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Abstract: The district cooling system is a special and large-scale category of central air conditioning load with the potential to

participate in the power system frequency regulation. Based on the model prediction control method, a control strategy for the district

cooling system is proposed to participate in secondary frequency regulation. First, the dynamic model of district cooling system and

the dynamic model of thermal power system frequency regulation are established. Then, with the goal of minimizing the deviation

between building temperature and human comfort temperature, thermal power unit frequency regulation commands and the frequency

deviation, the model predictive controller is designed to optimally allocate the frequency regulation commands of the district cooling

system and thermal power units. Finally, simulations were performed on a 10-unit 39-node system containing district cooling system,

and the results show that the participation of district cooling system in frequency regulation can improve the system frequency regula-

tion effect and the participation in frequency regulation does not have a large impact on the user comfort level.
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Fig. 1 Overall framework of secondary frequency regulation of

power system with a district cooling system
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Fig. 2 Schematic diagram of a district cooling system

1) Bh s e

DL BEIR S 7= A AR E T R R KB
[ 7K B2 | RS HAS v A2 i A A B R A SRR 2 2 2
T RE DA T3 TR DS R GEEA T TR R A4

il v LT AR Y L D 38 F T P A B Ve A T R
KFo

ch

w_ O
R"E; (1)

A
o= w1 - T (2)
m =" m;, (3)

Xpe PRI HLR IR, kW O il &,
kW; Cop WRERLLL; " ARG IEAZE, KI/(kg-C);
m A R K R kg/s; T R EKIEE, T
T HEKIREZ, Cs IV EFIWES: m), A
255 i RS VROK A M A Ve RK AL B, ks ¢
I

VO URIKAE I [l K JRLRE Hh T 2845 A~ i 1 ]
KR E , AR (4) TR

mIT =Y vml T (4)
iely
Kb Ty R &5 i MR ST VR K A8 0 Y (81K IR

FE, C.
TE RS gss b A4 1 P 25 T VRK A AR A

IR I DL AS s %e , WAFE T EE S IIE A KR &
IR, PRI, S sS it il R (5) 115

0, =c'my (T = T )t

= cwm?.t(Ti?}r - Ti‘,);s)
A 0, WA ac Wy AR, kW5 T
R RS KA ML AOREE . C5 il
PATHR s mb, R i MR S A R K ) 3 i
kg/s; TO" A5 i HREESYIE A K R RIKR B, C;
T 5 i MR SR PR K KR B, Cs
YIRS AT HER T .
ATy T - T

d D S 1% S bya
D; dr R UHYY (6)

K. DORESYIMIEE, KT, SEFAYHN
M ERADC; T R NEE, C; T°
RPN, T ROVESYI I, T/
kW n! HHRACHRAE

2) FESF B AR o

mE 2 frR, AT IR EEY AR R, TR
AR SRR R T A S IR
T AEREPE (S T, 3l 2 PLAS il 1 0 2 158 4
i A S B K TR B I B (B T R S 4
A AR TP Ye RS fE R B T, PRl
1 55—~ P il 1 V8 4 V4 R 7K A8 110 ¥4 R /K O o
m,, MRS Ve H i o P o R A% 28 oA
BAnE 3 s

(5)

B3 XiEifite REmEfIi2ER R

Fig.3 Transfer function of control process for a district cooling

system

AR P 3 B s 4l i e d% i ol B, RIS S AR
ﬁ‘%ﬁ% o
am};

oK) (7)
Ths =M+ K (T - T (8)
dMil.‘l2 — s ,s,set , S
T - 1<iI 2(Ywil.jf Ti],)t ) (9)
mi, =M+ KT = T0) (10)
Tiin,down < Tlm, set < Tiin,up ( 1 1 )

Ao K5 RIKE 53 50 0 PN PLEE i 6 ) L4911
RE KPURUKS? 3500 2 P LA il 4% 09 B3 B840



LERNE:|

B, 4 XS R 25 ) R G0 U Y i 91

R MEFIM 53 BRI PLEE il g8 rh AR 4 115
s T S EBRYNRER R, T T
AR FR, T,
2.2 KNEBRFZIAMNSEE

FE R URAR B B TR RO b, il DUBGE AN TR Y 2k
FLATLAL 2 [R50, A1 a3 8 01 236 114 30
G0 R SR F LR A g 2 ] AN A S TR Y . FRL
RS RGN N B A2 AR 0T AR

df, _ n_ pe
ZHE = ,ZTP"’ - P =P - D(f-f) (12)

