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Joint Frequency and Phasor Estimation
Under the KCL Constraint

Tirza Routtenberg and Lang Tong

Abstract—In this letter, we consider the problem of joint
off-nominal frequency and phasor estimation that incorporates
Kirchhoff’s Current Law (KCL) as a constraint. We develop
the constrained maximum likelihood (CML) and constrained
weighted least-squares (CWLS) estimators for this problem and
derive the corresponding constrained Cramér—Rao bound. The
KCL constraint is shown to behave as a noise cancellation factor
for the phasors estimation. We show that the KCL CML is based
on the classical periodogram subtracting the average current
periodogram. The results indicate significant performance im-
provement compared to the unconstrained maximum likelihood
(ML) and unconstrained weighted least-squares (WLS).

Index Terms—Constrained Cramér—Rao bound, constrained
maximum likelihood estimation, frequency estimation, phasor
measurement unit (PMU), power system state estimation.

I. INTRODUCTION

N this letter we consider a frequency estimation problem in

the context of power system state estimation using phasor
measurement units (PMUs). A key feature of PMU is its ability
to capture frequency and phasor changes at a much higher
resolution than traditional meters period. PMU provides syn-
chronized direct measurements of bus voltages and currents.
Under normal circumstances a power system operates at a
nominal frequency with small, but time varying, frequency-de-
viation [1], [2]. In events when system contingencies arise,
however, substantial frequency-deviation may occur, and the
state of power system can change rapidly. The ability to esti-
mate and track varying frequency-deviation is highly desirable,
and simple techniques based on discrete Fourier transform may
be insufficient. In the literature, various frequency estimation
methods for power system were proposed under both balanced
and unbalanced power systems (e.g., [3], [4]).

Frequency and phasor estimation in power systems, from a
signal processing viewpoint, fall in the category of classical fre-
quency estimation [5]. What differentiates the problem from the
standard formulation is that the current measurements satisfy
Kirchhoff’s Current Law (KCL) at each bus. The KCL con-
straint is used in [6] for correcting current measurements by
employing £; -norm minimization for nominal-frequency power
systems. However, frequency estimation under such a constraint
has not been previously studied and has the potential of im-
proving estimation accuracy.
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We propose two methods for joint system frequency and
phasor estimation by incorporating KCL in the estimator.
The problem is formulated as one of constrained maximum
likelihood (CML) estimation [7], [8]. The resulting frequency
estimator is similar to the classical periodogram estimator but
with a modification involving periodograms of current and
average current signals. This modification plays the role of
noise cancellation and side lobe attenuation thus, providing
improved estimation performance. In addition, we describe
how any suboptimal method can be improved by enforcing
KCL and we also describe a particular example of constrained
weighted least-squares (CWLS) estimation. We develop the
appropriate constrained Cramér—Rao bound (CCRB) [8] for
this case, and we show that the CCRB of the phasors estimation
is lower than the unconstrained Cramér—Rao bound (CRB)
while the CCRB of the frequency estimation remains the same
as the CRB [5]. The simulation results demonstrate that KCL
information significantly improves the phasors estimation in
terms of mean-square-error (MSE) reduction.

II. PHASOR AND FREQUENCY ESTIMATION WITH KCL

A. Problem Formulation

We consider the voltage and current measurements by a PMU
at a specific bus. In particular, the PMU measures synchronously
the voltage at the bus and current flows on lines incident to the
bus, as presented schematically in Fig. 1. The complex repre-
sentation of these signals at off-nominal frequency wy + A is
given by [1]:

b(t) = %ej(wﬁmta Vm=1,...,.M
v(t) = Xﬂ%cj(wwmt , (1)

where wy is the (known) nominal frequency (1007 or 1207),
A is the frequency-deviation from this nominal value, and
Xon,m =1,..., M and X ;1 denote the currents and voltage
phasors, respectively, where the phasors belong to the off-nom-
inal frequency, wy + A. Using KCL, we have Z,‘r/le im(t) = 0.

