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Calculation method of a PMU field test reference value based on orthogonal polynomial fitting
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Power System with Renewable Energy Sources (North China Electric Power University), Beijing 102206, China)

Abstract: To provide an accurate phasor reference value for the performance analysis of a synchronous phasor
measurement unit (PMU) running on site and to ensure its data quality, a high-precision phasor measurement method
based on orthogonal polynomial fitting is proposed. This method uses the orthogonality of Legendre polynomials to fit the
signal model, so as to construct an orthogonal fitting phasor model. By analyzing and comparing the complexity of
different fitting parameter solution methods, a phasor reference value calculation method based on Cholesky
decomposition is proposed. This provides a new solution for the problem of a large amount of calculation of nonlinear
fitting parameters, and ensures the measurement accuracy through iterative correction. Further, according to the optimal
window length and fitting order revealed by the analysis, a high-precision measurement and efficient calculation of the
algorithm are realized. The simulation and hardware test show that the measurement accuracy meets the standard
requirements by a factor of 10 or more. It can run stably in real time on the hardware and provide reference values for
PMU field test and calibration.
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1 ETF Legendre ZLINRAEEAERIEST

1.1 Legendre ZIMA M SESIRE!
PIHH I R GE 5 AT RAER

y(t) = X(t) + 7(t) = v/2a(t) cos(2nf,t + (1)) + (1) (1)
W x() AEBAE T @) AISTIHES: a®)
Al gp(t) 73 ) A BE I T Zh AL MR EL A TAE /1, 24
a(t) fl p(t) ABER ARLE, B5 NREES:
FEPINE

FH T AT AU AH . [ 7 T8 I 28 RV B TS 5
(RIFENR, DRLEEN A 2 FE BT =, X BRI AE 5 x(t) 12
IT=MEF, e

x(t) = ~/2a(t) cos(2nf t + (t)) =
J2a(t) cos p(t) cos(2xf t) - )
J2a(t)sin p(t)sin(2xf,t)

X (2)H a(t) M o(t) 7£ PRI ME 5 i B Ak
TEREB R R A, H a(t)cosp(t) F1 a(t)sinp(t) 2 A
LM AL, MELUHEAT SR AR

Rl HI A Legendre 2 Wiz B A IR HILH,
Xt a(t) cos(t) 1 a(t)sing(t) 247 Legendre % i
Jet, REiERSAES, UMEELHE. WA©2)E R

X(t) = ~/2(a, L, (t) + a,L, (t) +L +a, L, (t))cos(2xf,t) —
V2(byLy (1) + B L, (1) +L +b,L, (t)sin(2nft)

3)

a(t)cosp(t) ~ a,L, (1) +a, L () +L + 4)
al,(t)+L +a,L,(t)

a(t)sin(t) ~b L, (1) +b L (O +L + (5)

bL (t)+L +b.L (t)
XF: a flb M Legendre ZIN A n AIULER
K, A SRR A F Legendre 2 1i2A;
L (t) i B Legendre 210X, L (t)=1; L(t)=t-
A A

(N+YL, (1) =@n+ DL, (1) —nL,,(t)  (6)

T B A B T RN
X (t) = a(t)el® )

X, X)) AEBEMHE. E5R0Q). K@K (E)
RIS (L a(t) AHIH A o(t) N

a(t) = P@)° +R(1)* ®)

“RW), ©)

o(t) = arctan( P

A
P(t) =a(t)cose(t) ~ a L, (t) +a L (t) +L +a,L,(t):
R(t) =a(t)sinp(t) = b L, (t) +b L (t) +L +b,L,(t)
1.2 {55 A Legendre ZERERZ R
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X(t) = pH = DH (10)
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X H A ENESHARMIIME, A
@n+2)x18r: q=[a.a,L, a] : r=[b,bL,
b1 p A i B Legendre 2 1 3R 435% bR B4 Bk
AT E, Nlx@n+2)BrE. AT FELEL,
4 C =cos(2nf,r) » S=sin(2nfr). BEMA&HERN
p :[LO(TO)CvL L (7)C—Ly (7)S . L -_I-n(To)S]
HH T IR TRt I8 & 9 B U 7 41, Rk =X
(10)5 s FE I, BRI
xu)zprizp{q} (11)

r

b x(t) A& B, IRt e

;
{O,fi,fg,L ,Nf‘l} L BN, N VB RAE

S S S

MIECE, | RFESIR; P UNx(2n+2) Brith&
e, BRIy
L(z,)C, L, L,(7)C, —Ly(7)S, L, —L,(z)S
LU(Tl)CY L, Ln (Tl)C’ - LO(Tl)Sl L, - Ln(Tl)S
oM M M M

