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Power system node inertia evaluation based on improved MLE parameter identification ARMAX model
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Abstract: With the continuous increase of wind power penetration, the inertia level of power systems decreases
significantly, posing new challenges to system frequency stability. To effectively evaluate the change of power system
node inertia under wind power integration, this paper proposes an improved maximum likelihood estimation (MLE) based
on autoregressive moving average with exogenous variable (ARMAX) to evaluate the inertia at nodes directly connected
to generation units. First, an ARMAX model is constructed to represent the dynamic characteristics of the nodes directly
connected to generation units. The improved MLE method is then applied to identify model parameters and estimate the
corresponding node inertia. Then, based on the k-means clustering algorithm, the generator nodes are partitioned
according to their inertia, allowing for the calculation of the inertia and center frequency of the system region.
Furthermore, adaptive polynomial fitting is employed to estimate the node inertia of non-generator nodes based on their
frequency behavior. Finally, the IEEE39-node system including wind turbine generator nodes is modeled, and the heatmap
is drawn to visually display the inertia distribution of the power system nodes and regions, which verifies the effectiveness
of the improved method in this paper. This approach enables accurate identification of dynamic responses at various nodes
and provides strong support for the analysis and planning of wind-integrated power systems.
This work is supported by the National Natural Science Foundation of China (No. 52167016).
Key words: maximum likelihood estimation (MLE); parameter identification; node inertia; inertia partitioning;

polynomial fitting

HEWB: BRAAMFELSTE K8 (52167016); FBLEER LR ETEFIFTHAFRA (2023D04071) ; #58
HERPERESFLERFTEAR (2022B01020-3)



- 40 - o) R R HiEH

0 38

BE & AERAEIR S M R, TR RRIRAE )
RATHIBERAWIEF, KB, KFHREEHaelR
RHEZELZHAR TR AIRE K H . AT [R5
REENLAL, BT REYE AN ELU IR R ) FE T R AR
AN, o Dh %5 B A RS, AN RE 323l B
RGINFZN, S H TGRS ISP ERE, ™E
WAL T ZG i Haae M. Bl RGRE g
71 R G R AR A R B s MR AR ) i
NI RGPEPIRAS I B, A AR )2 L
BCET, RGURIRFRRRE; LINRRMERER, R
GRS R E WML . Rk, HEEER R EME
AR B E T

TR, Hraelim St I RGEA L5 K
122 4 ) FIUR T 5. 2016 AEFT 2019 4E, ek
HEERRFITE (B3 26 1.8 GW )RS [ (4512 5%
T AT AP R RS S, #S5 HRed 5 b
HESBARATESERIIA LG K. MEEITA
TR AR I RGP R SRS, EE A TR
wEil /N RE RN, HLEXN R E
AT HEAT ALY, H g R GE 15 B AT LA R 5%
R INZR AR R 2 P ks, 1 AR A N
155 AT A PEAS Fabr, % H X =3 X 3 ) B &
N A EEE . B, BHIIRS SRE U
VAL, BN PRFEEIAR I 2 4 FRE 1847 M O B
FAR

Bifi & AH 5 ) & ¥ G (phasor measurement units,
PMU)TE M F P2 R, [E15H 1 RGEH . i
FREEHR I S R REE AT RE, AR T W2
P I B P B TR BT S KR P R
Yo, WHR. SRBE. AR, @
VMEERESSRFMERZERIRR. ME, WX
LeRIRIAT ISR, IR REA, AR
LI IR A D AR SE S UM N B AR, 2
ARV S R, AR TG RS, SHhE
TR RS ETRERA D J1 A bE L PR
BEMLIESE 98, RS04 &1 A DR sh s ok
Z PR AN sh b 2 5, FEUR & R0
AR PE I 58, AT T RGN BB 1A

H 5 B A v ik R BN R
1) TR P R B VTl 2) BT RS E
TR BRI . BB E Tl 2T RIP K
WAL 1230, FE4GHah )5 Frill & 1 4 A7
R ThRAEEE IS RS SR e,
BRI 38 ack e H AL 3% 42 B 28 R 400 SR 3R A5 el L

Besh gl R A AN, AT IR E AL, S
BR[1212R H i 26400 & (B 22 T 2X0) TF B Bk s U
B IR, PHEE RRER K. SCER[13]4 H
— P T R [ A T R B R N T
%, mITEHE RN KR, PR T SRR AR,
{5 5 52 2\ TP (8] e ) 5 AL Eh D22 1 K/
SN o

