500

10 20 30 40 50 60 70 80
5} [8]/min

Bl5 R H S AT RENR S ) 2k
Fig.5 Load and RES curves of the reference day

407 GE R EEXS FEAE R ANZR 2 7R
122 2 B 181 6 ~ 181 10 B XS LE &5 2R nl i 7677
P AR I R B AR R RLBL A AR

B TR RN AL S FB ARG i) 314
MW -h; ZEJ7 &2 AT 1 EERE F A
T PHES Y FRP, iz T UAREL T 12078, R4 V)
T /> T 46 MW -h; 76 77 58 3 1, 1% BESS ¥y
FRP 4 ASERFFRRBE, 55 5 LM LL, ia 17 AR R
KT 14778, KRGVl T 61 MW -h; 7577 58
4rh | BARE LA PHES, BESS #F#24it T FRP,
HIE AT ARGV A g s 5 7 %6 2 %3
AHECANBH B, SO T A R & #0251
FEBCRAEIS , Horh R G g/ 2 250 MW -h,
18 E AR EN 457 T8 BT PR T 3.18%.
WAL, NIT R 4 s 25 R b T LIS 2 : RS FRU
TR, TN B AT TR PRI K FRU %8
JO7 FH 1 SR B v T R SR FRD @ R 88/ AL
B AL LU RE T 2 .

Wy 649 FRP FH ORI 2 2R 58 R PR oK (HAE S 2L

T T T T T T T T
ey i 2500 2
= R
‘EJ =2
= 4 2000 E
=
B | ‘ | ‘ 1500 2
w2 E:DE
‘Eg“ : il 1000 2
£ -100 &
o5 500 &
A -150
-200 ' 0
10 20 30 40 50 60 70 80 90 (x15)
5 E]/min
# 6 JrgE1 s ESS 1Y H AT E R
Fig.6 DA schedule of ESS in case-1
160
E==FRU 220
140 - -FRfDF" —1200
1] {7 o) - - - =
= 1200 : Al ST g
= I [ 5 , 1160 Jr:'
= 1 0 UR s no A
N TUR T Y e
& gofti ! Mt ' 1 {120 2
= . ‘ i | 100 &
2 60f, : ' | {80 2
1
S a0 ' g e J e 3
2 ol ' A
L i i =
o Wi I i : Wl
150 200 250 288 (x5)
fi5f E)/min

Pl7 D5 1 b FRP (8 920 527
Fig.7 RT power balance from FRPs in case-1
34



PR, 5 BOR A R A i K E R R B0 B ) R ARG IR R O &

W AAEF) 2024 F 54K oM

40 M= unit FRU RT
30 MM unit FRD RT

FRU,FRD/MW

50 100 150 200 250 (9)
i} [i7]/min
8 EE 4R BUHLALFE UL FRP (14 H AT A S i
Fig.8 FRP schedule and dispatch from conventional unit in case-4
30

BPHES_FRU RT
—PHES FRU DA

25

20

FRU,FRD/MW
o

10
51
0
50 100 150 200 250 (<)
i []/min

B9 J7%4rh PHES S0 FRP i F ATl it 8
Fig.9 FRP schedule and dispatch from PHES in case-4

B BESS_FRU_RT
55| [——=BESS_FRU DA

i)

FRU,FRD/MW
O

200 250 (x5)

fif [8]/min
10 554 h BESS HIL FRP (¥ H i 1Rl 0 i v
Fig.10  FRP schedule and dispatch from BESS in case-4

fE bR 4Ry b R R E AR
KAFT R, I AE S 0 B v i H AR v e
Ry bR IE A . R TE HATHLAL 1 )
rh BILZE H T R I AT ¥ SRR R R AT A A 4 A
I, (H 7 S22 A7 v, ] DAWER 2 ] FAILAL Y
li] b T PR BE AN I DA R v £ fr 1 AR A BB B
FERP P8 TR AS 2 5 3507 S 2o if Be A
Kig At Bl . 5 — i, 7RG AT T %
BF, AT AL (4 ) R TE M RE 2 DL RS
FRD 752K, P i 8 19 78 FEL 5% FRD 98 FH AT LD 22 %
ANt A, 5 2 5 % 3 BT He, AT LA
%25 BESS [t PHES HA 5P (1) €3 6E 77, Ak
BESS [t PHES 7E#2 44t FRP J7 1HIVE 1K

4 %

Bifi 5 BT RE U505 355 R I AN T3 K, ey RAIE K
AL Bt B R A T B R R G H 4is T
SR R TR, A, AR SCHEST T
Ve S i BE AR AR B [ /i) R I R AR
AU, ¥E1 2% F& BESS 1 PHES Y FRP {5 € 7, A
RGBT 1) £ AR LAl R BE A Y A
GG B H R R B S R R
A o BB IR T AR A () TE AR R RO A SRR
WY T 2 A5 A8 B8 4% 3 2 A1) R AL ZH L BESS Al
PHES 1 & 7 PEHE R B8 7, A 3L e HLZL 41 & Fn
PR, WE R RGBT A . e ek —
S WIE 7 T B T AN Bff P A R R N H
ROR AR50

Sk

(1] 2%, S0, WP BH T 1) Bk ik e v R s O 6 I e ) R

LR RDEAI. o E AL TR 2R, 2021, 41 (18) 1 6245~
6259.
LI Hui, LIU Dong, YAO Danyang. Analysis and reflection on
the development of power system towards the goal of carbon
emission peak and carbon neutrality[J]. Proceedings of the
CSEE,2021,41(18) :6245-6259.