Ly(zy1)C.L , L (7y4)C, — Ly(zy,)S, L, =L, (7 1)S
12)
X, oAt AT ARER AR S AR, SRR T t
(195 SR 8] 2 () 1 AR P a A b, 1f Legendre
% AR 8 SN U N [-1,1], B Al
r=(2t—a-h)/(b—a) (13)

i i Legendre 2 151 L (t) W] 5a i 20(6) I HE 2
ALK, BTomE, #1528 CAIS i f,
MIFERE P ON—ANH REGERE . f @ s AR 75 X
Kfg, BAREFEN 2.1 75,

JE ] ERE R ALAR I R EOE R x®) = 9(t, )
PAEAE )y 57.73 V. WIAHA N 0° L KAEZFy 5 kHZ
S, T X(t) = 2 x57.73x cos(2nf,t) , WKl 1 o,
Hrh e i f, =50Hz , @Ky 3 NI
JE1 % (300 /MR 1) o 5 B[] t ABARAS R © ALBR S
WA R ), RECCR N X(0)=9(z, 1)),
x(z) =2 x57.73x cos(2nf,r) » A LLE H, X(2) A
P55 R X() AHEE, N T CRIUE R AL bR 8 e 1 S
X(7) 5 R X(t) X RIAHSE, FExf A ) TS5
A .

LX) =x(z), N

2nf,t = 2nf,r + 2kn (14)
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fa=—f +k (15)
fb=f, +k (16)

oz A (15) M= (16) FT 43
f=f,(b—a)/2=T/2T, (17)
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2 ETF Cholesky RIS EEITE X

2.1 Cholesky 5 K77 3%

B (7)—©) %1, FHEIFEF xR QL)
GSHHERE H TR, RN R 7 FE SR
I (s WO a5 W D2 B 4 N D /N B B 4
fif, THEAXA

H=(PTP)"PTx(t) (18)

TR, HEEERE P OELE N xn By R RE T 53]
[FIRERISE F . o Ads 3 AR IS, 1 n
YRR RIGE A, B EARBE MR LE S H
BN ZIVEMT R AN n® + 2Nn? + Nn e
WG ECHN 6 B, SKAE AN 600 A, I A4
9 47 016 it .

TS 5 i) () 5 N B R PR 21, (R ik
FERE PRI FRAERE, FTCAAERE PTP B IERE M, |
IEEAERERI MR AT 0, HnT LLEAT Cholesky 43 fif
IR TONEEN T = AEEN R, |
PTP=LL", HLANF=MAERE.

FIFH F AR B 4> 7 (B SVD 43 QR
SRR AT XS PTP 34T 70, (EAH bb T AR B 43
fif SR AE T2, RAG Cholesky J3fif R il i) 52 2% FE e fik
BT BN gL, AR HRET SVD 2.
QR 43fi#. Cholesky il il i /N — eyt R g it &2 2%
B, XS R 3 FioR. SRR R HE S
25 Nk Cholesky 7 =K fif it FERAL, A SCANF
ik, ATLLEH, SVD M QR M S 4 E S T
/N 332, 1M Cholesky 73 il i) 52 2% i /& H A%
K, H/NT s ik, ISR A Cholesky 43 fif>R
fil 7 IEARE BN R E S, HAZeRg T
ARSI .

Cholesky 77 fift R GeXT 77 FEEAT 40 i, 43X
(1)K

PTX(t)= PTPH (19)
%t PTP {E Cholesky 43 fift, w15
PTX(t) = LL'H (20)
U, Ly n B rladiaaRe, ArHESORMEE H Oy
H=(L")"'L'Px(t) (21)
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Fig. 4 Taylor polynomial fitting zero element distribution
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Hepit =1L R A @MI(9), WA 4

iy
a(=1) = /P(=1)? + R(-1)° (22)
N —R(-1)
@(—1) = arctan( PLD) ) (23)

B £ BIEARN
1 R(-DP(-1) - P'(-DR(-1)

FO = £O 4 AFO = g .
2n P?(-1) + R’(-1)

(24)
X, AR RS IR, BRI SR
S HR[23]. T fi AR RS A, Bt DL
fifE AR, AN
2f
f=
N-f,
2.2 WEMEFEKHIEEL
KA AT R T S A P HORI T (8] 7 )
SR FE AT S (R 52, JEEL T AIEM S, R
& TR RRE AR
EPXTERAAE S, IR MR G RR R I B ) T
BIRTERfI EA R . (B TEISMES, WAEES
MRS IR RBONEY, R TN R,
DR ZE AT E S R P52, ASE] n F0 T 2644 R
HAMAREGEER K 6. B 7 Frox. H
fF 530N 50 Hz, WHIREE N 0.1 p.u., TAHISIR
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mE 6. B 7 TLUEH, ME KA 3 1(0.065)
5 4 4~(0.08 s)E BT, FLABEER s, DG Ak
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(25)

