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Abstract—This paper addresses the probabilistic modeling of all the structure already in use by power operators/@iti
phasor measurement errors in power system state estimation. Another benefit is that the estimator in the second stage can
Phasor measurement units (PMUs) provide the magnitude and pa made linear, since it processes only complex voltages and

phase angle of monitored synchrophasors. However, compu- ts wh |ati hi ith the stat iablesi i
tational efficiency prescribes their conversion to rectangular CUf€NtS Whose relationships with the state variablesiaea

components prior to processing by a weighted least-squares When rectangular coordinates are used [4].
state estimator. Since conventional estimators treat data in a  However, previous attempts to implement such estimation
scalar basis, the correlation betV\_/een measu_re_ment CompgnentSarchitecture require Strong approximations Concerniegsth-
has to be neglected, thus affecting the statistical properties of yiqtical properties of the measurement errors, namelygrerr
the weighted least-squares solution and the quality of the final ; . . -
estimates. To circumvent that drawback, a blocking scheme ON the real and imaginary parts of a given quantity have to be
applied in connection with orthogonal estimators is proposed to assumed as mutually uncorrelated. This affects the statist
allow the simultaneous processing of phasor measurements’ real properties of the weighted least squares solution, as vgell a
and imaginary parts. As a consequence, correlations between the the quality of the final estimates.
rectangular components of measurement errors, as well as their g paper proposes an enhanced alternative to incorporat-
influence on the final estimates, can be fully taken into account. . . . .
The paper describes the principles and implementation of the Ing PMU measurements into 'Fhe pOSt'proceSS'n_g stage which
blocked orthogonal solution and its insertion into an architecture ~ Circumvents the need of adopting the abovementioned ugcorr
for combining SCADA and PMU estimates. Simulation results latedness assumption. The proposed approach takes aglvanta
based onl|EEE benchmarks systems are used to illustrate the of the linear measurement model provided by formulating the
proposed approach. problem in rectangular coordinates, and makes use of a gen-
Index Terms—Probabilistic modeling of measurement errors, eralized blocked form of Givens orthogonal rotations which
synchronized phasor measurements, Power system state esttmahas been especially developed for this particular apjdicat
tion, Givens rotations. The blocked form of the orthogonal rotations make it possibl
to jointly process the real and imaginary parts of measured
guantities, so that the correlation between them can bg full
taken into account. It also exhibits the same property ianeg
Power Systems State Estimation (PSSE) is the basic teslthea priori information imported from the first estimation
for power system independent operators. The state estimaftage, which can thus be also considered correlated and, in
processes redundant noisy measurements, is able to dfficieaddition, is processed with no extra computation cost by the
detect bad data and returns a snapshot of the system operadimhogonal estimator. Therefore, the proposed approaoh ca
point. Traditionally, measurements processed by the sta seen as a step forward in terms of preserving the statistic
estimator are obtained from the supervisory control and dgsroperties of the estimation problem.
acquisition (SCADA) system, which scans remote terminal This paper is organized as follows. Section Il reviews the
units (RTU) located at the substation level. Recently, thgasic principles of PSSE. Its solution through scalar Given
advent of the synchronized phasor measurement technolegsations is revisited in Section Ill, where their generation
has made it possible to directly measure electric currefaivards the blocked form is also introduced. Section IV show
and voltage phasors, something previously unattainablle whow the blocked rotations are embedded into the proposed
SCADA. Phasor and SCADA measurements exhibit sonigbrid state estimation architecture. Results of numekrica
distinct characteristics [1]. While SCADA measurement scagimulations are presented in Section V, which is then fotidw
take place at about every 5 seconds, PMU sampling rates gyethe concluding remarks.
in the range of tenths of samples per second. In addition, the
latter tend to be more accurate. When placed at strategitspoin
of the network, PMUs are also able improve observability [2]
as well as to enhance bad data detection [3]. A. Conventional State Estimation