(2] G, A, . m L n] A R IR M L R

FAEPEVEAN SO A LB b LT AR A 4R, 2017, 37
(1):9-20.
LU Zongxiang, LI Haibo, QIAO Ying. Flexibility evaluation
and supply/demand balance principle of power system with
high-penetration renewable electricity[J]. Proceedings of the
CSEE,2017,37(1) :9-20.

(3] RS, 230, BIEEE . TH RO E M 14 w5 L i AR
FERHR R Y TH AN, B A 50,2022, 52(3) :45-50.

LI Xiaopeng, CAl Wenbin, LU Haixia. A high proportion of
clean energy consumption in the microgrid taking into account
uncertainty[J]. Electric Drive,2022,52(3) :45-50.

[4] LANNOYE E. Evaluation of power system flexibility[J]. IEEE
Transactions on Power Systems,2012,27(2):922-931.

(5] EFF, A, GKRER, 45 . Ay BRGE R I3 55 5 i A pL |
W ERRI]. B ,2022,46(2) : 442-452.

WANG Lingling, LIU Lian,ZHANG Ke, et al. A review of pow-
er system flexible ramping product and market mechanisml[J].
Power System Technology,2022,46(2) :442-452.

(6] M/ T K SRINTZ 5 5 H) 8 1 R G R T VEEN S50
FRBCEBFIEID]. [ AL : AR R, 2020.

CONG Xiaohan. Study of flexibility evaluation and optimal con-
figuration of power system with extensive participation of de-
mand side[D]. Nanjing: Southeast University, 2020.

35



LA

Atk 2024 F

F54% Fod WE,

F ot AR Al A Al K B e R B0 R A R R T ik

(7]

(8]

(91

[10

[11]

[12]

BT B, eI , 25 . 25 T8 S VE A5 1 17 A U~ it~ 0
— A7 B ). IR 2020, 44(9) :3238-3246.
YANG Xiuyu, MU Gang, CHAI Guofeng, et al. Source—storage—
grid integrated planning considering flexible supply-demand
balance[J]. Power System Technology, 2020, 44 (9) : 3238-
3246.

i DR BER R L AR ms B A ] A AR U A ) F
GEARGVELALI L] HL AR, 2020,44(10) :3761-3768.
GAO Qingzhong, ZHAO Yan, MU Yuzhuang, et al. Flexibility
optimal dispatch of high-penetration renewable energy integrat-
ed power systems|J]. Power System Technology,2020,44(10) :
3761-3768.

R AR, S GF L TIR AR IO
150 W, ) 2 45 22 I 1) NUBE S PE DA (7). LR, 2019, 43
(11):3890-3901.

ZHAN Xunsong, GUAN Lin, ZHUO Yingjun, et al. Multi-scale
flexibility evaluation of large-scale hybrid wind and solar grid-
connected power system based on multi-scale morphology[J].
Power System Technology,2019,43(11):3890-3901.

RUIZ P A, PHILBRICK C R,ZAK E, et al. Uncertainty mana-

[t}

gement in the unit commitment problem|J]. [EEE Transactions
on Power Systems, 2009,24(2) :642-651.

MARNERIS I G,BISKAS P N, BAKIRTZIS E A. An integrated
scheduling approach to underpin flexibility in European power
systems|J]. [EEE Transactions on Sustainable Energy, 2016, 7
(2):647-657.

FANG X, SEDZRO K S, YUAN H, et al. Deliverable flexible
ramping products considering spatiotemporal correlation of

wind generation and demand uncertainties|J]. IEEE Transac-

36

[13]

[14]

[15]

[16]

[17]

tions on Power Systems,2019,35(4) :2561-2574.
LhybH , SRV, A L T A R DAL Y R T A T
PHBETTIEN. o E AL T AR, 2020,40(19) :6121-6132.
MA Hongyan, YUN Jingyang, YAN Zheng. Distributionally ro-
bust optimization based dispatch methodology of flexible ramp-
ing products[J]. Proceedings of the CSEE,2020,40(19):6121-
6132.

TR, 2 KU . T R IR LR S S P D RS H AT
PEIHBZLN. L) A Bk, 2020,40(12) : 159-167.
ZHANG Gaohang, LI Fengting. Day-ahead optimal scheduling
of power system considering comprehensive flexibility of source-
load-storage[J]. Electric Power Automation Equipment, 2020,
40(12):159-167.

FATTAHEIAN-DEHKORDI S, ABBASPOUR A, LEHTONEN
M. Electric vehicles and electric storage systems participation
in provision of flexible ramp service[J]. Energy Storage in Ener-
gy Markets,2021:417-435.

KIM D,KWON K B,KIM M K. Application of flexible ramping
products with allocation rates in microgrid utilizing electric ve-
hicles[J]. International Journal of Electrical Power & Energy
Systems,2021,133(2) : 107340.

BT, AR PhIR, 45 . b A AR R v e S Y R
JERVETERIBEFELI. A 50,2021, 51(24) :67-74.

CAO Pengcheng, LI Peigiang, SUN Peidong, et al. Study on
battery energy storage to improve voltage stability of weak

nodes in power grid[J]. Electric Drive,2021,51(24) :67-74.

Wk H 1 . 2022-04-17
&k H 1 :2022-05-19