Kb HO N RGEAFEARVER I H AL, s VR
G Py o KL ML AL R P oA
IR RGER T f 5 PL° R B XA R e LLAT
BT 5 D TR B A O BELJE WK f o RS
WUEMR KL Loy KBRS .
KL IREE PR AR s ST R T LIS R
w dPL

TP= =Pl =P (13)
dPg —_

T¢ dt’"=a,P“—P§I—J% (14)
1

Krpe TR TE 5300 R KO ALAE P A AR I 8 25 1Y)
Af )5 K0, s5 P2, oh R MILAE 8 S 4 10 i o8 Do
PERSYBLA S SRR K LA D348 25 ol
KA S5 HF; R KHEPLAR T &
EY 8

TRECHIL B L) 2830 7 6 JE TEHE 24 0
dpr;,
dr
A e AR EEHLAICH R, pou. /s,

AR, 51BN 22 B B T i A e i 2
T2, VEAPF IMARCR iR bR

X, _ .
?_f/ fo (16>

2P X G 22 AR O3
2.3 XEMRRAFIMABRYARKSATERL

SRE

Bt BER AR A B A BRI I R BE o T, B
Jrv TSR T 4% ) v B P e, DL A ARG, R
FHER BB IE BT EE RS XAV R GE A R HLAL IR &
PRI S AT b B oy D7 R AT B I . LATR RASK
(DFIC6) A, o359 BT R MR 7 R A 2
(L8 W

A EMRET#, HEEUE A5 &g

< e (15)

*HIE]O

P(k) = Qz(k) (17)

K (6) BT e, R EERIE B ik 0
B

TP(k+ 1) = TP(k) +

At (To(k +1)=T"(k+1)

2D! R,
TO(k) - T"(k
moithr 1)+ T TR g
(18)
HERIEA Tl ™ IEA,

8a(uy,x,y,)=0 (19)
hy(u,)< 0 (20)
g (u,x)=0 (21)
h.(x.)<0 (22)
8. (X, x,y,)=0 (23)

Kb w, a5 0 Ry DRI Y 28 48 70 R HLEH A 4
HlAR R s xy. x Fllx, 7000 XS R G . KL
. AR R RS ARy, A RS R SRR
Bt BAAS LNF,
w,=[T™(k)|",\Vke T,Vie Il (24)
u, =[P (k)|,\VkeT (25)
X, =[T"(k), M} (k),M}*(k) T,
VkeT,Viel,
x. =[Pr(k),PE(k)]",\Yke T,YieL, (27)
x,=[f(k),X(k)\VkeT (28)
Yo =[T7(k), T (k), P (k), O (k), (29)
m® (k), Q' (k),m*(k)|",\Vk e T,Vie I,

K (19) Fm 5 XA R g0 H 5 (46
(D—C0)) P EEf TR X (20) For 5 X EHE
BRAEAGEMHEAEXGRD)) W 7R L
D) Em 5 KB HLA A X F X (EHL(13) —
(14) st S (22) KR 5 kLA
AFEA ) s stk m#; L(23)RR5H
Do A A O 45 5 (L 4 =X (12) F (16) ) 1Y B 1l ik
T

3 ETMPCHIKIE IS R0 N B AR
AIFEE
H T % 2R R AW, HIEfIRw

AR AR, WHEA AR AR
AR F Y A H R B Y B IR (A, AR A

(26)



92 FEITRMEEA

$ 18 &

A BE 23 B L AR O B N PR T B 0 22 1 1
o UL, B4 d S I e R AE I R IX
LA R G A K LA TR R AT 55 19 A B, AR SC
i My T e A TR 0 A S ) RO R T
15 38 V8 A s o 30 Sk T, T B e T A N,
il JEL 4, PR I R T=T XN, 4 A 2 il A 09 55 o
JMAF XA, A FIX B Are Dl /ME
UYL B SO G T 22 . K R LA R
Ty %48 A S 220 B bR, SR BCE S B %
FEAE UK AL TR 484 Kagn THET
MPC 1 X 35 46 ¥4 2 G F1 ok AL 2 B 45 )80 A3 AR
Elrh, NORTN g3 AR K AL R 5 i B
] 4 f A DM ATE P14 A AR 00 42 a4, v )2
SYHEEIF R 2. 2795 o ok B ALY () f% 3k pR S, v
J] T 2 5B HE 7 2. 1 95 Hp XA 2R G B 11
3 R AR, A A (B 267 22 48 401 32 i) 7 sl 24 3k
TR ) A% 3o pRESC . ASE R FR0 4 ) 2 AR B A4 kR
PLLL AN X A R S8 PR AR 6 4, AT 3 25 ke
PLZR A IX BV R GE M D, R G PR AR R A B AR
ARG .