Among the available alternatives to incorporate phasor Conventional state estimation is based on SCADA measure-
measurements into the state estimation process, a particulments: voltage and current magnitudes, active and reactive
attractive one from a practical perspective consists inraipan  jnjections, active and reactive power flows. Considering an

additional estimation module to the SCADA-based estimath bus System withm measurements, the measurement model
so that the distinct types of measurements are procesggdiven by

by distinct estimation stages [4]-[6]. The first stage com- z=h(x)+7 (1)

prises a conventional state estimator, which processe DBCA

measurements only. The second stage receives the estimatesre z is the m x I measurements vectox, is then x 1

provided by the first stage and uses themaapriori state power system state vectds, is the m x 1 set of nonlinear
information for the processing of the PMU measurementss THunctions relating the measurement to the states and

approach presents the advantage of maintaining unchantfeglm x 1 vector of random measurement errors, whote
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component has variance equaldp. The measurement error  11l. STATE ESTIMATION VIA 3M GIVENS ROTATIONS
vector is assumed as Gaussian distributed with zero meain, th Orthogonal techniques to solve the least square problem

IS, have been introduced in the past to improve the numerical
E{n} =0 (2) robustness of least-squares problems. This section Hescri

) a sequential orthogonal method based on the three-maltipli
Errors in SCADA measurements are usually assumed uncogrsion of Givens rotations, first applied to state estioratn

lated, which implies that their covariance matRxis reduced {0
to its diagonal entries. Those are the measurement vagance
o2, obtained from the accuracy properties of the metering

devices. Thus, A. Scalar form of Givens rotations
. _ 5 9 Consider the linearized version of the least-squares prob-
E{mm'} = R = diag{o7,...,00, ®) lem (4) with measurement modekz = Hx + n. Assume

that an initial measurement vectayp is selected which has
same size of the state vector, so that the corresponding
ervation matrixHq is square. In addition, assume also
that a new measurement, related to the state variables as
z1 = hix+mn, is to be p;ocessed. The rows Bf, and h!
o 1 . _ . are scaled by factor®, '/? and w!/2, respectively. Then a
MinJ(%) = 5(z = h(%))'R™}(z — h(%)) 4 sequence ofxylalane (Gi\(;ens) rotatio@scan %e appI)i/ed to the

2
Th ional soluti f thi N bl .. scaled rows of the new observation matrix (augmented with
e conventional solution of this optimization problem tis i 4 corresponding measurements) so that [10]:

eratively obtained through the Gauss-Newton method.,istart
V) _ U
zZ1 - 0

at a given pointx®. Incremental corrections te* are given R,® H,
by the solution of theNormal Equation[7]-[9]: Q w? [ h{
(H'R™'H)Ax = H'R 'Az (5) whereU is an x n upper triangular matrixe is an x I

vector,0 is a1 x n null vector ande is an scalar. Assuming

whereH is the Jacobian matrix of dh(x), computed a* observability [8], the estimated state vectorbased on the

and Az = z — h(x¥). Convergence is reached whekx processed measurements can be obtained by simply solving

becomes smaller than a given tolerance. Assuming#hat the following triangular system of equations:

the final state estimate, the covariance matrix of the esittma .

erros is given by Ux=c (10)

The state estimation problem is usually formulated as;
weighted least squares (WLS) problem, so that the weightgg?s
sum of squared residuals is minimized. The objective fancti
of the WLS problem is given by

O

e

Furthermore, the weighted sum of the squares residuals is
a by-product of the rotations, and is determined frem
Since matrix Q which stores the sequence of rotations is
B. A priori State Estimation orthogonal, this method to solve WLS problems is superior

) ) ) to the conventional normal equation approach in terms of
Whenever some prior knowledge is available about the stgigmerical robustness [10].

variables, it can be embedded in the estimation process as
priori information. This can be accomplished by adding a new