1.0 §
o 11=0.04

10°
ogl [FTi006 1o '
. _ I
1.=0.08 s |
- I
= 0.6
& 06 o
:ﬁ‘l pa” T T T 7
HI
= 04 o
0.2 0 P {
N ép~f J
3 4 5 6 7 8 9 10

G En

6 A[E nF1 T FHIIEEIRZE
Fig. 6 Amplitude errors under different n and To

1.0 T
-+ 71=0.04 10> 104 2
< 7,=0.06 : :
0.8 7:=0.08 0.8 "
> 0.6 !
= 06+ 1
He
oK 04 ___ . _."
E 0.4 0.2
=z
0 b
0.2 8
0 R P N g 5 )
3 4 5 6 7 8 9 10

WA K

7 AEInF1 T FHIMEAIRE
Fig. 7 Phase errors under different n and To

B DSBS BTN A,
N TR SCRAE T FRCR ERILSs, RMEfER
Braa RSO, A ORAIETH SRR L . KRSt
TWLS 5% 5 RS 5% (Cal) 72 75 & 1 2%
R BET TR, NREIR I 8 . HhEk
R 3 A AR THEL N RE SR AT BT
IS T

THELET [l/ms

3 4 5 6 7 S 9 10
AW

E 8 [ n THRITTHERTE
Fig. 8 Calculation time under different n

HE 8 ITLAE i, TWLS FiEEm A M ECRT
6 BT BCA SEhME, R RN ARk T AR



FhPTER, 55

BT IERZ 20 A T PMU 35S 1 E TH H 7k -93 -

Ve PTP Bl wy i fs, ARedtiridiiss, SBCk
THRHEER . ASCEIEER G KA N RTHE R
[ b TWLS 50348 0.5 ms PA b, RI{E7E 8 Firfbl &
B, TFEE AL IRFELE 0.2 ms LAF o BRI IEA
ey rSUSE D Se i v SOR=TITRS S @2 - AL N TRO RS L
A, WA BRI 8 By, WK 3 ANE K.

3 EAMEEWIE

17 B 5 IR ISR BT H I L R (B39 PMU AR
HERLER 57.73V, BiENy 50 Hz, REEHIE f 4
10 kHz. ZfiERIEE, EMECY 8 K C
kB, w360 ms).

FLi T FrdtE A S GTWLS HiEPI kR,
FEMEREE SIFER ], GTWLS HyEHE K 3 4
JA e, AR SRS BT ik R R B T R
(Hanning).

3.1 FRAEMIR

IS PMU FRiEf]E s S AT 5
Bk 7 e FE I S R . 3R 1—38 3 N4
R, K1 k2%, AE NEMEMNERE, PEN
FALRMI B R 22, FE SR RIIE R 2, RFE 5
AWM IRE . R 3 AT —IXKMHRERT
R A) . Horb Cal AP 5%, Std brdEEiR.

* 1 BRAREMEARE
Table 1 Maximum amplitude and phase angle errors

o AE/% PE/(°)
WA

Std Cal GTWLS Std Ccal GTWLS
WFEMmFE 02 35x105 9.6x108 02 1.7x10° 2.2x10°38
TR 04 1.8X10% 7.2x10°3 04 20X1010  24x101%2
AN 05 2.2x104 07956 1 3.7<103 0.5650
ARl 0.2 95x10° 46x102 05 7.7x10°  35x103
MFERS 02 3.0x<105 74x10° 05 1.8x10° 3.7x10°

% 2 mAINEM ROCOF iRE
Table 2 Maximum frequency and ROCOF errors

FE/Hz RFE/(Hz s7Y)
Std Cal GTWLS Std  Cal  GTWLS
HFEMmF 0002 1.9x10° 6.0x107 0.01 1.3x10% 1.7<10°¢
IR 0.004  1.5X10°  12x103 0.02 5.3x10° 8.5x10°°
WA 0025  8.1x10%  0.0507 — — —
AR 03 82x10 00157 3 01292  0.6329
PR 002 1.8X10° 43107 0.1 1.2X10% 3.4x10*