K HLHILZH AR

MXN, N,

min z
el

k=11

(Tiin(k) - Tic)z +

M XN,

S [P0 + (£ = £) + X2 (0] (30)

k=1

&) I

s. t. X(19)—(23)

KA o~ 5N S TIAE R T W ANRET
R, C.

B G IR ARE A 2 (30) J& — A R AR, 7E
GAMS 42. 3. 0 F135% 198 H Gurobi 3K fiff #5 175K f# .
LR LI D I i N o S S T R i A
[T/ (ky),  Po(ky), T (ky+1), P.(k,+1),
«, T™(k,+N.-1), P.(ky+N.—1)] . H
T™ (ko) F1 P, (ko )VER ST 21 k, (il F8 4, B
BARGURA, FIEAT — 36 R A TR A

4 BHISH

4.1 MXRZENE

RS TS 22 10 L3945 5 R 5O v
], 75265745 S A — A K HEL RS, W%
INEE RN IE] 5 TR o 2R G0 S E I N 1 3 % H M

P 1 B T
T"s-1 .
- " 7
o | S Y I T T
i [ mpC] = P |Af
Pl D 1
_ 7 2Hs+D
C\,»(Tch. r_ Tch. a) Pch _
Cor

NI =T

B4 EFMPCHRIBHL RGN EYARKS FTRE

Fig. 4 Combined frequency regulation model of a district cooling system and thermal units based on MPC



LERNE:|

B, 4 XS R 25 ) R G0 U Y i 93

78.27, BHJEH LD HJ 10, % XIS R g
12HREEST, A 160 MW IR T f ik . S EMSH
g 1R B0 E AR 300 s, R
T=2s, WHHER 7=6s, #HEHT=65s, FIX[H]
Ar=0.05 s

©
—1— 30 37
— 25 6
: ] Bl |
=

1__
il
©
Tt 4 14 -24 —-36

5 13 23
9 & —le l 19 l

_‘,_7 10—[—20 22 g
8 31 32 —+—341-33 35
© | Ecg © ©

5 SXIFEEALREM 1039 T mRGIRINGH
Fig.5 Topology structure of 10-unit 39-bus system with a

28 29 i
T

18 17 ©

l 16 21771

—

district cooling system

4.2 REHLRESSAMPAATITHE

KB XIS RGeS SRR T, AR
TARHE S 5P, BT A G sh o By
BRAfr, B SAfifE 0~50 s AR FFANAS s 7E55 50 s
Bf 67 far € 38 20 MW, 05 — B4R AR AR, Xt
B ARG RARL AR 6 T .

HIPE 6 T %01, 7645 165 s B KL% 2 4 R Ap
1 R-20 MW, FFik B0 IR AS o 18 A ST 4R $ il
RIS, XIS RGN B2 45 48 4 Z R BB 1)
RS IE N 115 s,

&1 KE#HREZSH
Tab. 1 Parameters of a district cooling system

ZH ¢
e’k k. coP 1 5
PR ! ) 0.9
FERRAS o 4.2
YRR E D 10°
AP R, 0. 001
MNREFE IR E T//°C 23
FEINRE TOIC 35

5r

PAAMW

SIO 160 15|0 260 230 3OIO
tls
E6 XFHCRHENRTN

Fig.6 Power change of a district cooling system

4.3 XEHLRESSREMPMEME

Shy 65 E AR SC T VR ATk X L P AR ) el
AR M4 2 AR T s, T 3R
Wi 1) T MPC ) X {IE4 R4 5 KBS
PN 2) 3T MPC A KBS 55 3)3T
PLIZ i (9 XIS 2R G0 5 K LB A PR A . 3 3 Foy
S ISR A & 7 s .