Cov(k —x) = Cy = (H'R™'H)™* (6)

term to the objective function, given by B. Three Multiplier (3M) scalar Givens rotations
1 The three-multiplier (3M) version of Givens rotations is
i(g _ )‘()tP_l()‘( - ) (7) based on the factorization of matrl¥ as [11], [12]
U=D:0 (11)

wherex is then x 1 random vector of priori information

on the state variables anP is its covariance matrix. If whereD is diagona| andj’ is aunit upper triangu|ar matrix.
the elements errors ok are assumed uncorrelated, themhe artifice of scalingy makes this scheme computationally
P = diag{a}, ..., 5}, wherea? is the variance representingsuperior to the original Givens method, because it elineimat
the uncertainty on the valug;. The minimization of the square roots calculations implicit in the original rotato(in
augmented objective function obtained by takiagpriori practice D> is not required, onlyD is actually calculated).
state information into account leads to the extended norn’ﬂ{ree_mump”er Givens rotations are the basis for a rsiver
equation: method which processes each row of the Jacobian matrix
augmented by the corresponding entry Akz) at a time.
(HRTH+P H)Ax=HR Az + P 1Ax  (8) I(t a?so makes }ilt possible tg) adal pgr]iori ir?;orm)ation and to
obtain the weighted sum of squared residuals with no extra
computational cost.
To illustrate the3M Givens rotations, consider that a new
alpw vector p, which corresponds to a row ofH |.Az],
Mgdergoes rotations with a row vectarfrom the matrixU:

where Ax = x — x*. Whena priori state information is con-
sidered, the problem is referred toAgriori State Information
(APSI) State Estimation. As shown in the sequal,priori

information can be accommodated within the weighted le
squares framework at no extra computational cost when
problem is solved through the three-multiplier (3M) versio w=1[0 --- 0 Vd - Vda, - Vi |

of orthogonal Givens rotations. p=[0 - 0 Vuwp; - Vwpr -+ Wppi1 | (12)



Both vectors have already been scaled according to (11), ttan thus be seen as statistically coupled together, sirae th
scaling factors being/d and/w, respectively. After a single weighting factor becomes the inverse of the 2 covariance
rotation, thei —th of p is zeroed out and the row vectors takenatrix of the paired observations. To outline the procedure

the form consider that measurements are now organized in pairs and
W=[0 - 0 V& - T, - VT, ] (13 the errors for _each pair are assunmﬂ_related Thls_ implies
P=[0 - 0 0 - Vg - Vapu | that the covariance matriR is block diagonal that is,
2
Next, elementary rotations are sequentially performed in ;’211 ‘;5
g 2

order to annihilate all non-zero element pf This process o3 ca

introduces changes iV, ¢ ande after each rotation. E(mm) =R = Cy3 02 a7
As far as PSSE is concerned, one the most important fea- o

tures of the scaling mechanism is that it allows the weightin

of each new measurement with no extra calculation. In fact,

proper weighting of measuremefit; is achieved when factor where ¢? is the variance of measurementof the pair

w; is given by and ¢;; = ¢;; stands for the covariance between the pair

iQ (14) components.

i Equation (9), which prescribes how new measurements are

processed by the 3M Givens rotations, is then generalized.

In regard to factord;, its value at the initialization of the Accordingly, vectorz, IS now composed by a x 1 pair of
J)gw measurements, which are related to the states 3the

rotation process can be seen as the initial weight for st . . .
variable i before any measurement is processed. In oth&2x Hi. The proposed blocked form of the rotations is then

i i t t]t t t]t
WOI’dS,dZ(-O) corresponds to the weighting factor of taeriori applied to matriXHo' | H, " augmented by vectdeo' | zi]

H _1 1y - .
information available about the states. Therefore (both prewpusly sca]ed bR~z and W) n order to obtain
an upper triangular linear system of equation€)Ifepresents

w; =
g

wheres? is the variance of the measurement

40 — 1 (15) the matrix that stores the rotations in the new blocked form,
’ o7 we have:
where 52 is the variance of the priori information on the 4 RE% { Hy | 2o } _ { Ule } (18)
state variablg. Wi H, |z “lo|e

If no a priori information is available about the states, then here @ i . " L
d” = 0. From (11), this implies thalU is initially a null wherec Is an x 2 vector, 0 Is a 2 x n nut matrix, ¢ Is a
tZ' | : trix. If ’ th t th is prior infoati 2 x 2 matrix andU is an x n upper triangular matrix with
riangutar matrix. if, on the contrary, there IS prior | 10N 5 % 2 block identities on its main diagonal.

on the states, the 3M Givens rotations scheme is initialased The estimated state vectot is obtain by solving the

follows: ] ) triangular system of equations by back substitution.
e d; as in equation (15); ~
« vectorc as the available priori information, that is, Ux=¢ (19)

