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State Estimation and EMS Systems Today

= SCADA - conventional measurements

= PDC - phasor

measurements

= Topology Processor - network model from

status info.

= Observability analysis - determines feasible
solution with given measurements, identifies
unobservable branches and observable islands

= Bad data processing - determines errors in
the data, elliminates bad data given enough

redundancy

= SE process - provides estimated states of
the system — V| @, transformer tap,
generator settings, and power flows in

branches and loads.
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Conventional WLS State Estimation - 1

= The relationship between the system state @, and the measurements z is given by
z=h(xz)+e (1)

where e is the vector of measurement errors, and h() is the nonlinear function which
is formed by

e power flow equations — for measured P & Q injections and S;; flows, and

o I =, /Pfj + Q?j/Vi — for line current flow measurements (I;;)

= In a power system with m measurements, assuming independent errors
(E {eiej} =0), a WLS solution is obtained by minimizing

sy =y B @) R e @) &)
i=1 w

2

where R is a diagonal matrix of covariances 07,4 =1,2,...,m

= Solution to (2) is iterative using Newton Methods [1, 2]. P
{s)
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Conventional WLS State Estimation - 11

= Linearizing h(x) about 2 and using only the first-order term of the Taylor
series results in the Gauss-Newton iterative solution method

-1
ah+l = gk [G(wk)] [—HT(wk)R_l (z - h(wk))] (3)
where k is the iteration index,
ak is the solution vector at iteration k ,
H(xF) is the measurement Jacobian matrix, H(a) = [afg(mw)}

evaluated at iteration k, and
G(x*) is the gain matrix, G(z) = H' ()R~ H(x),
evaluated at iteration k.

=The gain matrix is not inverted, instead it is decomposed by triangular
factorization and solved using backward substitutions at each iteration, hence

G(z*) (ar:k+1 - a:k> = HT (z*)R1 (z - h(mk)) (4)
is solved iteratively until a certain tolerance, |mk+1 - :rk| < €, is satisfied. Note
that any measurement error is distributed among all the states.

at the end of the presentation summarize several approaches gﬁ%

used to include PMU data into conventional state estimators. ki
e
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Phadke and Thorp’s Linear State Estimator [4] - 1

A. G. Phadke, J. S. Thorp, and K. J. Karimi, “State Estimation with Phasor Measurements,” IEEE
Transactions on Power Systems, vol. 1, no. 1, pp. 233-238, Feb. 1986.

= Measure bus voltage and line current phasors using PMUs, and formulate the
estimation problem in terms of complex voltages and currents - rectangular
coordinate formulation.

I Gi I
7,]9 Yij <e_31

Vs = (G5 +3i0)Vi —Tij
ji = —3i; Vi +(Fiz + ygo)

174
o

v
St <x
—
ot
Nt

@ PMU Voltage -©»PMU Current @ Network Bus

Define a bus-measurement admittance matrix Y (only including the admittances of
branches with PMU-measurements)

Yij + Jio —Yij
—Tij Tij + jo

A: current measurement-bus incidence

matrix (m X b) — m=rows = #
(6) Im,b = cols = #Vp,,

4: diagonal primitive matrix of series
Y = AT + gg admittances of metered elements (m x m),
Ys: shunt primitive matrix of shunt
admittances metered ends (m X b).

Y =

The complex currents can be written as

= (947 +35) V )
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Phadke and Thorp’s Linear State Estimator [4] - 1I

= A linear relationship between the system state, &, and the measurement vector, z, in the

form of (1) can now be established.

= Using only synchronized phasor measurements, the measurement vector is given by the

complex measurements

=~ measured

\%

(8)

~measured

I

The linear function h(x) relating the state vector V, and the complex currents and voltages

is given by (7), rewriting

h(z)

|

JAT + gs

U

]V:BV ©)

where U is an identity matrix with the rows corresponding to unmetered buses removed,

and Bisa complex matrix.
—The relationship between the states and

z

~ measured

\%4
~measured

I

where e; and ej are errors on the voltage
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Phadke and Thorp’s Linear State Estimator [4] - III

= The solution to (10) is given by
Gx=B'R2 (11)
where the G is a complex gain matrix given by G= BT RB and R contains the
covariances of the complex measurements, the measurements are assumed to be
uncorrelated.(f: complex conjugate transpose of a matrix.)