M1 7 AT, T MPC Y IX RS R 4585 ol
PLALIR & IR0 2R 0 BA el O R BUAUR . 7R g 58
BT MPC R AR 2R 40 5 kL WLZH B A 9
Wi R G HR I 49. 75 Hz, 1631, 15 sJ5 R %0
ViS5 8 R . AN KL S 5 R Y 2R G R
%, D3 PRI 7 =X AR R A S A . T PIE
il DO RG0S Kk B LB A VR A0 2R G 1A
&K, HERGWERENMRG S ERK ., f£iX
3RPE T R AT MPC 9 XA R 4845 ksl
HECA PN RGN R TG R L, BAERAD, &
B S A AR ) R R TR
4.4 BTEZEEHGS

AT SRR T AE DO 07 A 3 22 Bl XA V R
S MK HL LIRS TR AR A 25 50 . g i sh IR ol dn &1
SHI/R, RGEWFAAE 9 R, XA RS
AL DR AR 0 A ] 10 IR

ME9—10 f] LUFE Y, T IX RS R g
FAEFIE BEA FITEm, RARAT 55475 32 22y ok F AL R
FH, ELE A7 far 5828 F UG 1) — B[] P X6 R 46
R WAL, REHE /- HH—30 40 K LA B PR AT
%o LL20~40 s A, BEET USRI 7 MW, X it



94 7 HL R %18 &
201 MPC-DCS 5 U £ il Sadar
MPC-{R K HLEK £ 451 5014
PI-DCS5 K HLER A5 5
50.0 5012
50.10 F
) " I
3 g 50.08
g 2050.06
249.8 *
5004 F
el 50.02F
50.00
496} 49.98
1 1 1 1 1 1 4()96 1 1 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
R} iil/s /s

E7 3FiEmAXmETL

Fig. 7 Frequency change of three frequency regulation modes

207

wn
T

YIFRAE /MW

50 100 150 200 250 300
fif ) /s
B8 HEELIEENER

Fig. 8 Continuous load variation

BRGNP YIRS 24 sk B, H5.217
MW, I Bl K RLFLAL S /XS R G2
A BB/ o XIS RGEAER e 5]
I8/ N R GRS | Bl AR G R E AR A U R Y
PRI, Saer i sh e AT h K LA A 274
BT &5 T 45 2R R0 Pl B2 A AR f s O o 7
0~20 s i Ay 2 3 2 0, H4% 30 4 ik 2 A [m] ) 2 510
YR A 1 v, DT RS I I R O AR B
- = s < o S R T R Vo g R 1R TS 52
BN DALV R GE R Ve AR AN, TR DX Ak
IV 2R G0 T AR 1 L D R AR AN R 7E 20~40
s IR G 2800 7 MW, 55 2 X Ve 3 8 48
IFE, RINHEFYRE ST TRBES . 5
120 s LAJG B faf AN Wb, 25 1 5000 0 il B2 24 Fp 25

B9 RGmEZNHER

Fig. 9 Change of system frequencies

301
XA R FED 5

2or K HLHLALE D

YIZAR MW

50 100 150 200 250 300
s ) /s
E10 gL REMNBIENRTHIFER
Fig. 10 Power change of a district cooling system and thermal

units

TR, (RS 170 s IB B R 25, Ui 25 T P T
W 0.17 T BRME, @SR 27
NAEFE R AR, RIS RS 5
P BN 2068 FH P 3 P SR R R

5 %t

ARSCHR T —Fof e AR I s ) 114 DX S A v
RYS 5 R IR R, LR
DALV R ALK AL B BUE 55, A RLR
45t .

DRI i 25 SRR BOE(E, R Pl
Pt 25 iU DAV R GV K, TS 3
P DRV RETRERER H A .l D7 HEIE, R



B, 4 XS R 25 ) R G0 U Y i 95

55113
23.25¢
I 5T
23.20} it /p) 58
1IR3 A9
23.15} —— 54 HHI10
5 YL
23.10} 6 2
&
2 B0p A
= 23.00} Ay \
£ L ;
e 22.95 \
22,90} ,
22.85¢ E"
22.80+
22'750 50 100 150 200 250 300
s
E11 XE#HRRGHEEFAYWEENTL
Fig. 11 Temperature variations in buildings in a district cooling
system
FH T4 il o s DX B AR Ve R nl A8 115 s IR EI H