(16) whereg¢; is the first column ofc.
The block form of the 3M Givens rotations is based on the

To summarize, the 3M Givens rotations method can easiyme factorization as in (11), but nd@ is block diagonal,
considera priori information in the very initialization stage that js,

of the estimation process, so that no extra computatiorsl co

€ = Xpriori-

ha Dé Ioxo T2 Wiz -+ Uig
is incurred. 1 o Ly Qg - G
U= 2 X 12><2 e Usp (20)
C. Block form of Givens rotations o A
D2 Ipxo

The 3M form of Givens rotations described in the previous )
section considers acalar weighting scheme in which the whereD? andiij, are 2 x 2 matrices andzy» is @ 2 x 2
weight assigned to each measurement depends solely oridéntity matrix.

variance. This implicitly means that possible cross-dati@ns Suppose that & x n matrix P, which Correspond to a
between measurements must be neglected. Although accepjr of statistically coupled measurements[Hi | z], should

able in certain applications, such as conventional SCADAndergo rotations with @& x n submatrixi of U in order to
based state estimation, such assumption implies a str@Rg $kro out blockp,.

tistical simplification for others. Such is the case whenagg _ . . .
and current phasor measurements converted to rectangulaf =9 =+ 0 Df - Dii - Dl | (21)
form are to be processed by the state estimator, since the® ~ ce 0 WEB o Wiy Wb |
real and imaginary parts of such phasors tend to be strongliter a single block rotation, the row vectors take the form
correlated.

To circumvent that limitation, an extendédbcked formof
the 3M Givens rotations has been developed in connection
with this research work in order to consider the covariande analogy with the scalar form, the sequence of block
between two distinct measurements. The proposed extensiotations successively annihilates all nonzero block$.ofn
enables the processing of two measurements at a time, whicis process, matrice¥, ¢ ande are also updated.

ﬁ/:[U ... 0 D/% D/%ﬁ;c D/%ﬁ;wrl} (22)

1_ 1_
/:[0 o0 0 ngp;f W/2p11,+1

ko]l



Although the weighting mechanism employed in the Since the properties connected to item 2 above have been
blocked version of Givens rotations is analogous to itsascaliscussed in Subsection IlI-C, in the remaining of this isect
form, it exhibits the distinctive advantage of enabling thattention is focused on the issues related to item 1.
consideration of the statistical correlation involvingcleanew
pair of measurements being processed. This is accomplished
by defining the2 x 2 measurement weighting factor as:

1%t stage

SCADA  Zscanar Rscaa
‘measurements

EMS
State Estimator

W — { (77216 CRE,I7n:| - (23)
- 2

CIm,Re OTm

wherec%, and o, are the variances of the real and imag- L sge
inary parts of the phasor measurement being processed and

CRe,Im = CIm, Re are the corresponding covariance. D ey 7w Rew
Similarly, the correlation between pairs of voltage compo- ‘measurements PSSE - Block Givens Rotations [

nents in thea priori state information vector can be easily
taken into account. To achieve this, the generalized wigight

factor D of the block triangular matrix in (20) should be
initialized as: Fig. 1. Two-stage estimation strategy

po = [ 7R omym] (24)

CIm,Re 6I7n

<

where entries of matriD(?) are similar to those in (23) but B. PSSE in rectangular coordinates considering PMU mea-
refer to a priori state information. Vecto€ of (18) should surements
contain the a pl’iOl’i state information values ordered as aThe second stage processes on|y PMU measurements in
sequence of bus voltage real and imaginary parts, that is: rectangular coordinates and embeds a priori information ob
tained from the first stage. This choice of coordinates syste
improves computational efficiency, since real and imaginar
IV. ENHANCED TWO-STAGE PSSE parts qf volta_lge and currents are Iinearly related to thiesta

To outline this, lety,, be the series admittance of the branch

The hybrid state estimator employed in this paper build$nnecting buses and ¢ andy,, be the shunt admittance at
upon the architecture proposed in [5], which is depicted 5, so that:

Fig. 1. Its first estimation stage is simply a conventional )

state estimator based on SCADA measurements, with no Ypa = Ypg T Jbpq (26)
extra restrictions imposed. The output of this module, Whic Ypo = Jbpo

comprises the estimated state vector and the corresponding .. consider a set of two distinct PMU measurements

festlma_tmnberr(r)]r covarlac?ce matrix (6), is treﬁ'ﬁedlmmon IN" " taken at bug, namely, phasor currert,, and phasor voltage
ormation by the second estimation stage. The latter pEBSeSy, The corresponding measurement model takes the form:
phasor measurements only, and consists of an orthogon&l

El = ipriori (25)

estimator based on 3Mlocked Givens rotations. As shown | » 1 Ty m

in Subsection llI-B, that version of Givens rotations iseatn 2= p (b i o) —gw b ] ;jp + Zi] 27)
processa priori information without any extra computational | 72" (g +00) G0 by —9pa) | 2t m

cost. A particular attractive feature of such strategy &t th . , . .

maintains intact the structure already in place with emggti \r,égf)reectsi\l/gsrscnm and stand for real and imaginary parts,

SCADA-based state estimators. X . .
Since phasor measurements are physically taken in polar

. coordinates, a change of coordinates is needed in order to
A. Improvements to phasor measurement processing employ (27). This involves two steps. The first one is simply
Although relying in the previously proposed architectuee d the conversion of the measured valueg £6; (voltage or
scribed in Fig. 1, two relevant enhancements to the estimaticurrent) to rectangular form:
process are introduced in this paper, both of them related to 2T = |zi]cos(65)
the second estimation stage. They are: { ¢ ¢ !
1) The relationships between phasor measurements and
state variables is converted to rectangular coordinatesThe corresponding error covariance matrix has also to
[4], so that the resulting measurement model becomis converted to the new coordinates. Assuming thaand
linear. As a consequence, the solution of the estimatidfy measurement errors are independent, one clearly sees
problem can be obtained through a direct, non-iteratifeom (28) that such a step involves two nonlinear functions
algorithm, with obvious computational advantages; of two independent random variables [13]. Equations (28) ca
2) The orthogonal algorithm is replaced by thleck form be linearized, yielding the following relationships beemethe
of 3M Givens rotations described in Subsection IlI-Cincremental measurement components in polar and rectangul
As described in the latter, this enables the estimator toordinates:

; 28

take into account the correlation between the real and 82 927
imaginary parts of both PMU measurements amtiori Az Azl 90 | T Al
information, thus preserving the statistical propertiés o [ Az;} T as oi { 6‘1} (29)

the solution. dlzi|  9;



Defining the transformation matri¥I as 1% and for PMU measurements is 0.1%, for both magnitude
P and angle. An orthogonal scalar state estimator is employed

i

oz 09, cos(0;)  —|zi|sin(6;) to process the SCADA measurements, although there is no
Mzl 00 = | o0 | = , (30) restriction concerning the algorithm used at this stagee Th
e sin(6;)  |zi|cos(6) metering schemes are such that the test systems are fully

observable with respect to SCADA measurements. The second
the relationship between the covariance matrices in rgalan stage processes phasor measurements from a number of PMU
and polar forms is given by [13]: units placed in the system. It is assumed that each PMU
t measures the complex voltage at the bus where it is installed
Rreer = MRy M (31) and the complex CFL)Jrrents or? all branches incident to it. The
Equation (31) shows that, even assuming statistical intep&MU measurement sets themselves do not necessarily ensure
dence between measurement polar compon@&its, will be network observability. It is assumed that the voltage phaso
a full 2 x 2 block. When a set of phasor measurements are cdd-monitored at the reference bus, which is bus 1 for both
sidered, this leads to the block diagonal structure reptede networks.
in (17). Another important matrix structure charactecistan For both test systems, fifty simulations are performed, each
observed fronH in (27). When states and measurements agé them based on different measurement values obtained by
ordered as in (27), 4 x 2 block structure results, so that theusing random seeds to generate the measurement errors. Each

measurement model can be rewritten as: measurement set is then submitted to both the scalar and
\4 Lo X .2 blocked versions of the 3M GivensPSI estimator.
[Ipﬂ :{ B; BJ |:xf1):| {@J (32) The metering scheme used for the simulations with the

. , , . IEEE 14-bus system is detailed in the one-line diagram in
The last issue that remains to be discussed is the Procesgg » A similar diagram is not shown for the 30-bus test
of the results from the first stage agpriori information by the system due to space limitations. Table | specifies the number

second stage. Those results_ are u_sually in polar coordinais measurements of each type which compose the metering
so that the same transformations given by (28) and (31) appl¥heme for each test system.

