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A Grid-following and Grid-forming Energy Storage Co-planning Method for Enhancing

Renewable Energy Accommodation and Small-signal Stability of Power Systems
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ABSTRACT: Many wind and photovoltaic power sources are
integrated into the grid via grid-following power electronic
converters, which may induce small-signal oscillations and
threaten the secure operation of power systems. Emerging
energy storage systems not only mitigate the volatility of
renewable energy but also enhance system stability through
grid-forming control. This paper first derives the generalized
operational short-circuit ratio (gOSCR) and its critical value for
the coordinated planning of grid-following and grid-forming
energy storage systems, serving as indicators of small-signal
stability. To address the highly nonlinear characteristics of
gOSCR and its critical threshold, a machine learning-based
surrogate model is developed and embedded into a multi-type
energy storage planning model that simultaneously considers
the integration of renewable energy. Furthermore, the proposed
joint planning model is reformulated as a mixed-integer linear
programming (MILP) problem to improve computational
efficiency. Finally, simulations on a 4-bus system and the IEEE
39-bus system validate the effectiveness of the proposed
method.
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Fig. 1 Considered major issues and their relationship of this research
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ARA5H T 5T ReLU(rectified linear unit)f
TEERELE) 2 TR P40 I 28 HE B2 K 43 il UL B 5
K@Y AB0), LA7AITHE Veoscr M Vegoscro
ReLU £ 4% DAH 3 B2 . JELLII4RFTE, B
fE R & B 3 2 1 M K (mixed-integer linear
programming, MILP)HESE T @ATHGHAERE. BhAt,
5H A R B L, ReLU 2% HEREHR A 4 A\ 5L
)23 A0 R 1 38 SR R R ), AR e g
FERBEER X IR L RS AN 40L&, G amx) = 4EdE
LR LS RN AE /10, XS MEAE 15 ReLU #P22
W 28 1l 9 ) S AR IR S LA 22 ) B AR 4

AHIEFER LS 7 S HESR A& 2 o, B
NE ZAKE5UE A HZ R, AR S5 R 9Tl i
PR M2l R A ARG R . AN EE R
NI E[Sens Seml, FEJEUE 2S48 Z M ReLU
WS REE . 2, T B AN R i e R
TIHR=T Veoscr M Vegoscr FITHHAH o

[sgﬂ ’ sgfm ]

(9,4, by)

B2 #HERFIJHER
Fig.2 Machine learning framework

FERAR A EERE T, N 7 RTHIgRRaE PEIF
ol D> PRI AN [ 2 ULV TR AS 36 R 2, A F 7
KT HEMbREZ T % g
L SRR REEONIRA AL, JREsE L2 BN
LRI, DAz eRe ), #ERdiths.
DAL I RE F s P2 BB R 1 E S ARG T i, IRk
FH 27 21 305 BOZ AN CAE il grAa e . Bedt,
NTE RS, ASCRAVMEEREILESEZ T

B, 3R REIZRRCRIFFEARTT B RAS
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4.2 EBEESAES

TEREAMIERT Be, SRR T BAL T KRBT iR
FANF ¥ GFL/GFM B LU RIT7 %, DAR DR Ecaf 72
ZHS NI AT N T RRILG AT,
FEEE S PO — &5 70 AR GFM BRI GFL
UEAEITRCS

FERHE A SO AR, H R T M BRI
Fy i FANFERE, SR A ARIE(7) T B0 BRI T S
UL, TR AR S (8) T B AT U L
(critical generalized operational short-circuit ratio,
CgOSCR). 2%, Riih S A AN — X N A4 1l
FREE X 2% B R 5
4.3 RIBEZPWELFIEAN

Z 8 ReLU A M2t R JZ, KHLE(Q29)
MBI FHZ R 25 73 T AR g IR AR ¢ 2R,
A — 2B HCI Wgbre)s Wesbre)s SR -
JERIRCESERE AR B . 2 X Xoo N r 21
BN, HAEMNEMAN Xog M Xoco Vg Yic
N r R R, You, Yoo AFHZRIZE I H
e, A g ok R @0 s . iR
N, RFPEEE s g Al e, 2RE0)XTT 2 AN 2%
P&l . max X &P AN CRBUZTR S 0
ZIB) H R AR