= The SE algorithm consists of computing the right hand side of (11) for each
measurement scan and performing triangular factorization, then (11) is solved for
x using back substitution
— The solution is direct (finite number of operations), i.e. non-iterative, as
opposed to the iterative solutions that Gauss-Newton procedures in
Conventional SE

=Some comments about G
— If there are no network topology or measurement configuration changes
between network scans then G is constant, the LU factors of G are computed
once and used sequentially.
— If the voltage phasor is measured at all buses, G is the covariance matrix of
the measurements - real, and diagonal
— When current phasors are measured at both ends of an element: G is

symmetric and real. 5 o
— When current phasors are measured at one end of an element: G is gKTi-I%
symmetric. The imaginary part of off-diagonal elements is small for normal Sty

. e
X/R ratios.
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Phadke and Thorp’s Linear State Estimator [4] - IV

=Note that the state estimation solution (11) is obtained in rectangular coordinates. The
results should be mapped into polar coordinates to be meaningful.
The state estimates V' are given by!

vmeasured
v=6&'B'R (12)
jmeasured
which in polar coordinates are given by
V =|V|, and 6 = LV (13)

= Covariances for the measurements - The standard deviations for bus voltage and line
current measurements are given by [3, 4]

oy, = 0.0017fsv + 0.005|V;|; o, = 0.0017 f + 0.01)1;] (14)

where fgy and fgr are the full scale value of the voltage and current measurement devices,
respectively. Full scale values for fgy are between 1-1.2 p.u. voltage. For fs; they depend
on the flow level in the network, a value of 5.0 p.u. for a 500 MVA flow in a 345 kV line is

b

reported in [4] gKTi-I%

w&'%\xﬁ
G is not computed, as discussed before.
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Summarizing the Procedure for Linear State Estimation

1. Obtain measurements and device status.

2. Based on the device status build the bus measurement admittance matrix ¥

2.1. Obtain the current measurement bus incidence matrix A7
2.2. Obtain the primitive matrix of series admittances of metered elements g
2.3. Obtain the shunt primitive matrix of metered shunt admittances gs
2.4. Compute Y = AT + g,
3. Obtain matrix B
3.1. Based on the metered voltage phasors obtain the U
3.2. Compute B using U and Y
4. Based on the metered phasors
4.1. Obtain the covariance matrix R using (14)
4.2. Obtain the measurement vector z
5. Solve Gz = BTRZ
5.1. Compute G= BTRB
5.2. Solve G = B’TRz by performing triangularization and back-substitution.
Store the upper triangular matrix.

= For a new snapshot of measurements — if there is no measurement
configuration or network topology changes, only steps 4. and 5. need to be
performed. Otherwise, return to step 1.
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Example: All V and I are measured - I

Vi Vi Current Measurement Bus Incidence
* . * Matrix AT
Vl’m {iw If’ﬁl B.1 B2 B.3 B4
o Losl2m B T1o 1 -1 0
1 .
e Tas —1 1 0
jI(ZWL fl{lm
Te.. oz Tog 0 1 - 0
”
= AT =, 0 -1 1 0
@ Phasor Measurement Unit m -
8> Current Phasor Measured by the PMU M I34 0 1 -1
1
Iys 0 — 1
To4 0 0o -1
Iyo . 0 -1 0 1 |

Primitive matrix of series admittances of
metered elements g
g = diag([g12 F21 J23 U32 34
Y43 J24 Ga2])

Note that g12 = §21, Y23 = ¥32, U34 = Y43, Foy
and §24 = a2. *?;31
KTH
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Example: All V and I are measured - 11

Shunt primitive matrix of shunt admittances metered ends s
B.1 B2 B.3 B4

Y129 0 0 0

0 F214 0 0

0 g3, 0 0

0 0 32, 0

0 0 34 0

0 0 0 a3,

Note that §1a—f21,, J230 =732 T340 =T3¢+ i 0 Y24, 0 0
and §24y=¥42¢- lo | 0 0 0 a2, |

Bus measurement admittance matrix Y

[ Y12 + J12¢ —9¥12 0 0 1
—J12 F12 + J21¢ 0 0
0 723 + F234 —9Y23 0
0 0 J34 + Usaq — Y34
0 0 Y 734 + U4y s
0 T24 + U244 0 —Y24 KTH%'
L 0 —9Y24 0 F24 + Y24y | "&\xj
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Example: All V and I are measured - III

Constructing B
=Line parameters (all in p.u.): Li_2: r=0, z=0.01, b=0.001; L2_3, L3—4: r=0.01, z=0.1,
b=0.15; La_4: 7=0.02, z=0.2, b=0.3
=-Primitive matrix of series admittances:
g = diag([—4100, —35100, 0.9901 — 79.901, 0.9901 — 59.901, 0.9901 — j9.901,

