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Abstract: Large capacity, medium and long time scale gravity energy storage technology is an important means of new energy
consumption and power system peak shaving. According to the operation characteristics of MW-level solid gravity energy storage
system and the problem of intermittent power fluctuation caused by multi-weight switching, a solid gravity energy storage system is
designed and a multi-machine coordinated system operation strategy is proposed. Firstly, the structure, operation characteristics and
energy storage characteristics of the shaft-type gravity energy storage system are analyzed, the main electrical equipment and load
types are determined, and its mathematical model is established. On this basis, the grid-connected simulation system of gravity
energy storage motor is constructed, and two soft start modes of variable frequency electric auxiliary and variable load mechanical
auxiliary are proposed. The single-machine control of power generation electric and the multi-machine coordinated operation strategy
of linear variable frequency speed regulation are proposed. Finally, based on MATLAB / Simulink platform simulation, the feasibility
and effectiveness of the designed MW-level gravity energy storage system and operation control strategy are verified.

Key words: MW-level gravity energy storage; operating characteristics; system design; multi-machine collaboration; modeling and
simulation

HEUIH : P IRERIEARMIN 55 2% L W% 4 BRI H (2024MS111),
Foundation item: Supported by the Central University Basic Scientific Research Business Fee Special Funding Project ( 2024MS111 ).



112 FEITRMEEA

%20 &

0 5l

Bl A LAKHL . SGAR SR e U5 A AR A B B v
REMERE, FHRRIEEA REALME . B sk iE]
B R AE o FhL IO B 2 2 R RSB AT R BBk
RIUBLA e mT LA = i IR e ), P 9T g
TR s, AR T A SR
Tar-fils” i) S A5 P

A AT R R B4 K B e R A 5K 35
e, HALZERERE . TRAAaS AR SE . HK & RE
JAMIK . AR . 2P RUK SR IR BRI . H Ak
FAARE AN I R g 4, RER L S
By A ) R H A R AR o R AR S U BE AR AR
il . MAER K . H JI1iffiiE (gravity energy storage,
GES) R BB Ay . MERE . Hat. I
HC . e SRR AR E, BT AN HT
S H E AT MW 2 [ R T R Lk
B SHOEE AR, KRR S, FRET)
it ke B L TARRR A e F A B kR 2% . fifiTig
R AR R K BRI TR TR R A
ZGRAT DL B R TAE | A58 3 R B R I 8l
SEINV, R R DAz IR AT RB IR 2%, A
T GES RGEMFCR, AFFH MM E BT,

AT, FEWIMEXTE eI T 2 5 Rk
RSN AT T — R HIS g . SCHR[S LR gh
T 8 PP A1) GES 4 R BE L RS FA L 5 SCHik
L6151t GES 7 Fic H, 19 1 H 0o 795 7 FH 37 52 T 1Y)
SERE L P o R AN A T T R TT T AN AT
SCHR L7 1) 6 2 P 5 M GES i sk F il 2 75 3
e, PG R G WICE YT R AR )RR
s SCHR(8-9 48 th 7 55 J it il R Ik FL Tt A 285
(0 4 B o3 B4 i SR et SCHER[10-11 148 1 8 )/ A
LIAHEE RS, Vi 2 EY DI T 20 (B EOR
Wesho BRSCERZ R ARSI GG RE R B A,
P R G0 R GRS B, (HIRIE I T RS
Mk, WAL BTt PClcE . W e
GARVER MR, WK T RGN
JE, AFIF GES H AR KM A RIS TT

BEF RO, ASCHEH MW 9 T RE RS
BT 5 ZHLa TSI Rl i A ms, AR 4
PR AR EARE, ShSTAREMHLA RS
TRRAS, eI EAME, DU I RS

RENLH, SEBLIIR - i i
1 Btk

At R o [FAR SR AR A BT Y $ e 25 SC I AE
WA SR, RERE AR, U
gERAL B Bl WEEA RE
Yi e P s JE T 6% B (vertical gravity
energy storage, VGES)i#Eht 2 i& | (/b 2R
. HARZRAMASRIRE ), A T HA )
fittRE AL S A MW ORI ], BA Tz
ERPE
1.1 VGES &M TIE/RIE

VGES 24t T L WHHFEY . HEEW .
L R BRIE . HECE S AORIRES . ETRER
. SCER L R, AL B R K
PR AR, KFE LT EP0E S E PR A
P AT, 38 e R S R R A B A S AR 15 TRl o
R, SCOUGERERELE AR, JfaE AL o8 AL R AT
R [ WA B Ak . mT AR Ao 8 4 F 4 e i 250t
B AT R RS VR RE AR ST iy A A R, H
HAVZERG A& 1 (a) 7R o

RYia ATt B M At RE T BERBERE R B . fifi g
BB ATHT,  FR B AR IR H 0 B g i R R i
ARSI SR R SR, WKShEY L)
HEETE, HrRELAE S HaerE A A
ey, s, miErs TREYS, A
BEINEH T SENLR, B E B G  hiE
{H . AR AR E H ) R A sgia  , JFaE X m)
e M RS SE BT . T AR E 1(b)
FR .