Y =wX, +b,
X, =o(¥,) = max(¥,,0) (40)
Y, =w, X, +b,

T Ea g R4 W 2% 24
(w,b,), F(40) 7T LI S e A AL i — > MILP A
o X Vre[l,R—1], ReLU 1 /%% Al LLF K
M R R (@)@ M Iy — D E BT
KE, X, EPiAesE, RS r ERHH
w X, +b =X,, (41)
X, <MZ,

X,,>-M(1-Z,)

X, >2X,,

X 20

X <X, +M(1-Z2,)
X,, <MZ, Z, <{0,1}

AR (41)(42) 1 4 5 I SR GF 1) #h 22 T
R SE A — B, 1% T IR AR A X 45 1 HE T
FE o 1ZITIETINI 0-1 A SRR A 48 X 245 [ i 2
BB S8, BT 222 DUE 3.2 Tidfaifk, KR
I T NG SN E B, R TE SRR I R
T 5 31 22 9 2 HOR Y 5 B AT 45 B A B I Rk

(42)

o 5N 0-1 AR EH R R . F AR
K@D —(@hH RN B A R (33)—(39).
(13)—(28)~ BH(3)H, #B#(2930). =ik,
GFL/GFM XA RIS R A e i, I i —
A MILP, AJ LSRR, AR AT LLSCIAE RS
W EAE S RS IE OL R, T 2 KA REY R
K -

e AR A, AT DLd B 2505 FEURHIE
AR B 36 UE R 07 5 00 /N T AR e TR 2 5 2 TR
K, EHA R T INAR AR 0 EREH T . &
SCHTHRITIFAL TR HEAT — IR 2 I 2511 S5, B8 ik
TRAY (R30S A AR TE M BE O # AU )l SR 42
CE

XO,g :[Sgﬂ’sgfm]

(43)
Xoo =[S0 Sem]
V;;OSCR = WR,gXR,g + bR,g (44)
VCgOSCR =Wp Xpotbp,

5 BEHoHh
51 4F5=Ef

S EL R B B BT R R T L AR 2 ST AR R A
INFIRFRE LR ROR, ERTE 4 1 ARG kT
¥, 2B FEH RRIRTH NI ) RGIEAT,
WA RV fifs g S 1 ] o AR, N4 58 1) s
ReTh R m A aE, #H47 GFM. GFL [Jikht e %,
AT AR GFM BN 6.25pul™, 4 i S RS
SR B WM R E A3 s, ZEMEUE N B bihs
ZAH, WA 4 REREHUT AL RSO SRR
Bl. BRIERZEHLY 4k, HRT e & ifme, 3
fr %5 5 GFM 1 GFL (4% B8 oA 73 0l 1 B % 3 A 1,
UM 0 BN 1. fEAREMNK BT, A5
KRBT ST MR £ T A 50000 ANFEA I
SRS, Hrh ¥ E T 5000 N E GFM LB REAS .
WL LERIIIR I — A 5 B EEEMEm L%, G5 3
MEIRE, P TR 7 40, 20 AT 10, I1ZR
BERER /NIRRT BRI, LR RN EE N 128,
DURE i s R A e o BT BB S 5 35 7 L &%
Intel(R) Core(TM) i7-10700 4L &2 f1 32GB P17
AN ESER, THER RIS T MATLAB R2024b
FT Gurobi 10.0.0. v T JE/RERIRR, wE 24
A 1) 3 57556 GFL A 1 pu, FLE GFM. 2)
BC B AN 9pu ARVEAY, #5717 AU GFM/GFL 1B
B LIRYIA 3pu. ARE RS AR, K378
B A RFEEARTZN SRS AR 50%.
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B 1 2 MR SRR AT 18] 73501 0.42 A
2.89s, M2 W 2% 1) F 5 4856 H 43 B R % (mean
absolute percentage error, MAPE) ;A 2.3%
021%. MXIZEFRWE 1 . MEHEHIAEE,
R 1, TFEARGRE RSN A3 REE
—E&EMN GFM MR &N E . B 2 Wik
I HH S AR SEAE B GEam FE S om ) T  1 AL R AT R
O B KA ) GFL, [FI5 65 1 KRG, K
HEE ) GFM FER/N. BT 35 A 2R
fil, TGVEAETT A3 AR E R EE RS, P A RRE R
S FEIR S IR 2 1 s B RS &Y GFL AT GFM 41
A, MR DRSS, X—IESR S IR
FHFF o