BT RSB AT M B L VPl 3 2 2
0 I ER X NP BIIR S T 1R I A a2 A T R AR S
TR IR FEN, SCIR[14]193 T h 3R A5 5 i Al
b SRR AR, R E BIEZ%:
X AL A S IR = S AT IR . R TR Y
FERE, SCHR[15-16] 73 71 % F 7% A5 S5 1 DU (Akaike
information criterion, AIC)Hfi E Uik, FFlIT i
/N FRTTIEF R G BRI SRR, T RG S
ROt . SCHR[17I7E 2 Fhahas 5 N Retg it — D4
L) RGP R . SCER[18] 2 T i/ =
ik AT —hr IV, T8I e W A A W S
R R SIS, b Al TE [F 2P R AL EE AL
M. SCHR[19]32 tH —Fh 4 e R /R 2 U8B T2,
EHLEE B TR IR PRR R S, SEEUR FL
TR FEL AL 1. STHER[2018 XS X3 I, A X
ARG & e B AR L D R B
BN, DX Z A N, BT R E A,
SEIR TR R B AR R ) L ) R G DX IR A 4
R R I RR AL B

£ T 2 A [E A1 3 F ¥ (autoregressive
moving average with exogenous variable, ARMAX)#%
R EARRTE, e 7 8RB RR . #R
TAEE R R G B nAs e R E VAL . AT
et B, SEFFNREE 1L ZA G T IR EF
B EENE, R AR BRI ISE R Y L
Rai, HX LS e SRR 1 B e

B R LRAY T (maximum  likelihood estimation,
MLE)J7 272 — Mgttt 72, B e i w2
FAG TR S A, 845 BT B B AR il T =
BT BILLER B8 B0 B 5 KAB 22, %7 vkoxt T Ak #R
BEALYESR . B A BORE RGIRME T —Fh kS
IR R TT & . 10T K ARMAX AR 5 o gt ) MLE
SHHRMS S, LA BEE RS R E.
HH BT A% 48 1 338 H B /N 3 ¥ (recursive  least
squares, RLS), MLE 8 &z A0 W I E0H (1) ALLAR bRy
e, BN T M AL BN A ORISR R B, T
PRALE RS R, X—INEAMURT T RS
BNASW L S EOHRRE FE, IEID T BAEA B
Fetk, &S T RGUT RUBE VAL R AL .



B, & TN MLE 28008 ARMAX BRI L 24873 AR E VRS - 41 -
= - d
1 W EERS R oW, d_{ _ AP 3)

154 5 A FE ) R G AE D) 2 Bt B AS AR AR A1)
—MEA BN, HAMEAIL T RGN IRE IR
FEPRAS ShR BN P R e /7). BARRUE, e
5 B AN BE 8 0. 2 PRI R I BN IR B, IR RE
PRI AAL BRI, T A SR 5 %2
AIEFTA], S RGN IR KAt /D, SRR
Jefiy. PRI, R ORPEAS T Bt & /N R X TR
W KRB L fa s B REEL,

1.1 EILSHAIRENmR

6] 25 & H AL 4D 168 B e 1 3 T I W 7 L e 3 35
P BIHUBEE 0T L ) R e MR . R
@B, KENE TR KA, HEE
1R S B R A st B R D R T A I
Ko AR EMLI L B0 &K/ S H 1A A
JIEA R, BORKIBEEWE K BILEA R e
TERGIMNBI BN R Gk v iE s,

TEA M D R LA B SR, 7R RGT R A
Dz s, BPAEm N B, RS T
TEX I B A ENE, KL — R ATRE 1A
VER,  [RIZD AL A0 28 ) 2 i S A A J et R 438 T # K
FR TR AR R, WD) FRP,

2HﬁK=AQ—m%—AQ—DM"
dt )
AP =AF, - AR, - AR

e H RIS P AE 17 5 S R B )
e Lot AR DB RM: AR,

RAEHLTIRAR; AP, RN BRI R AR AR,
NIBH NN AP ADIFAAL .

HI T PEEh IR 225N, Af =0, RIIET]
LAZE DAS » ATTTAE T S 1Al b 2% 22 4t BH e & 4k
(s, AR AR DL BRI (8] 5 H, R
DR =FH MR AP L)

df
2H. i AP 2)
1.2 #heEREAAREMIRE

W BT REIEHLALIE N, TCvEm B R SR (122
f, DRGSR FA READUB B2 AR i R ks 1027,
IR FEHTL AR A58 8 i 7 3 ) 2R e R DA S R0
KA. G AR RSN, ATLA
BhSR AN R ATLZEL 5B AS A (0 T, 1 5 2R G A0
HRGENE . ARG FIZD WAL i AR R R T X
FHUHLAL A 15 i 18] 3 K X3