1.2 VGES 2&E1TH%

VGES RS A7 MR R it E 5 F 52 T/
W H, EY R m M GERT ] 4 ¢ i RE
W A7 At MBI D) 232 P 55 F ) 4 T/ 0 1) 3 B v R
YR m A, T X EY AR SRR
TS .

VGES st fLFeYE . SR AEfif e it B vh i f Bh
PLER L BK ) ) St 5o ik F B 7 . 23 SBH T EE
B . EWRFA LR R LTI 3B, e
R 2 .

OA BN SR i Be (0~1,) , LA EE I O
BT TAEBEE v, IS 3 B by



5573 LIOME L AF MW G A AR AR R G T X LIRS AT RN 113
i 510 R i BCENFEH A B (1r,) , EHIRLHLT 51
A A SERRRETTIEI . A M, BN 0, HEA CD IR

==

(2) RGELHRER

INERE
=

P, PHjQ,

-
ac/ [ I |pc

R

T
T MW L e

(b) RETAEHBLR A
Bl1 VGES&%GrnEE
Fig. 1 VGES system schematic diagram

AB BN S) A REN B (1,~1,) , FLBHAILIE 24
ARG, i th#UE TAEHAE, EWHsZ I 11,
PREFSIEE B F, SIERAARE R B by, M FREYZ
VIR IR R

F,=mg+F,+F, (1)
Krf: FOMRIEReE SLEE A AT 1, FLoRER
BT FoRSe RGEEE T m hEY Fiw; ¢h
GEpAYI BT Y5
KD EILAE T ) — Rk

T. .
F,= ?lGnT (2)

S TN LRI i ARG A
RS i) s m G RSILACK s RO E
H

BUIRAS, DS 3l = B A By

VGES R . i BESAE B RE i R b il 1
A S oA BT R LS
o EYTHESBREFELEL3AME, Ko
e 2 R

DE BN AR S B (1,~t,) , EWIFERIIR 0L
PEAT RO, RPN IATEE , A 5 1 R g
gy, —AIATIFM

EF Wy B R 51 R BB BE (15~1,) , BT 7% hy
J3E J 35 3] 09 i R B B 2 v, H IR ) ) 3
N, IHRIATIFN, BT R RN -

mg=Fg+FW+F,~=FE,+%CpSv§+Ff (3)

K. F, 0 VGES EHIHLAES] J1; C =R I1 &
B p WEAUEE, SWEAMAR, EWTHRS
SATHCL. 293 g/l S AR AT AR .

FG Bt N I8 ] sh By Bt (t~t,) , HEER/NE O,
HEAFRIEREHLRES
1.3 EhiEsE RS IS T

H X (4)—(8) Al A, HIHRE R G YR 5w
A GEATE Y R T | TR R S 2 AR 1 A
BRAMAX; REARSEYMRTE. THES
B BATR RIS G, LB TR T ffRE
REMINRAEEZEBIFRT REHEE . BY
Yot . Gyt as BRI, (B AT 2 AL RIS T
T JE AN TR AR (1) BB B A7 A AN DR 7oK

XA R G, )t e 1Y ) R he i

. ()
- B RQ) hy
‘ hy
it REIL AR
R RRIE T RS v,
cC D G Hi b ¢
0 f f f, f ts te [t ot Hi h, & -
Z  RHIEAT 1z 4 ‘
FE ) BT FEHIEh AL st &F
F, AT
. ni o %
: 5 e i
mg mg
FF.

2 VGES R4t ABEITERREE
Fig.2 Schematic diagram of the energy storage and power generation operation process of the VGES system



114 FEITRMEEA

%20 &

P, —MEOLT , HIIAERE RGN TR %
HE 8~10 W/(kg-m/s) Z [H], 1M BE &2 % & W #F 5~20
KWh/(kg+100 m))Z [0 B LR B T IR
RTUBIER, — R EXNETREEEE . K
TR . KAWL AR, MhEE, L4
P 2P SRR B TR A TR A ST,
577 T3 3 Z2 AL P ) ol e e HL B i pb 1) 4 i o
SO RGEE S R G TR . MU R G A M
BB g it 8] RUBE 55 H ) R e e Pk S 2 Rb 2 ik i)
RUBE AN XoF 7 56 [ 8

EHERET Y FamT iR 40 all |, HATK R
FrBC R 6 h REWIR LA L) 1. 8 JTL/Wh, i RERT
KB RAG O N Al ASE B AR B A AR . &7
i R I B B AR 29 R 0. 5 TT/KWh, B8 =5 Tlk &
RERUE R 2 S 0fnE, T RS

DA [ g AR b B 7R gk 0 TR R A A st
A I REHL s ], 7E 1000 m R YT 2 ke
HHTERE 1 000 47 100 t &2 AT RS, SRMLT) RS
1~ 16 MW FZZ EEZLR AT, BfIk 6 h, REECFE
e ik 82 %, I SEELRD R AY SR R R,
FArik 50 a.