PRI

)M FAA KA S S5, XIS
FRG0 5 SR ML L [R HR AL R IR 55 1) 2R e e kv
FREE/D 2R GeIR IR0 3 1 o R

3R T H IEIIACR , ASGRSE— L% &
TS5 PSR, S 51855
FH P &P IE R BB RN 0. 17 °C. i it 36 B X ik v
255 5 RS 22 %8 P& & R K
R

AR SCHY BB BEAS 22 10 L 39 5 i R 4 Ltk
11, BRIHEEN, JEe TR EAE PR A YR
G AT EAPIRAIE . BEAh, R XIS R g H
BUE THERE, BERES XIS RGEIEA R AR A% i
LRGN, I E KIS RGNS T, AL
AT DX RV ZR G0 )R FH 0 T B R s (R Y
BB, Ja2ei o ] 2 8 ik H 7 ] T B 1
FPATIH

S Ak

(1] BRESE, 22095, 173, 55 CTHREIR A R BB 72
(3], v [ LT AR 244, 2017,37(1) 20 - 27.
CHEN Guoping, LI Mingjie, XU Tao, et al. Study on techni-
cal bottleneck of new energy development[J]. Proceedings of
the CSEE, 2017, 37(1):20 - 27.

(2] T, Zmem], AR, 55 B L ) FR e A AR e A T
ZEIR MR ]. BT LR A, 2022, 16(10) : 38 — 47.
LIU Xiangyu, LI Xiaoming, ZHU Jiebei, et al. Review and
prospect on frequency response models of new power system
[J]. Southern Power System Technology, 2022, 16(10) : 38

(3]

[4]

[5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

—-47.

RCERI , A%, A 3T 2 F AR AL A U iR ) — U 3
Pl S [ ] 7 AL R, 2022, 16(10) 68 — 76.

ZHAO Xilin, LI Pin, FU Bo. Primary frequency regulation
control strategy with wind-storage cooperation based on multi-
objective optimization [J]. Southern Power System Technol-
ogy, 2022, 16(10):68 - 76.

R R, kRS FO AT A B T R GE Y SR )
G HERTTRELRT]. i R A 1k, 2017,41(9):2 - 11.
KANG Chongging, YAO Liangzhong. Key scientific issues
and theoretical research framework for power systems with
hight proportion of renewable energy [J]. Automation of
Electric Power Systems, 2017, 41(9):2 - 11.

WV R, 4 F e, 55 L KO P BRI S R A
FH5 5K B 23 6 75T 2R 5 SR [T ] B R A, 2022, 46 (9) -
3534 - 3542.

HU lJiangyi, ZHENG Tao, JIN Yulong, et al. An aggregation
strategy of air conditioning loads considering uncertainty of
customer behavior and frequency regulation demand[J]. Power
System Technology, 2022, 46(9):3534 - 3542.

SR, REWETE , XU . DX e R SR B ] 5 R
P R [T ], AR B TR R (A ABAMD , 2017, 45
(10): 26 - 33.

ZHANG Yan, CHU Xiaoli, LIU Yonggiang. Cold transmitting
control and terminal cold adjusting of district cooling system
[J]. Journal of South China University of Technology (Natural
Science Edition), 2017, 45(10) :26 — 33.

EV AR XS R Rt it SR IET R M RS
SCH[DL N A EL TR, 2012,

ELISA G, LUCA B, ANTONIO G, et al. Optimal configura-
tion of power-to-cool technology in district cooling systems[J].
Proceedings of the IEEE, 2020, 108(9):1612 - 1622.

HE J, GUO Z, LI Y. Multi-objective optimization of district
cooling systems considering cooling load characteristics [J].
Energy Convesion and Management, 2023 (281) : 116823.1 —
116823.10.

YAN B, CHEN G, ZHANG H, et al. Strategical district cool-
ing system operation with accurate spatiotemporal consumption
modeling [J]. Energy and Buildings, 2021 (247) : 111165.1 —
111165.12.

SAM J, Dongsu K, Heejin C, et al. Real time optimal control
of district cooling system with thermal energy storage using
neural networks[J]. Applied Energy, 2019(238) :466 — 480.
YU P, ZHANG H, SONG Y, et al. Frequency regulation
capacity offering of district cooling system: an intrinsic-
motivated reinforcement learning method [J]. IEEE Transac-
tions on Smart Grid, 2023, 14(4): 2762 - 2773.