Fz1 4TENNER

Table 1 Planning result of 4-nodes system

HilmS GFM/pu GFL/pu
1 [0,0,0.352] [0,0,1]
2 [0.048,1.82,0.25] [3,3,0.87]

MECER&E B, 2 MEFIEMRRINE i E
SRHERR B IG ST SOSAT R LN FIRHIERR a0k 2
i, FXFIRFUIRE, GEM & 5615 R4
Jett s 7 KIEIRTH, LT RERIBIAEmN .. 7EH
B 1 A2 25 T ) gOSCR AT CgOSCR 4393l
3.34 fi1 2.3425, ESE A 3.35 F12.3427, TlliR%E
398 0.3%F1 0.009%. 5451 2 F A2 R 25 S 1)
gOSCR A1 CgOSCR 73324 3.30 1 2.30, HSEfEHN
3.22 H12.29, iR ZE 551 2.5%H 0.43%. KR
SERR LRI, 1S 3 SAF AR I 2 R A, (R
RS AR e AR R, IR iz TR R 22 AE T B 2
Bl A

Rt — IR T SR A ¥, fE Simulink
FHHTE SR, BB ARGAE 0.5s I, FEEHIHLE
HLE R % 10%IF7E 0.05s JEPKE . B 3 FBIRTETT A5
3 ACFECE 1 B4 GFL B, $ARI5 Rid E GFM,
IR T =10 50%080 E GEM FIAEL & GFM {1/
HAER. B A4 IR TAET A3 AR E 1 A
GFL, AL 5% E N 0.9pu A1 1pu FI1h5 H &5

HE 3 ATLVE, BE GEM Z i, REHREY
RE FE/DE GFM 1l LKGE KRG e,
Fi B o 22 ) 24 B o T B R 0UA A U TT AR I 5 T
RGN /NTIMRRE M, TE0T 2 IRIE3h G REuH

2 ATRRGEESFHERITEL

Table 2 Dominant eigenvalue comparison of
4-nodes system

DR CgOSCR X B AFAEAR FRI 5 ZEx RURFAEAR
1 —0.5+i81.68 ~1.96+j83.44
2 ~0.39+j81.52 ~1.81+83.30

b Rk =R EGFM
—— AR EGFM
— FEIRRR T R 50% 00 B GFM

A% /pu

0.51

i [a]/s
&3 A[E GFM Z2 TRz

Fig.3 Dynamic response under different GFM capacities
BRFR RS, HE 3 KK A4 iTLLE Y, 12
AT T it T 28 R ML F )] 7N Ae e PE ) 52
We, % HH DhAE RO, ML H RN, RGTATRE -
IR 7E R PP 2 R AT T T B . FEAC
FIFLRI T, i s AT BRI/ RS, ER R
GUAE S5 LU R TR RETH AR AR E LI
5.2 |EEE-39 5 S &