7 3 HERE
Table 3 Calculation time
Pl sit] Cal GTWLS
THEI [E)/ms 0.145 0.576

IR

2 1.5 2 w401, GTWLS Sk 7 A AN,
AR PR B AR AR R . SRR AR M
PR, R T 1pDFT SFAIR AT A5 5,
DB RERE R o ABAE AT AR A 0 K 3 A6 A2 A e
R, BB, FE AN R SR (bR 2
K 10 £55 22 LA E), [RIHEFIIE, ROCOF AN
ERHEER, AT EA R LT L2
T 04ms fEfi. iR EE, HTRA T mH
Legendre 2 I A& FIEE FE o sk g 7%, AEAR
FEEEM RIS, THEBCERE GTWLS Hikitim 7 3.8
A BT IEBRRAR AR LA, HAR%
MR I 45 FAR = T AR EER 100 £5 & LA b I
&8 B0 TR S0 2 PMU AR AR SE I 444
3.2 MR

EAR PMU AR HL X A R i g i 445
HEAT TR, (I SEBRE SIEE S IR 2,
ARe S ML 2 AR 7y 1 BN B, R 75 X it
FAF T AT Z IR 0 B

PR RGP RA TR, HIAES
ARG 2 MANFERME . RASE B REr S S
BN 15 SR 4 SO HPETEEEER A PLE .

y() =23 Aecos2nfit+p)  (26)
e o NEEREEG N ONATR = TR
NN, =4, ZHHRENE 4.
%4 BRFHBMLSH

Table 4 Multi oscillation component test parameters

oy I A8 SR o B YIAH A
Ailp.u. fi/Hz olC)
1 03 -3 47 120
2 01 -6 49 60
3 1 0 50 0
4 02 -9 53 0

RS R A& 9 Frz, AT WS 535 A1 GTWLS
SOESITTERERE 5 B2 AL, ERTIRENE 55k

70
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E 55
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45
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Fig. 9 Amplitude curve of multi oscillation component test
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MR M2 P e 2 E S, EER GTWLS Hikm,
Wz GTWLS Hik/h, M4 5k 0l, AR
Bk
3.3 AWK

NTFRIEBRMIIAE S, LRENhKE S8
ANy

y(t) = x(t) + Ae '™ + x. () +v(t) (27)
X A NER SR A M, 2 3 9 EE R
FEAEG x(t) WEHUE T x, @) NERTIE T
v(t) AEHT AR . R 5 NG SIS
MARIS A =1pu., 7, =05, FiR 5HAMH 22 Hz,
LR A A R R AR L, 3R 6 ARG 512
H, PrE sy 60 dB.
=5 ZEMNRIEREIEESH
Table 5 Inter harmonic parameters of comprehensive test

i Wi o VIR )
Ailp.u. filHz
1 0.1 1015 0
2 0.3 100 60
3 0.2 120 0
4 0.15 150 120

* 6 ZEMHFHISH
Table 6 Modulation parameters of comprehensive test

e kai/p.u. Koifrad ol () flHz
1 0.1 0.1 0 5
2 0.2 0.05 60 2
3 0.3 0.1 120 5

MRS RINZL 7 PR, Prie ik fE & 4R
AT, HERRHER BRI AE S s, TRlE.
HE FFROATIE R S20RS BE E GTWLS it T 100 i A
e AR M NG FELL GTWLS & T 5 f5LL F.
PRI IE R 2R I (5 5 T R I HER I 2 5 (H .

R7 ZENAER
Table 7 Comprehensive test results

Bk AE/% PE/(9Y FE/Hz RFE/(Hz %)
Cal 0.0274 0.0234 0.0089 0.9445
GTWLS 1.1552 0.8574 0.1081 5.8479

A IR AR EE AT 4, TR S AE B AR
S N AR, HAFEE AR, THERR
151, FIFEREA Hh SEE I B AR 2 1847 . BRI, W8 PMU
S MR A I MR IR S 2 .
3.4 fEHEMK

BT EIAE RS TR B, RCHERS AL
A NI AR IR RE MR, HohEsh NI
9039, XffALHLNy NI 9467, HLE RN NI

9225, L RERYLN NI 9246, AJ{RIIF =5 Ik
FERTECRFERE B . RS DT & i 10 Fs .

E 10 BERMKTES
Fig. 10 Calibrator test platform

HrF Omicron 256plus Ak 28 = IS 5 Kk
Az g, R@NIZEGE 5 AT i HHE 9 [0 R D A
BRI IR ARG AN TSR TR], 045 A
* 8. K£9PIR,
< 8 WML R
Table 8 Hardware test results

Sk AE/% PE/(°) FE/Hz RFE/(Hz s
Cal 0.0372 0.0256 0.0127 1.1125
GTWLS 1.2560 1.0174 0.1532 7.3241
< 9 T EATE]
Table 9 Calculation time
WA Cal GTWLS
T [E)/ms 0.161 0.608
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