Accordingly, the SCADA-based estimates are converted intoFig. 3 present the mean absolute errors for both voltage

rectangular form and compose thepriori state information magnitude and angle at each bus for the 14-bus test system.

vector in (25) to be processed next by the second estimatigl. noint plotted in both figures is obtained by applying the
module. In addition, the error covariance matrix of the ﬁrsfbrmulgl: P 9 y applying

stage in rectangular coordinates is given by: v
T = —

c:x rect — MCX olath (33) ns

s D!

where z stands for either the voltage magnitude or the
voltage anglef; at busi; ng is the number of performed

~method true
Tk — Ty ’

(34)

Notice that Cy ,,,. is generally a full matrix. In order

to accommodateCx ..., into the block Givens rotations .- = . (equal t60 in this case); superscrifitrue” refers
framework, the assumption is made that the cross correlat% values obta?ned from the ower,flovf/) stud mzr:md superscriot
between state variables associated to two distinct busebeca “method” refers to values prcF))vi ded by eitheryt,h e scal zfr or thg
neglected when compared with the 2 covariance blocks of ,kL)'(OCked version of the 3M Giver&PSI estimator. Results for

t

each bus complex voltage. This results in a block submat . .
C.rec WhoSE structure is similar to that of matik in (17). e 30-bus network are also obtained (34) and are shown in

Considering the developments in Subsection 1lI-C, it isyeag'g' 4
to conclude that the x 2 blocks of Cy ,..: define the initial
factor D(®) of (24), which weighs the block triangular matrix
of the generalized rotations.

Finally, it is important to notice that it is the choice of
the block form of Givens rotations that makes it possible to
consider the off diagonal entries @ ,..., thus preserving
important statistical properties of the SCADA-based estas
provided by the first estimation module.

V. SIMULATION RESULTS

In order to evaluate the gains in accuracy provided by
the proposed strategy based on blocked 3M Givens rotations,
several simulations have been carried out onlBEE 14-bus po
and 30-bus test systems. The starting point for all simuati —0%  Line active and reactive power flow. measurements

—A—

Bus active and reactive power injection measurements

is a power flow study which provides the “true” value for the Voltage measuretncats
state and network variables. Measurements are generated by
adding random Gaussian distributed errors with zero medn an
standard deviations which are a function of the specifie®metig. 2. Metering scheme fdEEE 14-bus system

accuracies. Measurement errors are not allowed to ext8ed

in order to avoid adding bad data to the measurement set. It ifResults in Fig. 3 and 4 clearly show that the improved
assumed that the accuracy level for SCADA measurementsrisdeling of the statistical properties provided by the kést

PMU voltage measurements

PMU current measurements



TABLE |
METERING SCHEME COMPOSITION FOR BOTH TEST SYSTEMS

[ SCADA PMU
Meas. Type| P Q@ |V| ¢t u |V 1
14-BUS 6 6 8 10 9 6 19
30-BUS 15 15 14 27 27| 10 19

version of the 3M Givens rotations-based APSI estimator
reflects itself on the accuracy of the estimates. In all pliis
mean absolute errors computed for the proposed method are
consistently smaller than those corresponding to an dlgori
also based on the 3M Givens rotations, but employing a scalar
measurement weighting scheme.
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Fig. 3. Mean absolute errors of (a) voltage magnitudes andaflgge angles
for the IEEE 14-bus system
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VI. CONCLUSIONS (6]
This paper proposes an alternative method to incorporate
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Fig. 4. Mean absolute errors of (a) voltage magnitudes andaflgge angles
B for the IEEE 30-bus system

statistical modeling provided by the novel estimation arch
tecture on bad data processing.
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