2 VGES Fi& &k B K i R Mg

MR GBI AR E , VGES RS T 5 h
AR 5 4 ) SR AR TR 2 i, AR TR A 4 L BIL
BIAY | FE ) G AR B RN AR AR AR, o] SR A A
A5 T ) R s AR AR R L AR AR LR X 0 A
TR BRI A R, DAY RE IR
hE, AMSEYETG LR EE R, Sim . W
. B ERIA; 2% LR CFRE | BT A
AT AAAE L S S S B AR A2 )

2.1 HHIER

FL AL AT 43 Sy [ 25 FL L (B 455 H il i ) 26 H AL AR
ARG AL A 2B AL (R SR L) .
JEHL ML P DL/ L O e AR A DR 3R M
REAEAERYSZ MR, AL R HLAE AR T30 T 1y 2l
N, GARASE R | O AR A AR LT 1R e S S R
FaE M. VGES R4 FH AL T 22 548 U 4 B
AT RE R . HEVE T mACRRRS, iR
BLRB S P N £ 2R, 18NN B T AR RE EE
16~18 MW (1Y) VGES % %t it H] Fa AL 40 7 il s 2R 3~
3.5kV, SREEH AR RSN , KRR

DLEERI 2 TR ANRG . D . b 4AE
DAL TRtk vk 1B 8 I NIER 875 Sy i AN

AR L 5 67 28 i s 75 3ot 1 Bh R e e
T 43 B AR (67 4 55 s LS - R 4 ) Rl 1K
A O B0 o 147 5 4 B Y A o S L bL
). Hoop K VGES % S8 T 1% 3 B B,
A 280% o 25 (P ML 7% 7 50 r/min) , W AR
SN, ZESEBRR T HSE S )
2.2 TiHis/ER

VGES % 45 Wil i i g v T8 e e — 75 4295 11
ASSTE AT, Gl AR S TR, SR )
SRE AR REAY T SR T R U HLAE
FE, T (AR A A S AR M A TR L 2
SHOPA . kB SRS . SO H R
LEF S o1& VGES AR T000HE A, A5 Wiss 1%
T B A RO A S AR R A, g
R AT SR, DA X TR S B S
AsAk, [ MW 4% 28 55 DG T e oS3 B A
SR AR A 2 = PR M e, e
BEAGIE . DN RS . RRAR L BLIDRE . 3275 &
GRCR . PRE RGBT A e, BAE
I Y2 S P
2.3 EYHRFHER

K3 (2)— (3 AT (1) 8 F1 15 5] VGES &4
T A BCF BT

1
TLd = (png + ECpSVZ + Ff) . R
(4)

1
T, = (png - ECpsz - Ff) - R

A . T, H VGES RSk RR S T, 0
KR T ARG p. NEY B,

il (4) T, AR TR A vh 2 B BH ) A
BESE /N . 7 16 B R RER A5 1 B 45 T A 25

454y VGESZA7HRME . AR 15K iy HL7E R 2
Rt FEAE RS B R A . BN | AR Y 7
o AT R A LR kg e BRI AR SR
RIS 25 1 7 B S 1A A LR A R ) 2 v LA 3T
i B 57 R AR B 1 P R A 3 0 =K

A AR B R 0 8 A A5 s A L WL AR
S W RV 6L, 0 L o T 20 158 2 1 3
R, W ST W U . AR 4 o et
R A A A R R B PR A RPN 2% . = Rk



557 3]

SFI0MG, A MW SRR T ) fERE RGBT AL RE AT 115

FEZE . E 5K R 2R DL R A n s h e R AT 43
B, AEI LA H bR | R s R AR i 45
Jona B i 2 e il 3 fie .

Fiok, AR AL B HOR B R S BB &
A B A SR B, Bk, AL
) LRy LR NE Y IN i R S R R
.

nN nN

i/ (r-min™")
34/ (r-min”!

tls

t 2
t/s : :
(a) ZePEhmndpE i (b) =S i i £k

H:din/(r-min™")
i din/(r-min™)

m

0 / . . 0

1 ;I 2 I t;
/s t/s
(c) IEFXIIHEE Hh2k (d) A sk 5 i 26
B3 FTsmniE i £k

Fig. 3 Frequency conversion acceleration curves

2.4 VGES ZFEEMEITFIREE
I B35 i F7 K (field-oriented control, FOC) ¥
Rl i B AL 5 0 R R U B R, TR RS 4

AR 5
lGiEsIESS

il 57 2 A A5 B T M, AR R R 1 e 1 R R A
PEWORG R s BB R 45 1R (direct torque control,
DTC) L #45 il FL ML I 5 R , 5 40 sl 2 1
R, RAIRAT A AR D SR . VGES & G5 il
YA FE NS AT, 78R s 5 AR e 1Y
EERETE o DR SRR AR I B f R R, FOC T
EATEIIERERG TR ™. VGES R4 sk il ik
s A ] 4 P81 4 T 7S o

DR A 455 37 i >R FH 6 B I B 4 L 1) P R
JE R IR B R o A o SR, o I 0 R
SCHU A ) . JCIIPPR AR o HLOAR A
R L T2 1 WG 2 1) A PR el L P UL P B O et A
Tl AEmE , e =0 By R EAEHI I, N E R
SRR P A R, DR T g Sl I, B AT
i i) & EL ML) B L DT S o A s, S I R
HREE
2.5 VGES &4 & HlihEEEH

VGES RS A7 45 it 52 W I RF R ) T 12 1
BRI, YR HLLL 28 i A DA L A RE ol & T
Rk, nTRLGl G 2 G HLAB AR, CHARSG A
3T, W ZHLPNE T E S Fis .