Assuming that {i,,,(#)}*_, and v(¢) are sampled N times per
cycle of the nominal frequency to produce the following noisy
discrete time measurements model:

a0 TA

eJ'Y ©g ’L+'wn1[7l]u7n: 1’...,M+17 (2)

e

V2

where z,,[n],n = 0,...,N — 1 are samples corresponding
to the mth current signal, i,,[t], for 1 < m < M,

T [n] =

Zyg1nl,n = 0,...,N — 1 are the voltage samples,
ol 2 (2m)/(N) is the sampling angle, and {w.,[n]})_5,

m = 1,...,M + 1 are independent complex circularly
symmetric white Gaussian noise sequences with known
variances o2,. The unknown real parameter vector is =
[|X1|, Cey |AX_M+1|7 <Z()(1)7 e, <Z(XM+1)., A]T, where <Z( )
denotes the angle of its argument and X, = |X,,|e’ <X,
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Fig. 1.
ments.

Single PMU model at one node with M currents and voltage measure-

forany m = 1,..., M + 1. In order to avoid ambiguities, we
restrict the estimates of A to [—(Nwp)/(2), (Nwo)/(2)).

In this work, we are interested in the joint estimation of the
phasors and frequency-deviation where KCL enforces the con-
straint

M
Z X =0. 3)

m=1

B. The CML Estimation

The following shows how to include KCL a-priori informa-
tion in the maximum likelihood (ML) estimate in order to im-
prove the estimation and achieve a lower MSE. For the specified
PMU measurement model in (2), the log-likelihood function is
given by

M+1 N—

=C - Z Z L [10]

m=1 m, n=0

. wotA
8 s n
X"le “o ?

“
where (' is a constant independent of #. Incorporating the KCL
constraint from (3), the CML estimate of 8 is given by

M
min L(#) subject t Xm =0. 5
win (8) subject to ,,;1 Q)

In the Appendix, it is proved that minimization in (5) results in
the CML estimators described in the following theorem.
Theorem 1: Let the summed current signal be

VYn=0,1,..., (6)

the current/voltage and summed current periodograms are

N-1 o
P"l(a/') = 1% Z mrn[n’]e—Jﬁm ?40 » T = 17 B M+1
=0
N1 o
Pla)y=4 Z iln]e 7" w0
n=0

and defined the following current transformation
2 —
. T[] — =s2—iln] m=1,....M
xm[n] = { 2531 97 5 (7)
Lon [71] =M+1
Vn =0,..., N—1.Then, the CML estimators of the frequency-

deviation and phasors of the different currents and voltage are
given by:

1’\[+l 2 = 2
. Pla
A = arg max E OC)' — | A(I )| , (8
O‘e[7 7 ng m=1 ’” =1 JZQ
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N-1 .
A 2 iy, wo A
X = \/— Z T, [n]e n (LO s

N Ym=1,...
n=0

M+ 1.

©)

For the sake of simplicity, we derive the CML estimators of the
complex phasors instead of the real amplitudes and phases in §.
However, by using the invariance property of the ML estimator,
the CML estimators of these parameter can be obtain directly
from (9) by taking the magnitudes and the phases of the esti-
mated phasors.

In practice, the maximization in (8) may be approximated by
finding the optimal discrete frequency [5]. This method involves
a quantization error because it only evaluates the objective func-
tion at discrete frequencies.

C. Relation to the Unconstrained ML Estimation

Similar to the derivation in the Appendix, the unconstrained
ML estimators are [5]

M+l
A= e many, 2 GrlPe(fs 00
T T2 T2 m=1 "™
N-1 A
2 jmeatald
XG0 = Y2 alale (ah
n=0

Ym =1,..., M+1. Thus, the KCL information adds correction
terms to the frequency-deviation and current phasors estimators
and the phasors estimators are affected by the KCL throughout
A. Tt can be verified that the CML estimators in (8)—(9) can
be obtained directly by using the unconstrained ML estimation
method in (10)—(11) with the transformed measurements in (7).

D. Noise Cancellation

By using the model in (2) and (6), it can be observed that

A M
wotad
wo 4 E W [1]

m=1

M

= § Xrn e'”

m=1

(12)

Substitution of the KCL constraint from (3) in (12), results in

(13)

Therefore, the summed current signal, i[n], is in fact a noise
signal and is used in (7) as a noise cancellation term. The term
Zm[n] = (62)/ (M| 02)i[n] in (7) is the branch phasor minus
the weighted sum of all the branch noises. The weighting is done
according to (known) noise variances.

The frequency-deviation estimator in (8) can be inter-
preted as the frequency that maximizes the weighted av-
erage of the periodograms of the currents and the voltages,
Pi(a),.... Pyryi (), minus the periodogram of the summed
current signal, P(c). Observing (13), we note that P(a) is
a periodogram of the average noise. For low signal-to-noise
ratios (SNR), noise artifacts appear in the ML spectral estimates
based on the periodogram. The CML reduces these artifacts and
improves the estimate. However, the white noise periodogram
is a constant for high SNRs, thus, asymptotically it does not
have an effect on the maximum value.