0.9901 — 59.901, 0.49505 — j4.9505, 0.49505 — j4.9505])

=Shunt primitive matrix:
Ps(1,1) = j0.0005, Fs(2,2) = j0.0005, Gs(3,2) = 50.075, gs(4,3) = 50.075,
Ps(5,3) = j0.075, Gs(6,4) = 50.075, ¥s(7,2) = j0.15, s(8,4) = j0.15,

=-Bus measurement admittance matrix:

r —499.99 4100 0 0 -
4100 —499.99 0 0
0 0.99 — j9.826  —0.99 + j9.9 0
_ 0 —0.99 +j9.9  0.99 — j9.826 0
Y= 0 0 0.99 — j9.826  —0.99 + j9.9
0 0 —0.99 4+ j9.9  0.99 — j9.826
0 0.495 — j4.8 0 —0.495 + j4.95 o
0 —0.495 + j4.95 0 0.495 — j4.8 | gKTH%

=
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Example: All V and I are measured -

The gain matrix G= BT RB
= For simplicity, oy, = 0.00187

IV

1.445 —1.445 0 0
(fsv=1.1); and o; = 0.0085 (fs1=5).

R di i ~ —1.445 1.4627 —0.0142  —0.0034694
= R = diag((ov, 0v, 0301, - - 0134]) G = 0 —0.0142  0.028404  —0.0142
= All elements are measured from o 0.0034604 0.0142 0.017675
both ends, the gain matrix is real and e e ’
symmetric

. \ . = T
Linear SE Solution — solve Gx = B Rz
Simulation Settings Solution

= Measurements are simulated using the
loadflow solution of the system

= Compute LU factors and solve by back substitution, in

MaTLAB use the backslash “\” operator
= Voltage Magnitudes

= The resulting measurement vector z is Bus | |V V€| — |y meas) Ve

Vim = 1.05 £ 20 —=0.98668+50.35912 1 1.05 1.05

Vom = 1.0272 £17.5146 =0.97956-+50.30913 2 1.0272 1.0272

Vam = 0.88654 £-1.4645 =0.88625-50.022658 3 0.88654 0.88654

Vim = 0.87867 £-1.4631 =0.87839-50.022436 4 0.87867 0.87867

I12,, = 5.0493 £-8.0923 =4.999-50.71078 = Voltage Angles

Inim = 5.0498 £171.8972 =-4.9994+50.71176 Bus | [§7U°] = [9™°35] 163°]

Iz3,m = 3.3946 £-8.8449 =3.3542-50.52195 1 20 20

Isom = 3.44 £168.9065 =-3.3757+350.66189 2 17.5146 17.5146

T34y =0.013693 £-57.8668 =0.0072833-50.011596 3 -1.4645 -1.4645

Iygm = 0.144 £91.5525 =-0.0039013+-50.14394 4 -1.4631 -1.4631

f24m = 1.656 £-6.5814 —=1.6451-50.18981 = No surprise that the measured and estimated
f42m =  1.7519 £164.4893 —-1.6881+0.4685 values are the same as the true values from the

Note that z is complex, values in polar form
are shown for reference.
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Example: All V and I are measured - V

Adding Gaussian White Noise to the Measurements

= Measurements are simulated using the same loadflow solution of the system
= Realistically any measurement will have metering errors and noise.
= For simplicity white gaussian noise is added to the load flow solution with an snr of 75

dB

= The resulting measurement vector z is similar to the one of the previous example, but
now it contains noise in the voltage and current phasors.

Voltage Magnitudes

Bus | |Vtrue| |[meas| | |y/se| Residual
1 1.05 1.0506 1.046 0.0046402
2 1.0272 1.0277 1.0231 0.0045789
3 0.88654 | 0.88631 | 0.88229 | 0.004017
4 0.87867 | 0.87919 | 0.8748 0.0043947
Voltage Angles
Bus | |g%ue] |grmeas| [63¢°] Residual
1 20 20.0017 | 20.017 0.015237
2 17.5146 | 17.5144 | 17.5194 | 0.0050314
3 -1.4645 | -1.4628 | -1.549 0.086146
4 -1.4631 | -1.4636 | -1.5505 | 0.086869
= Residuals are acceptable for the snr used.
= at the end of the presentation provide more examples.
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Angular Errors Observed in PMU Data