VLG 5 HLAL R, XA 2 A7 0 3 B R T
Mo ZHLIMREE Tl AR A & 6 Fis .

A fEREE T R E 6(a) s, 20k 34
B, BB, 1S EYYUNEIRR e T HhE, 2
SEYAIL; B, 1S EYHR R X

-Pdw-

g
| DC

4 BEFEXENMEERGEH REIER

Fig. 4 Block diagram of the control strategy of the solid-type gravity energy storage system



116 FEITRMEEA

%20 &

& » P+jO.
AC 1 |pc =
o) =
Y amEEE L
AC
o PMSM
v |
o PMSM AC
e “
v B

E5 ZHhEERGEHTEER
Fig.5 A Schematic diagram of the basic structure of multi-
machine collaboration

TR X | 7 x| 242 Zﬁ%
MR Y | = | = Rk lgm | =
B
X 7 B9 27wk 7%

(a) ZHUkBEIETT
E6 ENfEESHMBETIERER

(b) ZHLEHIELT

RN, I PR 4 ] 5 H ML s AT X [R] Y
H, AT ML BE OT A i MR AR B T A
ALY, ITEFRIR AR AT T, W
AR K- 06 50 2 5 14 230 P 1 7 2K

3 VGESRZGZE{FESH

£ MATLAB/Simulink H' #4 # VGES £ % I W
P ERERL . RV T BT 16 MW 22 - F
e RS RENL S . PIREHE S 1 000 m, 2
AHEYBFR N 104 t, B ER I mEERS
ML B3, e BT HGs A T M 15. 7 m/s.

AR SCHEAEM TR HIR IS T 10, F B 465
TR L], X RS E AR SRR . e
KA RS . Z AL P IR IR Dy 4 ] R w R AT
e,

£1 MWZVGES R%SH
Tab.1 MW-level VGES system parameters

Fig. 6 Schematic diagram of the coordinated operation process
of gravity energy storage machine

TR, 2 5 BRI RHE ST i s 55 =
B, 15 Y BRBUELT AL, 25 EY B =
E L, PEACIEAERER B WIS H Wy HaE i

PR A AR DR RS R L3
T

ARz EmE 6(b) s, k340
B, BB, 1S EYHONGE T VE B,
g ZmIEMN, 2 5HYA,; BB, 15
PPN BB XA B, 2 EE A )
e T IR T M 28 =B B, 15 E Y Hm
HAE IR, 25 EYRRE R HIFM, DL, R}
UEFF: M D3 5F-3

MFERI A, VGES &G4 & AL b —24
HEY R —EEHE, BILZRAFERS, B
W25 F T, 2L FEIN D), ESE T R /A )
B YR A i 2] | PR R] L A BE ST ) 2
IUCHEL . ZHLE TRIFIECA, D R AL
DGR 5

R T OTEAN ., fAifkaE SRR, e L.
A A RS e M ], A4 a4 04 48 o SRS
N 7 vk AR R, A ) A RE SR T Ak g R
o —8 FALEL A IR T Y R R T i TR

28 Hufi 28 Hf
HHLAIUE DI /MW 16 T ) i 104
HLBILAT A HL R /K V 3 HEYAEL 1
EERVIR @R 30 2B /m 3
HL IR % /Hz 25 1B47 i /m 1000
FLHLAE 4/ MN - m 3 BATHEE/(mesT) 15,7
BHLIER/ (reminT) 50 | BATIEE/(m-s) 1.5
PR e A MW 16 TR B ] /s 10. 67

3.1 EMEHAKNGE

R 4l 5 ) 7 5 S B URE 1) B 3k s S LAY, HE
Simulink H#5 @ AR A EGR S L FERIAL, f HELLH
FHEIRII A bR SAY | IE 5% AR 5 i 2 5%
Hi o R EAE A BB FECIR S DI . RS R )
sl 2 AT AT eI, AT LAAR S ELAA T4
1 R M AN TR B 2 L o

Sy i R L S B I B AR O L 7 1
()R, X 4 A £ 288 2 i ke 0 1) () B B A ) A
SR SIS, R ) H AL SR W& 7 TR

mE 7(a) iR, R SR A 54 mm
R A, A AN B, T EL O R T
BHUEREHE, FREH, hE 7)) LLES,
M S HUE shE AR5 S AU £, 154 RIS sh i
SRR LA B A, e SR . ER B
PEREA b R v sh b s et , R fE



557 3]