III. Low-COMPLEXITY ESTIMATION METHODS

In practice, since the ML estimator of the frequency-devi-
ation in (8) requires search procedure and suffers from high



ROUTTENBERG AND TONG: JOINT FREQUENCY AND PHASOR ESTIMATION UNDER THE KCL CONSTRAINT 577

complexity, many other low-complexity frequency estimation
methods are used in power systems [1]. In order to enforce the
KCL in these suboptimal methods, one can change the orig-
inal measurements in (2) to the corrected measurements in (7).
Since the corrected measurements have a higher SNR compared
to the original measurements, the suboptimal methods with the
corrected measurements are expected to result in estimators of
greater accuracy with a lower MSE. This procedure is exempli-
fied here on the weighted least-squares (WLS) method.

According to (2), the angle measurements are given by (e.g.,
Chapter 4 in [1]) ¢ = BOys2.205713, where

¢ 2 [<mlo])-,

iv ~(v-1)\1*
<i({l",‘w+1[1]7j ’)./ < ([L‘l\.{jq[]v — 1]73 (N = ))i| ,

0511220743 includes the last M + 2 elements of #, and

<Z(ZE‘M+1[O]), Q([El[l]—jﬂ/)., R

o Oar41,1
o v/wolarg11
Inrpr YN —1)/wolprg1n

Therefore, the WLS estimator that minimizes |/¢ — Ba||3y, is

- (WLS)

Tw—lp\-1RTyw -1
Orr22043 = (B"W " B) "B W ¢, (14)

where the wighted matrix is A% =

Diag(c?,...,0%,.1,0%,... 701‘{14—15 cee 012w+1)~

For example, if 0§
(14) are reduced to

_ _ _ 2 . .
= 03 = -+ = oy, the estimators in

m

X WVLS) = ir <<Z(Lm[rb]) - %nAWLS)

A\/’VLS

where ¢ £ (12wo) /(YN (M + 1)(N? — N)). Finally, the mag-
nitudes WLS estimators are calculated by

2 )i: T [n]

n=0

wo+t AWES)
“o

—jyn
e I

»o (15)

m

The CWLS estimation under the KCL constraint is obtained
by substituting the corrected measurements {.,[n]} from (7)
in (14) and (15) instead of the original measurements {x,,[n]}.

IV. CONSTRAINED CRAMER-RAO BOUND

In this section we derive the CCRB for jointly frequency and
phasor estimation under the KCL constraint. The elements of the
Fisher information matrix (FIM) for the measurements model in
(2) are [5]

dpln]
Jem =2 R 2 ! .
ko Z © { dek dem } i

n=0

(16)

Vk,m=1,..., .2M + 3, where

i =55

wgia AT
o Xy ET
pee e AAMA1E

and ¥ = Diag(of,...,0%,,0%,,1)- Using (16), and the block-
inverse of matrices, the CRB for this case is

by 0
_ ~2(N-1 —1

CRB = 0 J2 t- iwoa ) 11T - (2,;) « )

0 '7(27::0*&1) 1T 71

(17)
where 1 is M + 1 vector of ones,
7V- N2 1‘\4-‘1—1 |X
= Js — JT‘JilJ L = 4 T

a 3 2,3¥2 2,3 = 12(1.}0

I’l
in which

Jo = NDiag (| X1[* /ot .., | Xaq1*/o341) -

YN(N —1 T
Jas = 7(2 ) [1X1?/0%, X1l oRisa]
wo
VIN(N — (2N — 1) |Xm|2
Jy = .
()wo

m=1

The KCL constraint in (3) can be rewritten as
Em:l |Xm| blIl( (Xm))
(0f(0))/(08), is given by

(18)

Thus, the gradient matrix, F =

| ecos(«(X1)) cos(<(Xar)) O
| sin{«(Xy)) sin(<(Xa)) 0
si (<7:(X1)) —‘X‘M‘Sin(<ﬁ(X‘M)) 0 0:|
| X1 | cos(<(X1)) [Xnrlcos(<(Xp)) 0 O
19)
The CCRB for nonsingular FIM is given by [§]
CCRB=J!' - J'FT(FI'FT)'FI L. (20

By substituting (17) and (19) in (20), we obtain the CCRB for
this case.
The last row of the matrix J—'F7T is