itk — A2 B IE A SCSETUHT e U 49 AN
OB R RIMERE RIS, 750 IEEE39 15 A
R LTI R . BEALE 31, 32, 34, 35, 39
T RUAR PR [R5 L 2H B 4 1 S AU A B I R D
R HL, EATEE GFL AR 2442 NAS T HL M . e
Ho31. 35 AR, ARtk Bra KL iR
R E MRS, AA PR A 1 17, 19, 23,
25 Wk ik At e B B A A, H TR 1L 39 Wl
BETEMERE, 1A 190 230 31 AICE A TAThE
e, HARTHEEHFE#ERRE. Ciw S—% N 3000
Fi76. KEADGARK B BHE RIE T LR 2023
MR GACRED . SR 7 B R ) HRP-38 4 45
RGP I — (4R R Bl - AR R AL
BEFERFRE 8. N THRRITEERE, X
1 4 ] B AR D), SRR 48 AN H ok
SR R G R R ok . AT X AT, W
BEH 3, NEER—MFIE TR, REES
Ml BH AT E Y 2 3 s . & 2R AU
RE 1 A AN 78 735 L RCR AN Bt 638 B3 B, 43 %
MASERE . R4 R AR Bt . W A GFL
UGBTI & Aif i GFL 1428 S 8N s % B2 I
W& LERTT T, SBRA 6 EATEREMA ML, [
4 MEEZ, gOSCR [ = #1122 o4 oA 20,
40, 20 A1 10, XF CgOSCR [t JZ 42 7o B84y 7))
4°30.48.30+ 10 9 2 M M2 %14 T 100000
HEHEH TS5
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SKARDUALAE I ILHERT 1852's, filAE AN LI 4h
Wk B4 Fin. B4, BREAS BRTHE. H
-1 it BE AR T IS AT IS DL R R AE 7 A i R
1.21GW/170GW-h, B &Kk 217h. BCE R HF
#ifEREIL 1.6GW/6.25GW-h, BLEIMIIREEN 3
Pl aE K. SZPRT ROG K /N8, &K
HL B O T RE R S8 A R T R L ETIEAN A2 o
BRI S, FRKBKRKEEE3TIGW, BT 57T
5.5GW, I ECE i e AH TP XOGE ), [F
IEAE T S fRE . DR, FRE G R A&
e EAREECKR, TP e EHE 24t
REJIAS I TR B, DAORIE RGEr SE AL A .

JHid B GFL fifAe 4% 1368MW, GFM fififig
Ay 1919MW, %18 2| R4 )54 K H DGR GFL
ey, GFM 20N 40%. RGMFE FHRHE
HN—-1.46+j79.23 iz & ki, 5 ARECE GFM fif fe
TR SAREAR 3.5+j61.70 AHEL, #ARITT AR
iE T R r)/h ket gOCSR Fl CgOSCR 1R
HURE AR iy R ECSEAE G EE WEE 3, BRI LAE H
AR BB TR A % LU A o B 1 0 R R 05 = N T
el ME 4 TR El AS el LI H, ke
RGMERFm AN, AN ERETERKEESZ
UORH, SREL T RAEETRE T, 185 T RS
(RSB RE TR H 4h e ) S A qer DR PR g

®3 REERIMESESEN L FOUE/ESE)

Table 3 Surrogate model v.s. true value comparison

Hlg S CgOSCR gOSCR
3 2.06/2.08 3.06/3.07
4 2.10/2.13 3.10/3.03
5 2.1622/2.1629 2.66/2.6659
8 ‘ ‘ ‘ Wi E AR 800
16 - I i e 7 i
1600
147
<
E ol | 400 }
£ 10 200 S_
£l |5
E ol H‘ H“ ‘\\H N _— H A\ H‘ 200 &
=il TTITTOTTIITIIORI g
4+ —400
sl -600
0 \ \ \ A 800
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1)/ R

4 FREFEFEEITER
Fig. 4 Annual operation of yearly balanced ESSs
Nt — b Ui W AR5 R R G i AT AT AR
SE SCHEEAT i RE LRI AL 3, 04T 2 R BUZ 7 #r,
S 4 EFA) 3 AR GRS 14 ATE A %
ik 50%, £k 12, 13 HEFFK 20%, FHETM

(=}

Rlo el 120 130 14 7708 31 (iR HlIE . 5
5TEGHM 3 BEAE b, AR E AR 0 N 1 %N 0.5,
FAb R B IR FFAE

X7 Rt % B5. B6 is. M B5
FELAVE S, BT RS Fracliis HimiEpH %, &
Fe BTG AR, T 31 RIiEREN
39IMW 2R T 814MW. N | NxT 2R B 2E, 7645
31 AR T 2 I RE TR TR R SR
THANTCIEAME R RER, EREN A REE A R TIA
AR o IXARIL T BT 5 VR AR AR UE /N LR E 1 1R
i, AEEE R RRISITA TS 2 EA R H AR,