YU P, HUI H, ZHANG H, et al. District cooling system
control for providing operating reserve based on safe deep
reinforcement learning [J]. Applied Energy, 2023 (347) :
121396.1 — 1121396.9.

YADAV M K, VERMA A, PANIGRAHI B K. Frequency
regulation support from district cooling system and V2G facil-
ity in cluster of buildings[ C]// 2023 11th International Confer-
ence on Smart Grid (icSmartGrid) , June 4 - 7, 2023, Paris,
France. New York: IEEE, 2023: 289 — 293.

YU P, ZHANG H, SONG Y. Equivalent system model of
district cooling system in frequency domain to provide primary
frequency regulation [JJOL]. CSEE Journal of Power and



96 EREAEEZN 18 %
Energy Systems, [2023 — 12 — 01]. https: //ieeexplore.iece.org/ B e ) RGO A A SRR (D). B R AR SR,
document/10246135. 2024, 52(6): 1 - 14.

[16] WANG H, WANG S, SHAN K. Experimental study on the LI Mofa, ZHANG Zhiwen, HU Sijia, et al. Load frequency
dynamics, quality and impacts of using variable-speed pumps control of power systems based on an MVO algorithm and
in buildings for frequency regulation of smart power grids[J]. improved objective function[J]. Power System Protection and
Energy, 2020(199) :117406.1 — 117406.8. Control,2024,52(6):1 - 14

[17] XING L, VERONICA A, ZHENG O. What are the impacts on [24] ZEglte, Wi B0, & ARAI I XU S I X 3 A %
the HVAC system when it provides frequency regulation? -~ TPERNET]. R EE S, 2023, 56(11): 49 - 58, 112.

A comprehensive case study with a multi-zone variable air LI Jianhua, CAO Lu, YANG Renxin, et al. An active
volume (VAV) system[J]. Energy and Buildings, 2021(243): frequency support strategy for costal wind farms in east China
110995.1 = 110995.11. [J]. Electric Power, 2023, 56(11): 49 - 58, 112.

[18] WANG H, WANG S. A hierarchical optimal control strategy [25]  MREEES, XUwhnk, B SEPK, 5. ROMUBEHEE T XUHL 1 A9 32 i i
for continuous demand response of building HVAC systems to AT R [T]. )45 17,2023,36(3) :23 - 31.
provide frequency regulation service to smart power grids [J]. LIN Jianxi, LIU Bicheng, XIAO Huangqing, et al. Frequency
Energy, 2021(230):120741.1 — 120741.8. characteristics of receiving end power grid for large-scale

[19] WANG H, DING Z, TANG R, et al. A machine learning- offshore wind power access [J]. Guangdong Electric Power,
based control strategy for improved performance of HVAC 2023,36(3):23 - 31.
systems in providing large capacity of frequency regulation [26]  XUBAGL , MREEIT, WS . B R G R oA S R O
service[J]. Applied Energy, 2022(326):119962.1 — 119962.9. [(M].dtat: BleFil st 2017,

[20] ZHAO P, HENZE G P, PLAMP S, et al. Evaluation of com-
mercial building HVAC systems as frequency regulation provid-
ers[J]. Energy and Buildings, 2013(67):225 - 235. Wrks BEA: 2023-05-19; M4k E % HHA:2024-03-19

(211 BT . 2 VAR5 S R FoR AR o de e R ey TEEEIA: o ‘ o »
BHFE[D]. 5T ARAIA 2017, s O T AR, BE, FLTORLATS.

[22] GUPTA S. K, .GHOSE T, CHATTERIJEE K . Coordinated FRE(1974), 5. BATAI(HIER), Wt FEFaD
control of 1ncent1ve-b.ase(.l dema-nd refsponse progr-am and BES.S b R GALE M S s MRkt
for frequency regulation in low inertia isolated grid[J]. Electric 390 (2000), 4, WAL, REHREAL, HEFAAEA
Power Systems Rsearch, 2022(209) :108037.1 — 108037.7. 5 544, laoziginglzq@qq. com.

(23] ik, skaksC, WITEE, 45 LT MVO L S5 B AR R

,"- =

[ =]
FEHFE R YR ILE G LI T eeeeeeeereerennnnn 3= HA A I KA E B I e eeeeeeremmnnneeeeeeaaanns Al
B PR P B FR ceeeeeeeeiri 3= B W W, A AR TN ] overrererrrnneaennennn, A2