T ENUEREADN, M DRSE A
B, DRI ST MR R 3 ) R A2 5 T P A FLAB i o
REST KR ERON— G FPEHLA, FfiEd X
Ty 1 K FDLA5E B N 1) W 4 H SR i JF A58 B T L 2K
R WIS S R XL AE R S B I 1 B AR
Blo BEXT RGUNA BRI B AL, RAIX — 55
AT DL EE i PP 4 KRR I AE A T ah T o HL kA
PR e DTk, HECE R AR H AT O
ARG SRR N BARRIER, WX @R,

M, M,
ZHI'SI + ZHw.iSw.i
— =l i=1

H = M, M,
>S5 +>S,,
Kb H NRGEEMRE: H,, RS
MIRE; S, NESNAMAER; S, ARITKHBHL
MRV M, A M, 53 5 8 [R5 HLALRD X AL A 1
B,

4)

2 EFHH MLE SEHHRLBAET &I
BiFfh

M) RGN, &0 A EAAAE IR
HL R G T SORET LA, — NS
[F]0 i FALE R K LSS S SR s 9 —
R T e P B A A — R A A AR
EIPAG AT U R RGO E AR, KT
NRGHRUL, AT st AR E N RN R AE K
FELHTL P B /N R4 25 380 R FEAL IR B

AL ZE 38 5 SR H ) H T AR e B S B
W, SEFRFEDRBEHAE, REPHAR G AT
VIR R . X PRGN K E NI R R R R
K, RGUIIR B M BUSRMER K. Bk, KB
NG R G VP AL 5 2% FE X SRR AR . )
REGW R — BB R R MEEBS, 758
HEGRAERSNS, — VR AT LR B
PR, HOE N ) RGUTOR I AR, $7
B SRR BRI DRSS, Sl
TR G FUBEA .

2.1 & ARMAX &8

TERI RS SRR ()Rl 1, f 5 R L B3
BT RE DR AN BRSNS
R E ST ARMAX B, ns(S)FR.



_42- o ZGRP HiE4

() = x(t) + w(?)
B(q)

0= Glgn() = Dute) “
wm=N@wm=§%%w>

y
F

A =1+aq " +a,q” ++ a,q"
B(gq)= blq_l + bzq_z Tt bnh q"
D(q)=1+dz" +dyg” +---+d, g

Kb w) NRGHN: y(0) NEGHEL: wi) N
HMEEFEH: x() AR G(q) N h it
AL R A N(g) MBI LR R, ¢
NIGIAPEFRE T ¢ A B RGP ah K A i 2
bby b, M d.d,---d, 5 M A
ARMAX &8 n, v n, M n, N KRFNZSE.
2.2 AIC 12BN HEIR
TERS AT B M Fl R Gl i rp, AR B0
Pie— AR, E B Y (1 H AR R T
Mees1. AIC F TIERBYIG T 5 B 0 B 2 A3t
TR, DLFRR SR AR AR B, Kb AN
AIC(n) = 2k —2In(E) (6)
e n WIEBINEG kNS HIEE: ER
LAY ) e K ABSRAG 11 o
FEVPAS FERRE Y 5 S PR R 40L& BE, a3 A
JH Bestift fhn it 47 7 800,
Beﬁﬁt:{l—lﬁf—ilgi]xloowa 7)
V=)
Ay FORBRFHER R E Ry My 50
Fo SR R R Y ) B R A ME
A HER B 5 SRR B S R, IR E A
THEE R RE 2 KR 22
2.3 it MLE 77368 8T

a,a, - d, ~

TEH ) RBIETIBATING A7 5 REE 2 L R £
Pl A KRR A YRR A R i,

ARE S L AL, AT 3 BUS AL PP
AR ZE . Dyt S BT 2 IR R SRR
BRI, R RSG5 AT R S AR s R
LY USL

B MLE 777 £ 2L 48 MLE 7EHL ) R4
RORBEHEIT A R AT T . H5, 1
it abeSurl LA VG NG HES i L Sap e b el
AL B TE, W9 10 THUE 5 AAHE R R
fEEt. Hk, ok MLE J7vEF] $ e

HRIRANE AR WS, S AL P 2R 45 v ) IR SR 4
E S, A R T AR RE ot i 22 2 4
THACKERE . BEAh, SR A E BRI — P i S 4
RS, MEABEM TS R E g MR, T
HAER MR 2 R e SR I R AIE R

ARMAX HRLEE it MLE #E4T 250l iH 8
i, ¢ IR 2 (10 = AT B AL P 7 e 1) 471
w(t) i AL A EL R E N E L TTZEN w, [ RS I
[R5, HFTR A AR e BeRis oy