MR B6 AT LLE Y, fERR AR E M S,
FHELRRE M FE A 1 I ) GFM ARt a8 25 2 5 T 40%,
FEMEAN 0.5 BF GFM AR i g5 728 2 7 L B S5 PRI
2 23%. FFHFFAEM M -1.46+79.23 FH
—0.92+j78.64 . BEALARE ¥ BER 5o R R BRI
SERRBF AT LM R 45 SAREAR, AR 7
BELJ& 45 1 1 B A A AT R

e, i B e R REVE T 9N A NP
FRE B, DR UL BRI A E R K A =
7R EOL R, WEER 6. TEEG] 3 Hal L
¥ RGBOAIRAC 40%, BEHS, RGE KGN
3.6GW, /N KHKHAER. REGUHTRENE K e R
s LB 34.7%. fESEBI 6 (IR L, A5
JEANFHAR R AT R, M 7. B 6
M 45 5 B3 B7, SE61 7 HH0 k45 51 LR
KK B8

EHG] 6 1, MEMEES AR E MR, 4
/03 RFEE 833GW-h, TRIL T it GESE T BT BEVETH
ITERT o LB 7 NS 6, B 6 it B Ak
e 1.4GW/4.68GW-h, H i 7 S iHCE i#EE 0.93GW/
4.74GW-h. TJUEH, FENFIREEAR EEY
W RS DR &, 5 EEAE R 19 A5 T A X B iy
B, XTREREAEAA K. EHTREIE & LR
WEE, H67RAECE T A P iERE. AT
TaHH 7, HEl e Bl TiRE HFifERe, XAEH
T H P AiT i 5 054 X B AR I 2% AR B, RIS Bk
fr B & A AT/ N IRR B S, RIL T YRR
% RE 2 B RER TR . WREG] 7 Hd
BMfifRe AT GFL fifife, W RGH) Is/7T 5%
EAUN 023, RGiAFaE. MAT LA T, X5 E
fifh g B — D RE BN 25 J8 B — D04k H br Al fig 5 2ol
R RATTT

e, 75 RS SRV AE A7 A RGBT BE IR 1 AN 2
PSR BERE LR S %508 3 AN AL 3,
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Ho s 1 5541 6 (REF—5 54 2 Mo
BETRBER 5 LL 2 N 35.5%1 33%. &3 KR
REZ20 5009 0.3 0.5, 0.2 B4 6y 4 N 8.
R R LSRR B, ATLLEH, T EEHRE
JRELBZ SN, R Z3g 508 B B KR AL
MER, ) 8 Bl & T LB 6 B2 IffREREE R
B THReIRHEAN, Tk Re0) D)3 5 5 LA Re ik
HENARA K (A 8 FiRIMififE 1.4GW/4.94GW-h,
Xf ELEH 6 $URIAEBE 1.4GW/4.68GW-h). XN
TEFTREIRFEN. — B I RTEE T, EAR S 17 AT BEYR K
L B AN 1t R I IS 75 SR K B i —
SEIX 0], TEXFPRTHE T, fERETh R & DL fkRe
HEFZERADNFIARE LR RE .

T BEYLI IR, AR SCHTHR 7 08 1 (1 B 4
ANECR PR I 245 B2 T e, BT A R R
125 [ 248 SRR 19 BT 7 %5 . BRUE T AN
WE S WA M SN ZYEE = A DE, T A
AT 5, e 4 B s e AR IR AR 2 5.
1S, BEE RO IEE T, BEAURIH DMK
TR KR LT
6 it

ARSCHR T — ol ST E Y 9V A/ AR
7€ SCHEM) GFL/GFM BX& RN L 2075
SCBATRIEREE, M T E BT TN IR E
A A LA 5 ) S AR RO A i e e
BRIR G BN LIR, TR AR L ST N 2 i
REDCAL M RIBE R oy, o T EA WIEE o iR BEAT
GFL/GFM Bx& MK, Wik i ) R 4tis
AT HARHI . XF 4 795 5 ARG IEEE39 11 5 R 4E
HEAT 07 I, 45 RR W

