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i T 0 R S P R R B T I R . AR R K
H I E SR, Y126 FSM=1.5 J&[X 4} IBR 4%
SCHETRFETR S IR 23 o P A ELRE R R E s 1 A
TR H AE 49 Simplus Grid Tool 24 1%,
41 BEHMMBFETRELTARSR

M 1 45 T GEM IS4k . 260 1~7 1
SHWEHHILEL 1. R1H, ZHA~THHHNT
S RNt S W3S IR S AN E R S
Bilo ARSI 1. 2 F3 U W BR T Z, KA,
H LA 7R F8 br FSMBEHE S B GFM 3 5 L 1 1) /ME
SRREEME. fEZEH 1. 4 f1 s p AT VCL L1
i Ky R g A KV R AU, FESH) 1L 6 AN
7 U4 PEL R a8 28 KT R A oo ds, I LA R 1R
b FSM RGeS [ B GFM N FB A [R] B ] JRJ 428 ol 25 5|
EIRNME S ATEE. R 2 41T GFM Hi %
) E A .

K1 EZH1~THSHERERER

Tab.1 Parameter settings of case 1 to 7
% {5 Zy(pu) K;/CL KiVCL KPP (pu)
1 0.02+j0.1 0.3 7 068.583 5 0.08
2 0.03+j0.15 0.3 7 068.583 5 0.08
3 0.04+j0.2 0.3 7 068.583 5 0.08
4 0.02+j0.1 0.27 5725.552 6 0.08
5 0.02+j0.1 0.24 4523.893 4 0.08
6 0.02+j0.1 0.3 7 068.583 5 0.06
7 0.02+j0.1 0.3 7 068.583 5 0.04

K2HHTEH 1~7 10 FSM 5 BUE IR IEE
(EFPBALD. X 1 M FSM XM Bk
2m(=1.16+j15.11). 7E 0.1 s i, AR EAE 5
ISINIRAE R 0.05(pu) B 4354 10,11, 15.11
20.11 M125.11 Hz (#0305 5, A [F LB 44 (1] GFM

%2 EH1~7 8 FSM 5 BE RIS

Tab.2 FSM and eigenvalue points of case 1 to 7

A

EX0 FSM o Hz
1 0.1211 ~1.16+j15.11
2 0.282 1 ~1.91+j11.69
3 0.377 1 —2.11+j9.89
4 0.088 9 —0.91+j15.36
5 0.0352 —0.38+j15.73
6 0.219 2 —1.68+j12.69
7 0.349 6 —2.04+j10.01

A S T U 1B 5 s o PB4 5 A 15,11 Hz
I, GFM R4 Wi B 5 T 3iR 3 e B foe K, IXR W
TR A B4 GFM 1Y) SD i B dne K IR 52 o R RF 7k
BEWIAh, JE SCHT L EE S IR 0.05(pu) H AN
L5 FSM 6f 1) 3= 358 A 1] (5 18 214 Zh i BR 3R
BB A AT, A SCR AT . 1 SR8 4R B 3
gy, W9 A2 S 56 e BN D o

K5 ANFESRSI AR 1) GEM i N JE
Fig.5 Response waveforms of GFM under
different disturbance frequencies

seAh, B 6 gy T A S AR AN S E R B3R
GBI, I BB IRERCR, £ GFM 1HiR
SCPERR B o Jerh, BN R R R B VL
LU A5 388 23 AR 20 18 2 (RN VCL 7 58D LUK
1) PFL N33 25 2 45 F 30 GFM WAE P46
R, R SR T B . 5 BB A FSM TR

(a) 1. 213

(b) B 1. 4515
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(c) Zpl 1. 6717
KBl 6 24l 1~7 ¥ GFM Wi i % JB
Fig.6 Response waveforms of GFM for case 1 to 7
I (PR SRS — 30, A Ui W] T FSM H A XA
[] J AL 5 A2 1Y) GFML /MG 5 A e IR R E -
42 BRMBFTRELTARSR
B 2 45 T GFL 3l gifh . 241 8~14 1)
SRR EH IR 3. &3P, ZH 8~14 PN
T s, o = 8wk BN R AL S50 I KLU
ZW . AEZA 8. 9 A 10 A HL M B BT Z, R AR e
A, M BAE R FE AR FSM BEHE St GFL 18 55 H I 1)
IMEF AT, EEP 8. 11 12 1 IH CCL L
1ﬁﬂﬁ*§K§CL BN S KN R A A, R B 8.
131 14 5147 PLL LU 2 KM ABLUS 0 26 K7
RAEMUA, HLUEZRTERS FSM e it GFL 3
AN [ T) ROBE 48 1 24 5 1 RS 1R /B 5 AR OE T o B3R 2
5t T GFL RS 8 B oL,
£33 EHS~14HSHRBER