= Voltage and current phasor angles exhibit persistent biases, random shifts, and other

type of erros (shown latter) ANGLE BIAsES 1N AEP

NE Voltage Bus Angles: May 8, 2008 NE Voltage Bus Angles: May 8, 2008
<A
r
@ 2
g g o
S 3 30 e
3 £ A
2 2
3 3
> >
-100 10
-150 0 o
k sonnens
~704:00:00 04:30:00 05:00:00 05:30:00 06:00:00 - 04:50:00 04:55:00
Time - HHMM:SS Time - HH:MM:SS
ANGLE Biases iINn NE
AEP Voltage Bus Angles: Aug 11,2008 AEP Voltage Bus Angles: Aug 11,2008
200l —F ( 1450/ JF
MF : . MF
— KR Angle Biases at KR i 1400] KR
Y _ 1350,
2 2
2 2
S 1600 i 3 1300
< <
S i 5, 1250)
S S 1200,
1200 Angle Biases at JF
1150
1000 1100
90 950 1000 1050 1100 1150 1200 888 889 890 891 892 893
Time (sec. - Ree. Start Time 21:45:00 EDT) Time (sec. - Rec. Start Time 21:45:00 EDT)
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Characteristics of Angular Errors found in PMU Data

Phase Angle Errors are Attributed to
e A particular signal processing algorithm used by the PMU

e Errors with time synchronization (GPS signal overload), and internal clock
synchronization with GPS

e Length of instrumentation cables
e PMU software and firmware

e Off-nominal operation

Why should we worry about them?

e Uncorrected phasor data needs to be rejected as bad data if used in
conventional SE!

e It may cause difficulties in convergence otherwise.
Observed characteristic

= When large angle shift occurs, the same bias appears in all voltage
& current angles

e The fact that the same angle shift will be present in all anglesg‘g}ﬁ%33L
allows the PSE to correct for the shifts L
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Angle Error Modeling in Polar Coordinates

Angle error in a measured phasor:

Ri
v Vim o Vim = Vime?%'m — is the measured voltage
‘e phasor
Ay N -~ .
v “ o Vi, = Vime?tmt9 ig the phasor measurement
1m -~
Y1 . 1
g \%1 With ar~1 angle error of 0.,
Vin, e &=V, — Vi* is the error phasor.
T + A N = Angle error can be modeled in polar coordinates
: polar cooratnates
b1 2 with a linear angular unknown ¢ = 0. wich is not
EH reliant on the phasor magnitude Vi, .

= Rectangular coord. would need to account for Az and Ay in V7,.
= Az and Ay are dependent of Vi, and a nonlinear function of 61,, and 0.

= Rectangular coord. model allows a non-iterative solution, but, does’t allow
to model the phase and magnitude errors independently

= Polar coord. is more appropriate — V and 6 are mostly uncorrelated ahn
variables as obtained by PMUs. g KTH%,
Ly
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Phasor State Estimation |5, 6, 7|

L. Vanfretti, J.H. Chow, S. Sarawgi, and B. Fardanesh, “A Phasor-Data Based State Estimator Incorpo-
rating Phase Bias Correction,” to appear, IEEE Transactions on Power Systems. Accepted 03/2009.

= A new approach for SE based only PMU Data ICCP Data
on PMUs (30 samples/sec (1 samples/5 sec

. synchronized) variable arrival)
= Requires a modest number of PMUs v ¢
installed in HV substations

Phasor State Estimator

= It can supplement a conventional For High-Voltage Backbone
Transmission System
SE based on ICCP and PMU data

| _ . Enhanced Conventional
State Estimator

Why is this approach attractive?
= Allows for a PMU-based SE implementation without disrupting the
available state estimator

= Standalone Estimator - provides visibility of the HV network even
when the SE is out, adding reliability

= Problem Formulation - provides for a special kind of bad data
d . b
etection fg H%
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Measurement Model in Polar Coordinates

Model Buses and Lines

= Starts from the buses with PMUs and
enables estimation of portions with
connectivity to PMU buses.