SFI0MG, A MW SRR T ) fERE RGBT AL RE AT 117

W SEURIWIMRH B V2% EiXEsN T
B, R AR ST, S AR 3 T
P o BRI SR £ AR AR TN Ak 3 £ AR G B
E

3.2 E-fEe-RERETERAE

HEYPGEZ . fERE . HE A ST REE ORI
KI8T o JJ At RE S o HE Wi 3 o M it RE R 2 )5
Ja 3l VGES 245, sk [ A0 Wi L4t 3l ) B I 46 22
AR S, AL TAETE R S, RIS Sl
P RL R R, BN K 8(a) NAHREN B
W EBOC IR, FTLUE S, M 0~5 s i B TAEF:
W, 5 sEHEASIHEMRRIRE, YRS, &
R T BTk AT R

1E22.5 s, HLRJEORIGRAFREDI A, fadilh
O IERERGE L I HAE 4, HIES e,
P BRI B IR B H, 2.5 sJFEWHEH 0.5
p-u. FE1p u, BEEAGEA BIFNshAMRaE
FRPE o SRR XS T4 5 R Y BRBEVETR 4, 141 8
(b) NEFHILEIEE, FTLIE 25 s J5 LR
BRT —A%, WpLE R REZ G m—A%

P18 () T (d) Ay fih i ok i 171 48005 R R H 10 B L
BOEE, MWEHRT LA SRR, B E
P B R4, 2SI RE . BRI AR S T )
Henty th 286 FE e 2l , LR i 40 R 1 4 v A

1.0t
5 08t —— RPN i £k
= ——— ST £k
% 0.6} == IEFZ TR i 2
= —=-— S-1E 5% A il 2%
% 041 e ST (1 2
=2 o0t
0
0 1 2 3 4 5 6 7 8 9 10
t/s
(a) R R 3 f 2R R
1.0}
508k — LR MEn i 2k
& ——— SEUfin 2k
@ 0.6 == IEREA N i £k
fin —--= S-1E 5L TR ik fHh £
= 0.4 e ST ST 17 28
2 02}
0

t/s
(c) SHURL B R H

58, TR A E ALY H P R R ) Rt R B A AR
b, PRIE FEHLA S A ) R B B AR S s AT .
Kl 8(e) N EHI R R IIE K], S RER B
MR AR E , FMLEE SR I, U Rk R e ek
WIS FE A, B0 UE T P O 45 1) 5 W 0 A R0k
B8 (E) MMM T, PR EIE R, AL TAELE
AL ENHLEECET, DRI IR IS DDy, A 23
R HE, LB T RS K
KRG RE R R A R, NGRS
3.3 fERE-ZHEIBITHREREHE
TR L H AL B T B TR F MLAE H S ML
HALFIRD TARRES Z [RIYI4 . EW64RE & L Yl
FRPIEANE 9 fr . WTLAE . [#9(a) dh W)k i
W56 K 2 VGES RGLiaf bk, 7E0~5 s
YR s ZRUEMRRIRE, 17,5 s TR IRIGE 2 20
sHE, fEfEid AR, PEARHUIRS SRR S .
Wit R AR TR 2 B R . BHOIPERT, iR
ST K, ML TAEFE R B, MR 4% T
YEF 3R, MUASJas TAE P AR
TE27.5 sif VGES RGN L 484, WL
M), MRS R LR, R
M & AEARAE, IR HILAN AS 048 1 TAE RSt A
R, RS T A, & H R SR
B R R, KRB RS R C

1.0}
5 08 —— S
£ - -- ST 28
=) == IESZRE 2k
# 04 —--— S-IEFL AN i £k
= = LS TR 2
B ool
04
0 1 2 3 4 5 6 7 8 9 10
/s
(b) LA s kLA
1.0}
5 08 — bz
= 0.6 - == ST Lk
b= == IEREA N i £k
# 04 —--— S-1E5Z TRk Hh £k
= e ST 7 28
02}
0+

t/s
(d) IEFZIUE B

BE7 AEEZHGHEFEE T E RN LR N Xt

Fig. 7 Wave form graph of downfrequency conversion soft starting speed under different starting load torques



118 FEITRMEEA

1.00F
3 |-
z, 0.75

s
i 1
i 0-50

ﬁ 0.25}

15 20 25 30 35 40 45 50
t/s
(a) EYIHEWILRK

—\

30 45 50

0 5 10

=
9
G

o
n
(=}

AT, /p.u.

25 30 35
t/s
(c) TERFEHIIER

0 5 10 15 20

25

LR
(==l =]
© O o
~ o0 O
W B

1 1 1 1 1 1 1 1 1 I
9 10 15 20 25 30 35 40 45 50
t/s
(e) HUEHRHIKBIZRE

4300 4300
< 2150 2150]
K
=l
= 0
2
19 =2150 -2 150
-4 300 —-4300
10.0 10.4
@ t/s
(b) JEFHLUIIEIE
1.00}
5 \
&0.75
S
ﬁ%0.50
v
§0.25
0_
1 L 1 1 1 1 1 1 1 1
0 S5 10 15 20 25 30 35 40 45 50
/s
(d) HLREH SO IA
2 0.5}
5 o
= -0.5}
R 1.0
5 0.8f
§ o4
B 0¥
'5_0'4A
-S L
%—0.8- . i ; . i i ’ i i )
0 5 10 15 20 25 30 35 40 45 50

t/s
() PIAT D JET BB

8 Eah-fERE-AE SRR E

Fig.8 Start-energy storage-speed regulation process waveform diagram

Blo Ml REEY) N R Z BB . BHMER, sk
SRR RGN

I 9(e) AT, fERER & LDIPRRE, FALES
SRR T A B R R e e P R R e e (. R
9(f)%1, VGES 7 Gufifi fig i =X DA i I W e A5 Ty 1
R, HUYPRRAE, REAIDIENIEE, 5
ARSI VGES RG A IZTIIRE
3.4 ZHlhEMERE/ ZBTRFTE