Tab.3 Parameter settings of case 8 to 14

e Zy(pu) K[‘CCL KiCCL KFIJ)LL KiPLL
8 0.1+j0.5 0.168 73.8903 94.247 8 2 220.660 9
9 0.07+j0.35  0.168  73.890 3 94.247 8 2 220.660 9
10 0.04+j0.2 0.168 73.8903 94.247 8 2 220.660 9
11 0.1+j0.5 0.186 90.572 1 94.247 8 2 220.660 9
12 0.1+j0.5 0.204 108.9504 94.247 8 2 220.660 9
13 0.1+j0.5 0.168 73.8903 62.8319 986.960 4
14 0.1+j0.5 0.168 73.8903 31.4159 246.740 1

x4 4T EY 8~14 ) FSM 5 IUHE M EF1E
. 291 8 (1) FSM X W B 08 27 (—0.32+j18.06) .
75 0.1 s B, AR ZRHURAR 5 TP IR (A ) 0.05(pu)
HATE S 54 13.064 18.06+ 23.06 F1 28.06 Hz [k
HfE5, AFEPLSIRE ) GFL A2 0 )3 % 8 i 7
fis . P55 % A 18.06 Hz I, GFL )45 % 1]
NPT e B K, X R 3 2 A A fE4h GFL

(1) SD it 1 f K I¥ 5% 1 o
x4 EfH8~14 89 FSM 5EUERIFE(E
Tab.4 FSM and eigenvalue points of case 8 to 14

A

Y FSM Ee Hz
8 0.060 9 —0.32+j18.06
9 0.494 8 —2.53+j22.22
10 1.691 5 —8.06+j29.87
11 0.199 3 —1.05+j20.58
12 0.3509 —1.84+j23.21
13 0.402 8 —1.48+j16.83
14 1.602 1 -3.09+j15.81

7 ANFEIRBIF ) GFL Wi N 3T
Fig.7 Response waveforms of GFL under

different disturbance frequencies

UeAh, K8 4t T A S AR AN A A AR I AR
Y, PG BOLKIMRERR, LY GFL HR 3

(a) F 8. 9 F1 10

(b) EH 8. 11 112
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(c) ZEfl 8. 13 F1 14
K 8 5l 8~14 1 GFL Wi i T
Fig.8 Response waveforms of GFL for case 8 to 14
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LU A9 14 25 FOAR 40 34 25 (R /NI CCL Ay 56 ) BA AR
(1) PFL LU 3 25 FIAR 73 3 26 (BRI CCL A 58D
Y15 30 GFL (M40 26 SCHE o BE R B o 4l LB B A FSM
T 27 R 28 SCHE R — 30, 78 4r LI T FSM X 3%
AR PR 5 2 1) GFL A28 S 43 i B2 AR Ak 113 A7
43 i IEEE 14 B R %

it TEEE 14 B RS 9 B, M,
21 WE ML REEE, BEZE 2. 3 I 5 1% GFM,
MmBFek 6. 8 Al 12 % GFL. & T GFM3 [) PFL
ISP B E N 0.03(pu), AR GFM fl GFL
M EE R RI S Hn B 1. B 2 Bros f OB R 2.

AR 70 PR VEE S R il 10 s . 0Tt
X 1, GFM [ SD Z 5 R, 1fi ED 2511
IRAK . X R 1 JLT- % GFM 1 PFL )52,
I HAEth GFM5 FT 1%, 14 BRE R G #0119 IPF
Ml APF W3 5. £ 5+, IPF fl APF H WA %,
WEGAE T W R 2 5K 74— . MAT JLBEX] IBR
(12 515 BUREAT PPEAY, R 2 6F IBR A 6 8l & F

(a) Bl 1: 2m(-2.44+j2.24)

(d) Bi 4: 2n(-6.66+j17.46)

(b) ik 2: 2n(~1.92+j6.64)

(e) Bzl 5: 2m(=0.12+j19.61)