M
[a‘l Z | X | sin(<

m=1

Xm))a

M
—a! Z | X, | cos(<

m=1

X ))

which is equal to [0, 0] according to the KCL constraint in (18).
The CCRB in (20) implies that the scalar constrained bound on
the frequency-deviation MSE is

[CCRB|2nm+3,20+3 = [CRBloar+3.20043 = (21)

Thus, the KCL constraint has no influence on the CRB of the
frequency-deviation, which indicates that the asymptotic per-
formance of the ML and CML frequency estimators is iden-
tical. However, in the non-asymptotic region the ML and CML
frequency estimators are different. This phenomenon is also
demonstrated in Subsection II.D and in the simulations.

The block-diagonal structure of the CRB and CCRB in (17)
and (20), respectively, implies that the unconstrained phasors
estimators are decoupled from each other while the constrained
estimators are conjugated. The magnitudes are decoupled from
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Fig. 2. The CRB, CCRB, and the MSE of the ML, CML, WLS, and CWLS
estimators of | X1 | (a), <(X1) (b), and (vA)/(wo) (¢).

the phases and the frequency-deviation for both the uncon-
strained and unconstrained setting.

V. SIMULATIONS

In this section, we compare the performance of the ML,
CML, WLS, and CWLS methods. We consider single PMU
with M = 4 branches of equal magnitudes. The frequency-de-
viation is set to be A = 27 - 5 where the nominal-fre-
quency is wg = 27 - 60. The sampling rate is 48 samples
per cycle of the nominal power frequency The SNRs sat-
isfy (|X12)/(1002) = (Xo2)/(03) = (Xs*)/(s}) =
(|1X4%)/(03) = (|X5]%)/(02). The performance were evalu-
ated using 5000 Monte-Carlo simulations.

The MSE of the ML, CML, WLS, and CWLS estimators
of the current magnitudes and phases at branch 1, E[(|X;| —
| X1))?] and E[(<(X1) — <(X1))?], respectively, and the fre-
quency-deviation (vA)/(wg) are presented in Fig. 2 and com-
pared to the CRB and CCRB.

Figs. 2(a) and (b) show that the MSE of the ML (or WLS)
estimator is significantly higher than the MSE of the CML (or
CWLS) estimator for both the magnitude and phase. In addi-
tion, the suboptimal CWLS estimator has a lower MSE than the
ML estimator without constraint. Fig. 2(c) demonstrates that al-
though the KCL constraint has a small effect on the frequency-
deviation in this case, as expected by the CRB and CCRB, it
significantly improves the performance of the suboptimal WLS
estimation.

VI. CONCLUSION

In this letter we have demonstrated the possibility of
achieving parameter estimation of greater accuracy by using
KCL. The CML and suboptimal CWLS are derived for fre-
quency-deviation and phasors estimation based on PMU
measurements and KCL. Topics for future research include
the derivation of estimation methods for multiple frequencies,
estimation with several PMUs in a network, and incorporation
of the positive and negative sequences of three-phase voltage
and currents samples similar to [9].
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APPENDIX
PROOF OF THEOREM 1

By using Lagrange multipliers, the CML estimation in (5) is

the minimum of the following Lagrangian
M

+ )\ Z X'VTL
where A is the Lagrange multiplier.

Phasors estimation: For a fixed A, by equating the complex
derivatives of (22) with respect to the complex function X7,
(0Q)/(9X7), to zero, one obtains

N-—

Q= L(# (22)

et N £
2 Z Y0 EXI + A, (23)
n=0 g
vl = 1,‘..,11/./. By summing (23) over { = 1,...,M, one
obtains
M N-1 s M
S T et - DS
I—1 n=0
M
=-A) ol (24
=1
Substitution of the constraint from (3) in (24) yields
M N-1 cgia
A= Z > ap S (29)
TS—M 2 H
\/—Z I=1 n=0

Substitution of (25) in (23) and using (7), results in (9) Vm =
.. M. Similarly, we obtain (9) for m = M + 1.

Freqqency estimation: By substituting X,, = X,n and
Zﬁf:l X, = 01in (22), one obtains the following cost
MA1 N-1 MA1 ar

Q= mz— T,Zo | [n]| 2+ Z 2%
The left term in (26) is independent of A, thus, by using (9) it can
be seen that the frequency-deviation estimator can be rewritten
in terms of periodograms as in (8).

5.2 |‘va|2

ITL

(26)

m
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