HRAE 4. 1 757 2 A0 431 8 3 fin Ak 3% 10 2 4k 3
A, PR SREARIE T ALY R4 SR, 3 AR
HEFE R Z L0y iy, SC TR FR R S L4
IR, LL3 G RIFE e E i,
£ MATLAB/Simulink " #5 & & /1 fifi it &R 4 Z WL b
] D4 i O B Z LU Rl RE 2 Rt R 3 A
FL AL A SR AT 2y . TSy TR O =1 10 A

11 . 24— VGES LA AE/ & it , HAHL
AP, AL AR RS T4
RN R LA, SCILT % B AR
SE, HEK RS R, PR T Rk RE
ZEE s JOF ELIE R 2R A WL DR LR £ S L
LH R TR, TS B2 0 51 e 100 38 Ty 75 3R 9 1
VA, AT O R S S

4 it

A SCIE I A A3 AT MW 2 AR ) A RE R S
g BAT S SRR, BEBOK#EE L LAl
AL N = RSP AR BUR  AS A RS, BT
T MW Z[E AR AERERSE, F1 X iR RE R el
H G Bl PRME A IR, B T AR A B A B 3
HRILAR A B B PR BGEE 305 2K, IR0 H oA 4 F Az



S0, A MW 2 R E J1 6K

RGBT M Z PRSI 119

0 5 10 15 20 25 30 35 40 45 30
/s
(a) FPHEREIE R

1.00 ~_
3 0.75
<
| ey
050 (—H—/»
prid
& 0.25
E
0
0 5 10 15 20 25 30 35 40 45 30
/s
(c) TERFEHIIER
1.033
1,025
Z 1017
< 1008
2 1.000 -
=099
:;;S 0.983
22|
= 0975
£ 0967
0.958
0.950

0 5 10 15 20 25 30 35 40 45 50

t/s
(¢) ELMUBFEH R IIEA

4300 4300
35 2150 mw\ﬂw\w\w\ﬂ 2150
E 0 0
UMW
-4300¢ V W -4 300
10 10.16 35 35.16
@ tls @
(b) EFHIRIIE K
1.00

™~

e

e
9
W

HLREREHET /p.u.
f=3
3

0.25
0
0 5 10 15 20 25 30 35 40 45 50
/s
(d) HLREFHTEIE
2 1.0f)
o
g}r 0.5
50
R -0.5
T
3 08
o
S 04p)
e Oj
E-OA
08t . .. ., . .
5 10 15 20 25 30 35 40 45 50

t/s
() FINA T TR POE

B9 Eah-Fil-REIERTE

Fig.9 Start-standby-power generation process kymograph

—@ﬁllv

H LA /..

O OO0Oo— O O00O— O OO00O0—

RONENODS  NONENRD  NONLNOD

10 20

(=]

30 40 50 60 70 80 90
t/s

E 10 ZHthEfkRE

2.0t
1.5}
1.0t ”

v, FEHLIAARE | HHL2TAHEE | AP THHTE

H P ..
I
5o

ko
S W

Sooo ocooo
O N O B VOO

|
[l
w

T Op.u.

10 20 30 40 50 60 70 80 90
t/s

(=}

23 EBYERERMNFY TN EER

Fig. 10 Multi-machine cooperative energy storage process of three motor speed and active and reactive power waveform

3, e m N TR 22 TE D)0 5 B0 SR 8] B Sl i )

7 F8 P LR Bl 2R FH A (] A2 S 0 i 2 ) A S8R
N AEAT LA B e, e - i 4 T R U B

L PR A

AR A SN AR B R B 7

B, BT RHLOC P AR 2 AL AR

AR i

ENEIBAT MRS AT, P AL T P i R GE4



120 7 L A %20 %
0.2t ‘
-0.2f —HHLLS :_ fod
02| e g -/-——-—-—\._.\-
aop Mo _ —Hh3E %
5 % B HALIS L HHL2E L H L3S L H
£ -02 e, L L L
t:é 06 0.8r
. 06_
e 2 04l
2 S 02t
0 N S~ £ o
-0.5 B0l
-5—0.4-
-1.0 | | | | | | | 1 | ]-H_g‘g_ i i ) L L 1 i}
0 10 20 30 40 50 60 70 8 90 % 10 20 30 40 50 60 70 80 90

& 11
Fig. 11

Hay P s A Z BB E] O A R A T, S
NESIGRERGA L, SH T RMERES . P
i DR LR S IS . WA AR T
BRI AL THLMAL ShiAE, H45E SL5-F 5 5k
ZHLP R RACEIE 3 B RIS R, RAERTORE
RABEEERERE I 0 A7 S AL TR MG . A SCARIBIFFE 45 20
XF Je S R AL Tt BE R B D Rlis AT R I s HAT
HEPBE X, RERITRERYLAE S5 2 B H AR
G

SE 30k

(1] S, MR, R8T, 55 HBURRE VI A A 3 Sl

WRE Jy 3T Y 2 KRG R A i AL (D). o
2024, 45(6): 111 - 119.
MA Huimeng, LI Xiangjun, WU Rongyu, et al. Optimal
capacity configuration method for multi-type energy storage
systems enhancing new energy consumption and actively sup-
porting the grid [J]. Electric Power Construction, 2024, 45
(6): 111 -119.