GFL12 " 14

12 11 9

GFL6 &

Kl 9 & GFM fl GFL (¥ % IEEE 14 BF£k R %t
Fig.9 Modified IEEE 14 bus system with GFM and GFL
A0S MR RE 17, 1) EMAT RES VR N B AL AL IBR
ANTR] A 3 B0 A I AE F ORI 10 H, EMAT it MASS
TR AR R AGJLTH R A EE, X
YGUF T EMAIL 75 AN [) W YR R VR & WU 3 5 1 IR0 )
Mo XEFASHZE AL IBR, B 10 826 W Bt 45 3k 3 A
X HE N, H4 GFM 2 GFL £ 5 5) A%
th ED [ SD #74%, H—ra—3. AR, KM
ARG HRAAGZ N RIGHEMIRG B, L5
EMAI X UL EL B Hb DA AN [F] IBR (4905 S 40 %

Kot T 14 LRGP AR IBR ) FSM 5
HEIERINE SRR 11 45 H TANH IBR 32 E A [
IR G IE . £ GFM 1, GFM3 & 555 K HF
L1 MR B R . MRS GEM (1) 5 i AN B e
GFM3 Tl vt 4 28 S F# 0 B B o AR GFM3 IR0 2
SCHETR B IR AR, XL ) GFM3 th PFL ) T 3
1425 KPP B HE B N 0.03(pu), 1E KT GFM2 Al
GFM3 11 0.005(pu)-

() sl 3: 2m(-1.53+9.59)

(f) FixL 6: 2m(-3.65+j25.69)
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(g) BEA 7: 2n(-8.91+j26.59)

(h) FE5\ 8: 2n(-11.99+j40.41)

G) BE 9: 2m(-25.24+j71.67)

Bl 10 oiE 14 REZE RS0 IBR 2 574N
Fig.10 Modified 14 bus system IBR participation assessment

x5 14 FZ%A%HKENX 1R IPF 70 APF
Tab.5 IPF and APF of mode 1 in 14-bus system

Fzo6 14BLRFEH FSM 5SEENFEES
Tab.6 FSM and eigenvalue points of 14-bus system

IBR IPF APF
GFM2 0.061 6+j4.166 1 —0.061 6-j4.166 1
GFM3 0.036 6+j1.420 5 —0.036 6-j1.420 5
GFMS5 0.220 9+j10.426 8 —-0.220 9-j10.426 8
GFL6 0.029 9+j0.020 3 —-0.029 9-j0.020 3
GFL8 0.027 3+j0.021 6 —-0.027 3-j0.021 6
GFL12 0.038 2+j0.027 1 —0.038 2-j0.027 1

(a) Ui 1EEE 14 BFZE R G510 GFM Wi B 3 %

(b) ik TEEE 14 BEZk REEN GFL W % JE
Bl 11 IBR Wi B B
Fig.11 IBR response waveforms
6 1) FSM Jr R (R SC PR LA 11
ANTE] IBR PR AN [ 40023 Wi 2 98 B 45 R — 550, A A
iE T FSM 7EBCOR R e ) 3 48 v 3 T
TE— MR R G, AU R Gk 1) 4

A

IBR FSM E Hz
GFM2 0.788 7 —1.92+j6.64
GFM3 0.328 5 —-1.53+j9.59
GFM5 1.314 1 —-1.92+j6.64
GFL6 0.085 6 —0.12+j19.61
GFL8 0.078 3 —-0.12+j19.61
GFL12 0.040 8 —0.124j19.61

e M T B e A R M Y 5 R
AR AR E T T TN T o B 58T HE FSM 48 R 48
BAT NG, RGPR RS SSFH 259, H
X PPF 0] DL B A& $5 3 IBR #2444 07 m A4k ;
5t Jo AR VR BT 5 ) FSML B8 IE ARG Ak 5% it (10 4 2k

HAkHL, GFL12 (1) FSM A 51K, iIX & GFM12

& RGN FLE WSS 2. GFL6. GFL8 F GFL12
ff) FSM HU{H 534092 27 (<0.12+§19.61), 31 H H1 & 10e

A, %R % B GFL (M. % 8% GFL [
P2 BOAT WA LG AR SO P B, R 7 A
T GFL " CCL Hufli af K" RIS 3 2 K°F L
J% PLL LLfil4 35 KoM IR 35 K- 1) PP 3L
o' GFL12 I PPF #({f KT~ GFL6 1 GFL8, X5 K
10e Fr& M #EX 5 B GFL12 3 $ 4 — 2.