1 &,
L(Y, m@éW“)@)
oy

0,wf)z—£ln27r—£lnwv2 -
2 2

{0:[al"”ﬂana’bl"”’bnb’dl’”"dn‘, Ir
Y, =[y(1),»(2), -y (D'
A L(YJ@,W&)?'SJM%I%I%I; Y, i AR 1)
ONRFBH I, LABIEKE: y(1) ~y(L) 7
GIVSEAE RS E S REE WAL h R e TR
h(@) =[=y(t=1),--, =t =n,)u(t =1,
u(t—n,), Wt =1, w(t—n,)]"

hO)=[-y =1,y ,t—n)u, -1, ©)
u (t—ny),w, (=1, -,wf(t—na,)]T
o
v =yO)=dy,t=-1)=--=d, y,(t—n,)
u/.(t) =u(t)— dluf(t -1)-- --—d"duf(t -n,)
w () =w(t)—dw, (t—-1)—- ~-—dndwf(t -n,)

s () R Ry (2) 3 530 D 2500 1R B 5 D I 1
y(t) AIRRA R u() NIhHREE, wi) N
I E AL S 5y, () AR
ERVERAE: u, () AT ERENE: woN
P8 A 2 00 o B L (1 M 7 B ) 3 2 £ 98 0 1
B0 MLE HHR AR NS HUSE THE 2 Fe AR5 (10)
BT 2R R TR 320 SR A 5 R AR bR ORI A K
SR Y
K(1)=P(t=Dh (O[h," ()Pt -Dh, (1) +1]"
P(t)=[1-K(O)h," ()]P(t-1)
F(O) =y —h" (0@ -1)
0()=0(t -1+ K()5()
X K@) NEEE; P NI ZEERE 5
ONARRARL B TEIIR 2 0(r) NS HUA B AGTHE;
) QS XVl
i ARMAX AL HEA (A4 Thoh R AR LA %

(10)



B, 5F

BT oo MLE 230080 ARMAX BB [ L) R G0 s P Ail - 43 -

B ISR R, T ERREH R 1A U8
B bR F A R ARMAX AR L 0% R 5t AT
DL BB B A5 P A 1) 5 5 T A ) AT 1) 2R 5
3 DL N SR (B R B8, N T BRARTEAS RN A] R
JE EXF RS AR R S A HERRTIA, R A
ARk ARMAX B 11 59 1% 8 R 003 0 i 82
ETIE3E SN E S v W
L
s'tas tas T ++a,
KF: G(s) AIELLE R EL  b,05,,b) 73 5N
B(q™") &3 UL 78 ¥ )5 45 21 1 18 B2 1 1) R B0 7 5%
WA a,a, a5 Aq™) G LA ¥
S 75 380 1) e S T 1) B R & TR

J T B[R] R B S K e B B R Gt
R E A TR IA N

. 1 1
gyan;ﬁm?Hm_%z (12)

K H) N e R R G s sl o

T MLE S30HR 7R R R BN B4
EFET I A AR5 R N R] R AR R D R R
1 fr7se

3 HT k-means BEEXHSXENIHBENS
MRS HIELBEIET SIEE

T ] FAE RIS TR UR I SR FR 14, BT REVRAE FE )
AP ATFEAIIE] . BEE T H N IR R R DL K
KT R B BB Ry 3, AN [R)Hb X 2 T8 P58 el e 22
FHMEE . XFP 2SRRI ) RGN 2
TR B 25 23 AT R R, RIS AT e ) R G5 X B
RN AR — AN EENEER R, @ik
oSN 2 TGS T AR 2, AR — IR IR
BOOPAk I E A LA s B AP Bh Dh 2R 1) ok
AN T AG B 5381 R AR A
3.1 BT k-means BERFZTHAMENKX

IREUR FEMLAL N B3 S R FNFERE, X)
AT H— b B, HHITRBS R 0 B 1 BIX[E
P S H SRR B AR DG BE R R . TEAH SR RE R T
RIVBUER/NRI TAFET S s, HhR
HALS B SBMHKREN 1, MSREETRIKBEL
FIAHIREEN 0. 1ZJ7VERENS A Rt & 4 LA 2 [H]
MR, A BT 58 A AR T A2 A R
R DL B 75 PEAS 1 rit 5] AH L5 M ) 4 L B A
TN e

I H— SR, RG] LR A &
R BHLZ SRS, HONBE I RFERETIA

G(s)=

PMUZREUR ALY 13
H -SRI B

|

| AR |

I
L

\ AICH 72 B 5

A
T RAUSR R SRR
ARMAXI A 4 0

RIS A0

\%mm&mm%m&%&&\

)

| S 5 3 9 |

HNSEAIN R 5

A
ISR
1 EF i MLE 23R & BHED SRS & REZE

Fig. 1 Flowchart of generator units’ node inertia assessment

based on improved MLE parameter identification
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Table 1 Basic parameters of power system generator
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Table 2 Node inertia assessment results of generator units
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Table 4 Theoretical and assessment values of inertia regions
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