= Having determined the observable islands,
the state vector is formed by

e All measured voltages and currents
(both, || -] and £-)

o All phasor-estimable voltages and currents
(both, || -] and Z£-)

'\ P p
— . — - Observable Tsland

= In a system with IV buses: N; buses with

@ PMU Node =@ PMU Current A Fstimated Node @ Network Node
PMUs have measured voltage phasors and N3
non-PMU buses, N = N1 + N> State Vector:
T
= There are L lines: L; lines with PMUs z=[V I6]

have measured current phasors and Lo are Vel V..V v o
unmonitored, L = L; + Lo [ 1 N1 Ni+1

= Example: 0=1[ 610N, Onyt1 - On
N =17, N1=3(1,2,3), N2 =4 (4,5,6,7) I=[ - Iy -7

L =10, L1 =4 (1-4, 2-5, 3-6, 3-7), L2 = 6 s—T . s i

(1-7, 2-4, 2-6, 4-5, 5-6, 5-7) = ik ]

@©L. Vanfretti (KTH) Phasor-Only State Estimation 07/29/2010 20 / 52



Measurement and Network Model

Measurement Model

= At each PMU Bus the available
measurements are Vip, 0im, Likm, and
dikm, we pair each voltage measurement
to it’s respective state

Vi=Vim +ev,, 0;=0im+eg, (15)

= Current Measurement Equations

Lik, = Liym+er,,, dik = dikm~+es,, (16)

Izkm
(Tikm, Gikm)

@ PMU Node =©»PMU Current @ Network Node

= ey, and eg, are voltage mag. and
angle measurement errors, and ey,, and
es,, are current mag. and angle
measurement errors

Network Model

@ PMU Node ~©PMU Current A Estimated Node @ Network Node

= Based on circuit equations using the
equivalent circuit

Vo= Vi— Zu (Tn - 3%aV2) (1)

= Each equation is complex — divided
into ® & & parts

fir = (1 + %szzzk> i = ZiwLir, — Vi

(18)
fikre = Re(fix) =0, finim = Im(fiz) =0
(19)
= And assembled into an 2L
dimensional nonlinear vector f
T
f=1 fire Jikim - 17 (20)



PSE Solution - WLS Formulation

= Satisfy the network equations while minimizing the measurement errors in
the measurement equations

ming(z), subject to: f=0 (21)

xT
- Low 2 4 Wrerll? + [|[Woel? + [|[Wses||? 22
q(w)—2(|| vevll? + [[Wrer|” + [Woeo|* + [Wses||?) (22)

= f is a nonlinear function of V, I, 6, and § — augment equality constraint f =0
to the objective function g(x)

1 1
' (z) = q(x) + §||Vfo||2 = §||Wh(;r)||2 (23)
and Wy is a diagonal matrix with unity weights,
T T
h=] T €T 1", e:[eg el eg e?] (24)

W = block — diag ( Wr Wy Wr Wy Ws ) (25)
=-Constrained WLS problem (21) transformed into an unconstrained WLS problem

mzin q (z) (26) &k,

¢
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PSE Solution - Successive Solution Algorithm
PSE Solution

= When L; = N2 (no. of constrained eqns. = to no. of unknowns) — 3 a unique solution
(Measurement errors are taken to be zero)

= When L; > N2 (no. of constrained eqns. > to no. of unknowns) — 3 a WLS best fit
Weighting Matrices

= Diagonal matrices, calculated depending on the type of measurement eqn. - most
weights are unity except for weights on current magnitudes (lower for heavily loaded lines)

1
szdiag(-n,min(l,—),-~) (27)
Iikm

Iterative Solution Jacobian Structure
= WLS is solved successively using the
Newton-type methods of |0z
= In the Gauss-Newton method the Uy 0 0
increment Az is computed as

J = 0 0 Ur

Az = —(H(zc)) " (W (ze)) hize)  (28) 0 Uo
0 0 0 Us

The new solution is updated to x. + Az and

the Gauss-Newton iteration (28) is repeated  \here U is an identity matrix — de/dx
until convergence.
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Observability
= PSE requires that the Jacobian has full rank and is equal to the number of unknowns

rank(J) = =2(N+1L) (29)
=This rank condition is satisfied when the network is observable.
= If every bus in the PSE is connected to all
other buses — 3 a single PSE island

= Otherwise, a topological algorithm isolates
the islands — makes all possible Voand I
observable

= A PSE model is constructed for each
island — N voltages and L currents will be
observable

e Unknowns: Up = 2(N + L)

e Model Eqns.: Ep = 2(L + N1+ L1)

= Hence, for an obs. PSE network we need

Ni+Li>N (30) @ 1 O I e & e @ et
= With relay-based PMUs, (30) reduces to ¢ Current Measurements: L; = 4
2L1 > N, that is e Non-PMU Buses: Ny =4 D
Ly > int[N/2] (31) e L1 = N3, holds as an equality. gKTj}
iy
@©L. Vanfretti (KTH) Phasor-Only State Estimation
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Extension for Angle Correction

Measurement Model
=The measurement equations can be
updated to

0; = Oim — ¢ + eg, (32)
dik = Oikm — Pi + €5, (33)

Bus 1 is the island reference — angle
bias will not be applied to it.
= The angle bias terms form a vector

p=[d2 b3 - on | (34)

= Thus the WLS problem (26) can be
modified to the PSE-® problem of

min g’ (z4) (35)
¢

@©L. Vanfretti (KTH)
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where
T

Ty = [ T T ] (36)

and e(z4) has been modified to
incorporate (32) and (33).