F71 14 BZLRFERX 5 H PPF
Tab.7 PPF of mode 5 in 14-bus system

g GFL6 GFLS8 GFL12

p —32.427 1-j3.615 7 —32.582 1-j17.492 9 —62.462 7+j9.872 9

K —0.027 8+j0.263 4 —0.140 4+j0.265 1 0.083 1+j0.506 5

K™ 0.009 2+j0.073 5 —0.018 9+j0.079 6  0.062 9+j0.142 4

K™ 0.000 6-j0.000 1 0.000 6+j0.000 1 0.001 2—j0.000 5
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t PPF [WsE#fnl 40, %} GFL12, #£ CCL #%
rr PT 4 il 4 1) L A5 186 25 DL K #E PLL HP 9/ PT 45
45 1) LA 8 2 2 AS [ 28 1) 2R b o35 2R e s 1R IR AL
e B, FrEss il 1 A 2 $mns i )e .
i 1: K5 GFL12 f) CCL LL 3 25 M 0.168 1 jin £
0.25 (H9K%1 50%); fiti 2: # GFL12 [ PLL Lt
1 184 25 A 94.2478 9N F 46 (I/NZT 50%) .

Pl 12a 2 W) o i it 3 A A9 A X 5 R BELJE 45 3
TR R 8 4R T AN W] BHJE i A it 1Y) FSML 5 L
IR IEAE P 12b 2 B P o BHL & o835 445 it 32 1 45
GFM12 [ S o A3 3 TAR K47t b4h,
Tt 2 PR G R (e /D R PGt 2 AR I, 5
FSM T4 7= 9 38 S P o — 30, XA JEIL T FSM
TERBCR AL HL ) R 48 45 3 IBR Sl 28 3 13 i 2 42 T
A B

Ca) AN [l BHJE o803 1 it A A A

(b) AN ] FHL & 503 65 7 (1) GFL12 Wiy 17 i8¢ B
B 12 AN BH JE e 1 I 1A AR s R iy 132 8¢ T
Fig.12 Pole plots and response waveforms of different
damping improvement measures
*8 AEMERHEREER FSM

Tab.8 FSM of different damping improvement measures

ESY] FSM * hy
2n
1 0.318 9 -0.91+j19.82
it 2 0.547 6 —-1.22+j18.32
+3A
5 #ig

AT — 3T EMALT ) IBR Sl % 57 4% i

FE MR AVEAL J7 i 48— EMATL A 43 53 H7 AN [A) 2%
T IBR [ P36 SD A0 B i T 3% R 502 (¥ 471 %6 g [
Ui 11, A LB AN 2 A T BB/ T A AR AR g R
TEANT 07 B2 R oy gt W] T FSM w] U IBR
PN SR A [ B () R 45 s 2% . GFML s s I A GFL
R 55 P SN (] D DN S B R AR . 1%
e ] IBR M AL ) Rge, RT3k 4%
IBR [ 3E40 45 45 Bt n] LA 250Hs 9% 8 4 A 1E
S, I H il T FSM S faifa, 78 sgbs TREh
AL 0N AR - Ak 1 T A 5k e 2 R AT 3
PSR A AR I IBR A AR TC RS [ B 42 s ok
IBR A7 26 3 4% 5 J5 (11 5% 1

M R
MiF 1 AXFA%EIA

App.Tab.1 The list of abbreviations used in this article
@y YL AR AR
IBR Inverter-Based Resource AR 3% B IR
GFM Grid-Forming Inverter R 1Y) 7R A 2
GFL Grid-Following Inverter R oY 2 3 A

SD Synchronous Dynamics [F 25 84

ED Electromagnetic Dynamics HLE 2 2

PFL  Power Frequency Synchronization Loop  Lh =45 % [ 45 FR

VCL Voltage Control Loop A s 42 11 2
PLL Phase-Locked Loop BAHIR
CCL Current Control Loop GERTERRIBZN
PF Participation Factor ZH5R T
IPF Impedance Participation Factor Fldtz 5K+
APF Admittance Participation Factor LIPS TSES
PPF Parameter Participation Factor s 5N T
PR Participation Ratio Z 5l
FSM Frequency Support Margin LIRS EEL0
MASS  Modal Analysis based on the State-Space IR £ 2% [H] B 4 43 #7
MAI  Modal Analysis based on Impedance FH BRS04
EMAI Extended Modal Analysis based on T ML REAS 4
Impedance

GFMm [ BHPT o3 i~
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App.Tab.2 Basic inverter parameter