(2] WERE, sk300E, HEEEE, 55 . T R R N S — RIS A

DEA 0 T BE I Mo A I B e RE LI [0 . PRI T, 2025, 58
(7): 147 - 161.
TAN Lingling, ZHANG Wenlong, KANG Zhihao, et al. Grid-
forming storage planning for renewable energy bases consider-
ing the co-optimization of inertia response and primary
frequency regulation parameters [J]. Electric Power, 2025, 58
(7): 147 - 161.

(3] B—ng, skma e, X080, 45 . 5T ook A= 0 & T AE U L I

BRI e et (1], B MR, 2025,19(9) 1 162
- 173.
YANG Yiming, ZHANG Liwei, LIU Ren, et al. Optimization
strategy for black start path of new energy power grid based on
improved A* algorithm [J]. Southern Power System Technol-
ogy, 2025, 19(9):162 - 173.

[4] TONG W, LU Z, CHEN W, et al. Solid gravity energy stor-
age: A review [J]. Journal of Energy Storage, 2022 (53) :
105226.

[5]  BRz R, X%, LER, . B L IR AR AR L

(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

t/s

ZHhEAREIEIERIERNAI. LI REF

Speed and active power waveform of three electric motors

KRR ], TR E S HOR, 2022, 54(1): 97 - 105.
CHEN Yunliang, LIU Min, FAN Jiayi, et al. Present situa-
tion, technology conceptualization and key problem for gravity
energy storage [J]. Advanced Engineering Sciences, 2022, 54
(1):97-105.

TONG W, LU Z, ZHAO H, et al. The structure and control
strategies of hybrid solid gravity energy storage system [J].
Journal of Energy Storage, 2023(67): 107570.

RUFER A. Design and control of a KE (Kinetic Energy) -
compensated gravitational energy storage system [C /2020
22nd European Conference on Power Electronics and Applica-
tions (EPE20 ECCE Europe) , September 07 - 11, 2020,
Lyon France. New York: IEEE, 2020: 1 - 11.

CHEN Y, HOU H, XU T, et al. A new gravity energy storage
operation mode to accommodate renewable energy [ C /2019
IEEE PES Asia-Pacific Power and Energy Engineering Confer-
ence (APPEEC), December 01 — 04, 2019, Macao, China.
New York: IEEE, 2019: 1 - 5.

BEGTE, A, T, . —FhRE L A S it L )
B R GE K TTEE [P BRPE4 . CN202110636103.7, 2021 -
06 - 08.

KT, BRI, SR8, L H ) RRGE MR LR R
IFM R Gt s AT R [T SRR R SR, 2022, 11
(12): 3895 - 3905.

ZHAO Yongming, QIU Qingquan, NIE Zipan, et al. Design
and operating characteristics of a grid-connected motor-
converting system for gravity/flywheel integrated energy storage
[J]. Energy Storage Science and Technology, 2022, 11(12):
3895 - 3905.

TRPCIE, B, B, A R RER Y T AR R e M
el [P]. IT9548 : CN202311212028.7, 2023 - 09 - 20.
2R, WREDE, AROKTE, AF . BE TG AT E M AR R SERE
WEAEEREITIELT ], BT, 2025, 19(8): 163 - 171.
LI Zhen, CHEN lJulong, ZHU Yongqing, et al. Energy flow
path selection method for gravity energy storage system based
on benefit analysis [J]. Southern Power System Technology,
2025, 19(8): 163~ 171.

DRV, Beti, AR, . R S A RE RO TR
JERSCHELOR [T ] BERERZ S HOR, 2024, 13(3): 934 - 945.
QIU Qingquan, LUO Xiaoyue, LIN Yuxin, et al. Research
progress and key technologies of vertical gravity energy storage
system[J]. Energy Storage Science and Technology, 2024, 13



&%

7 3 SFI0MG, A MW SRR T ) fERE RGBT AL RE AT 121

[14]

[15]

[16]

[17]

[18]

[19]

(3): 934 - 945.

ESE, Honlk, BSCUK, 45 RTTE JIERERF ST LRIR 1], fERE
Bl AR, 2022, 11(5): 1575 - 1582.

WANG Su, XIAO Liye, TANG Wenbing, et al. Review of
new gravity energy storage [J]. Energy Storage Science and
Technology, 2022, 11(5): 1575 - 1582.

SRS AR KL R K RE TR 25 LR BE S SR mE A Y (D ). R
He RO, 2015.

XISCZ, JEVGRE, e, . TR S PWM A a1 K
KA e R GOIT MR TSR 7], i THEOR 23R, 2015, 30
(16): 120 - 128.