1) PR 77 VLA T 45 52 1R i 22 Y T PN v it F0)
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2) FriRJTIARENEAE T 2 /N T IAR E AT IR T
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TP R MY e GFL/GFM
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Fig. A1 AC power grid with multi-type power electronic
converters
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Fig. A2 The extended network diagram constructed by
introducing virtual nodes and branches
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Fig. A3 Diagram of 4-nodes system
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Fig. A4 Dynamic response at different terminal voltages
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Fig. AS Annual operation of monthly balanced ESSs
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Table B1 Control parameters of GFL ESSs in 4-node system

s Gapc,i(s) Hc,(s) Hyii(s) Li/pu
1 1+10/s 0.2+2.5/s (12+8000/s)/s 0.05
2 1+6/s 02+2.5/s  (10+7200/s)s  0.05
3 1+8/s 0.2+2.5/s (10+7200/s)/s 0.05

% B2 IEEE39 i &%t GFL fifBERUIEHIS K
Table B2 Control parameters of GFL ESSs in IEEE39 system

15 Garc,i(s) He,(s) Hpu(s) Ly/pu
fitifE 1+8/s 0.242.5/s (12+8000/s)/s 0.05
HAe R 1+10/s 0.2+2.5/s (10+7200/s)/s 0.05
R B3 EAABfHgsHH
Table B3 Main parameters of ESSs!/®!-52!

GFL/GFM AR R AL
; e " FH HECR
A IhE gy /AL BT A . .
BRRAGEAW)  GTAWh) &
H P-4 it ik 1000/1200 800 0.95/0.95  0.0042
AT 2000/2400 150 0.85/0.85  0.001
RSP e 2500/3000 100 0.8/0.6  0.0001
< B4 1EEE39 TI = REtH&REMXILRE S 3)
Table B4 ESSs planning results of IEEE39 system(Case 3)
KR 5 GFLMW  GFM/MW At B A &/(GW-h)
17,25,32,  [143,88,237, 0,0,693, 0.78,0.5,
H [ [ [ [
34,35] 220,55] 98,57] 3.89,0.83,0.24]
A4 [19,23,31] [0,93,88] [0,0,303] [0,5.3,26.7]
SRS [1,39] [390,53] [304,465] [167,3]

FBS Hf 4 ERENKIER
Table BS ESSs planning results of Case 4

KE RS GFL/MW  GFM/MW  fit A R/(GW h)
17,25,32, 368,88, 0,0,370, 1.41,0.42,
H -1y [ [ [ [
34,35] 145,67,0] 48,0] 3.14,0.61,0]
HoP# [192331]  [0,0378]  [0,49,436] [0,0.22,30]
P [1,39] [0,0] [680,590] [181,3]
F= Bo EfS EREMRILER
Table B6 ESSs planning results of Case 5
pit) Riss GFL/MW  GFM/MW f¢ &% =/(GW-h)

~

FEIH )R /MW



[17,2532, [286,81,320, [0,0,385, [0.92,0.44,

H P4

34,35] 165,47] 0,0] 3.9,0.67,0.15]
H - FAi [19,23,31] [0,30,72] [0,0,419] [0,0.22,30]
SRS [1,39] [220,0] [468,135] [168,3]

#* B7 Hfl 6 iEaEMXILER
Table B7 ESSs planning results of Case 6

K s GFL/MW  GFM/MW B 8/(GW-h)
17,25,32, 0,0,0, 0,0,286, 0,0,0.443,
AFE [ [ C
34,35] 0,0] 0,61] 0,0.1]
JF# [19,23,31] [206,0,0]  [0,0,392] [1.05,0,1.74]
R [1,39] [0,0] [0,418] [0,1.35]

#F= B8 Ef 7 tEREMKILR
Table B§ ESSs planning results of Case 5

A bR A E/MW AE R A E/(GW-h)
[39, 31] [771,158] [3.97,0.77]
F B9 Hf 8 iEEEMRIZER
Table B9 ESSs planning results of Case 7

it A5 GFLIMW GFM/MW  f¢E & 8/(GW-h)
H-Ff#i [17,25,32,34,35] [0,0,0,0,0] [0,0,266,0,64]  [0,0,0.4,0,0.1]
A5 [19,23,31] [210,0,0]  [0,0,390] [1.18,0,1.71]
R [1,39] [0,0] [0,420] [0,1.55]
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