B
GFM GFL
CCL tufil s Kyt 1.2 0.168
CCL B35 K- 2261.946 7 73.890 3
VCL Lhfsl 34 25 K 0.3
VCL Bl 25 KV 7068.583 5
PLL Hufsil i 25 K7™ 94.247 8

€ 9)
s HoH
GFM GFL
PLL B4 25 KM 2220.660 9
PFL F T & ¥ K- (pu) 0.005
PFL J§ ¢ % f/Hz 5
JEP HLIL R(pu) 0.01 0.01
VEB LK L(pu) 0.05 0.03
JEWHE Clpu) 0.05
ﬁﬁﬁz’rjﬁ{ﬁl PR

T+ u; R L i u
GFM d ’ o
- 1

GFL

(1]

(2]

PR 1 Ao L AR g S
App.Fig.1 GFM structure

ikt
TJ@S u X J
o]
App.Fig.2 GFL structure
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Abstract

synchronous dynamic (SD) characteristics of modern power systems have undergone significant changes. The

With the large-scale integration of high-proportion inverter-based resources (IBRs), the

reduction in system equivalent inertia results in more severe frequency fluctuations, posing new challenges to
frequency security and stability. Based on flexible control algorithms, these IBRs are mainly categorized into
grid-forming inverters (GFMs) and grid-following inverters (GFLs). The distinct external characteristics of
GFMs and GFLs further complicate the analysis of frequency stability in power systems.

To quantitatively analyze the frequency support strength of IBRs, it is essential to consider the impact of
various influencing factors on system stability. Modal Analysis based on the state-space model (MASS)
quantifies the contribution of each state variable to a specific mode using the participation factor (PF). However,
issues such as the black-box nature of the model and the curse of dimensionality limit its applicability in
large-scale systems. Currently, impedance-based analysis methods have been widely discussed. Based on the
whole-system dynamic admittance matrix and dynamic impedance matrix, the modal analysis based on
impedance model (MAI) method introduces the impedance participation factor (IPF) and the admittance
participation factor (APF). IPF and APF treat IBRs as a whole, considering their overall dynamic impact on
system stability. As a result, MAI cannot provide detailed insights into the internal dynamics of IBRs.

To address the control characteristics of GFMs, the impedance-based extended modal analysis (EMAI)
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method classifies the GFM dynamics into SD, dominated by the power frequency synchronization loop (PFL),
and electromagnetic dynamics (ED), governed by the voltage control loop (VCL). For GFLs, the admittance-
based EMAI method categorizes their dynamics into SD, dominated by the phase-locked loop (PLL), and ED,
governed by the current control loop (CCL). However, the relationship between the impedance-based EMAI and
the admittance-based EMAI remains unclear. Moreover, in large-scale systems, multiple oscillatory modes with
weak damping may exist, and the SD of different IBRs may contribute to these modes. As a result, EMAI alone
may not be sufficient for directly and equitably assessing the frequency support capability of different IBRs.

This paper proposes an accurate evaluation method for IBR frequency support strength based on EMALI. First,
the unification of the IPF and APF is demonstrated, thereby extending the applicability of the EMAI method to
analyze the internal ED and SD of IBRs in hybrid power systems that contain GFMs and GFLs. Subsequently,
based on EMAI, the maximum perturbation level of the dominant SD mode in IBRs is calculated to define the
frequency support margin (FSM), which determines the frequency support strength of IBRs. Then, FSM is used to
analyze the impact of different improvement measures on the frequency support strength of IBRs. Finally,
simulations of a single GFM/GFL infinite system and a modified IEEE 14-bus system are conducted. Depending
on data availability, the proposed method can adopt either a data-driven or model-driven approach, making it
highly applicable in engineering practice.

The unified EMALI enables the analysis of internal SD in different types of IBRs, without being restricted to
specific frequency response ports, allowing for direct extraction from widely used impedance/admittance models.
For GFMs, lower grid impedance, reduced proportional and integral gains of the VCL (narrower VCL bandwidth),
and higher PFL droop gains lead to a decrease in frequency support strength. For GFLs, higher grid impedance,
reduced proportional and integral gains of the CCL (resulting in a narrower CCL bandwidth), and increased
proportional and integral gains of the PFL (resulting in a wider CCL bandwidth) contribute to a reduction in
frequency support strength.

Keywords: Frequency support strength, synchronous dynamic, participation factor, anti-disturbance capa-
bility, impedance model
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