LIU Wenjun, TANG Xisheng, ZHOU Long, et al. Research
on grid-connected control method for FESS based on back-to-
back converter [J]. Transactions of China Electrotechnical
Society, 2015, 30(16): 120 - 128.

PRI XCPWM ZZ B H AR BEFE (D], dbat: Jb5 Tl ks .
2010.

FERRAR . = P 2R KU AR AR BB AR E (D], &
BE: AHETAL KR, 2016.

MR EE, W RE, FRWL, A AR RE AR ) RGP
F RS BB 7). i s ML TR 244, 2025, 45(18): 7177
-7193.

YU Hengning, et al.

YAO Liangzhong, CHENG Fan,

(_E#:% 66 W Continued from Page 66)

[19]

[20]

[21]

[22]

[23]

filz, WL T8, 45 JCMEE 2K R R MIMO £ £t 3
TURBE SR AL 2 2] BT RE AR HEM% [J]. M+ 2# 40, 2023, 51
(10): 2831 — 2843.

HE Yun, SHEN Min, WANG Rui, et al. Energy-efficient
sleep-mode based on deep reinforcement learning for cell-free
mmWave massive MIMO systems [T]. Acta Electronica Sinica,
2023, 51(10): 2831 - 2843.

PEI Z, CHEN W, DU L. MAC Contention protocol based on
reinforcement learning for IoV communication environments
[C1//2021 IEEE 6th International Conference on Computer and
Communication Systems (ICCCS) , April 23 - 26, 2021,
Chengdu, China. New York: IEEE, 2021: 546 — 552.

YUY, LIEW S C, WANG T. Non-uniform time-step deep q-
network for carrier-sense multiple access in heterogeneous wire-
less network [J]. IEEE Transactions on Mobile Computing,
2021, 20(9): 2848 - 2861.

YE X, YUY, FU L. Deep reinforcement learning based MAC
protocol for underwater acoustic networks [J]. IEEE Transac-
tions on Mobile Computing, 2022, 21(5): 1625 — 1638.
PSR, AT, IR, 45 . JLT DRL IS > 5 ik
Bk [T] B AE%AR, 2021, 42(6): 62 - 71.

HE Wenchen, GUO Shaoyong, QIU Xuesong, et al. Node
selection method in federated learning based on deep reinforce-
ment learning [ J]. Journal on Communications, 2021, 42(6) :

Prospects and challenges of gravity energy storage applications
in new type power system[ J|. Proceedings of the CSEE, 2025,
45(18): 7177 - 7193.

[20]  BRBEOC. REER A AL E R AT (D). S A PIE
BreHAR R, 2020.

[21] Wi, BERsL, jDUNE, 45 . —Fhsiss % 5 R B A B
ST [T ] RS, 2023, 36(5): 61 - 65.
YANG Zhenging, LU Yuzhuo, LU Beini, et al. The design
and fabrication ofthe self-made laboratory gravity energy stor-
age device[J]. Physical Experiment of College, 2023, 36(5) :
61 - 65.

[22] TRIEBEL C, REINCKE-COLLON C, BERNINGER U, et al.
Method and apparatus for operating an electrical energy
storagesystem: US11025063[P]. 2021 - 06 - O1.

Wi HER: 2024-09-27; M4 E % HHE:2025-06-24
E& BN

LM (1979), B, A TN (HIRR), MLz, LT aAh
T AR

B A(1970), B, SR TRT(HIZR), F+, FAFTEH
T ARSI

FEX(1983), 4, @144, al#de, L, FRFTaHhE
kAR Z A, 1jw_ncepu@163. com,

'''''''''''''''''''''''''' R O A A U ) A A A A AU AU AU AU AUV

62 -171.

[24] VLACHOU C, BANCHS A, SALVADOR P, et al. Analysis
and enhancement of CSMA/CA with deferral in power-line
communications [ J]. IEEE Journal on Selected Areas in Com-
munications, 2016, 34(7): 1978 - 1991.

[25] CHEN Z, ZHI L, CHEN P, et al. An MAC layer algorithm
based on power line-wireless dual media channels and
multiplexing [J]. China Communications, 2022, 19 (10) : 78
-91.

[26]  XUFL, Bl &, SRS, A5 A G I 28 RGPl 22 1 £ 11
ERRPEEIEZRIR [T ], B 2HR, 2023, 34(7): 3134 - 3166.
LIU Yin, YANG Pengfei, ZHANG Lijun, et al. Survey on
robustness verification of feedforward neural networks and
recurrent neural networks [J]. Journal of Software, 2023, 34
(7): 3134 - 3166.

Wim B EA: 2024-09-11; M4 E & H#:2025-02-12
fEE®E

BARFE(1994), B, TRIF, Mt, HRLF @A 8N EGiEE
HAR, B AHIEM, fengjh@csg. cn;

EEF#(1999), ¥, MEAA A, AT @GN KB
21812, 15659630390@163. com;

MR H#(1983), B, @44, al#dz, ME4AF05, HE,
BER T @A IR . W A &3i845, zxchen@ncepu. edu. cn,