Extended Jacobian
=The Jacobian matrix is expanded to

} (37)

Note that de(¢)/0¢ is sparse and
consists of ones and zeros.

Jp = [ J ‘ __°
de(9)/9¢
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Redundancy

= To perform angle bias correction redundancy is required — L1 > N2

A 2
‘ L-o» <©- ’ 1‘-9> ‘2
& & @ PMUNode
v v
-©» PMU Current
A Estimated Node
A @ Network Node
€ PMU Node ~©» PMU Current A Estimated Node @ Network Node ;% NG
e V3 can be computed using the phasor e ¥, can be used to compute Vs
b

measurements from Bus 1 or Bus 2. providing redundancy.

e If one of the phasor measurements has an e Voltage phasor measurements at

angle bias, the two computed values of V3 will adjacent buses (‘71 & ‘72) can be
be different. used to check for the phasor
e Correcting the angle bias allows for all 5 current.

voltages to be accurately computed.

@ To achieve redundancy for angle bias correction, the no. of measured current phasors

of
L1 >N-1 (3@}
are required along with the corresponding voltage phasors. g KT?
%
s

@ This inequality is derived from a Jacobian rank condition.
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Redundancy Rank Condition

= To correct angle shifts it is necessary to have redundant measurementst, thus
the rank condition on the extended Jacobian is updated to

rank(Jg) = Urg (39)

where Urpg is the total number of unknown variables which when including the
angle biases, is Upg = 2(N + L) + (N1 — 1).

= Condition (39) can be used to determine the lower bound on the no. of
measurements needed for redundancy

e No. of unknowns in Urg corresponding to angle unknowns is:
(N+L)+ (N1 —1)
e No. of rows in Jy4 corresponding to angle unknowns is: (L 4+ N1 + L1)
e Hence, to satisfy condition (39) it is required that the number of rows
(N + L) + (N1 — 1) is greater than or equal to the number of unknowns
(N + Ly + Ny)
L+Ni+Li>(N+L)+ (N1 —1) (40)

Which reduces to
L1 >N-1

Note that N1 > 2 as redundancy requires at least two voltage phasor
measurements, and L is an integer.

©L. Vanfretti (KTH) Phasor-Only State Estimation 07/29/2010 27 / 52



Example - Observability and Redundancy Analysis

NETWORK 1 NETWORK 2

@ PMU Node ~©% PMU Current, A Estimated Node @ Network Node

NETWORK 3

1‘*9> 2
& & @ PMU Node
v v
-©% PMU Current
A Estimated Node
@ PMU Node ~©» PMU Current A Estimated Node @ Network Node @ Network Node
3 A A4

OBSERVABILITY ANALYSIS

Network | Ep | Ur | rank(J) | OBSERVABLE
1 34 34 34 YES
2 26 24 24 YESs
3 20 18 18 YES

REDUNDANCY ANALYSIS

NeTworRK | Bias TErMms | Er | Upg | rank(Js) | REDUNDANT
1 b2, b3 34 | 36 34 No
2 P2 26 25 25 YEs
3 P2 20 19 19 YEs




Summarizing the Procedure for Phasor State Estimation

1.
2.

@©L. Vanfretti (KTH) Phasor-Only State Estimation 07/29/2010 29 /&

Obtain measurements and device status.

Determine the observable islands, and the islands with enough
redundancy for angle-bias correction

For each island —

Based on the metered phasors, build the measurement model e,
network model f, and state vector x.

3.1. From these obtain the non-linear function h(x) or h(xy)
3.2. Include phase-bias variables in z4 if enough redundancy is
available.

Obtain the Jacobian J or J(¢)
Obtain the weighting matrix W

Obtain the SE solution using Gauss-Newton method.



Example: V and I measurements at Bus 1 and 2 -

Measurements — an angle shift of 7.5° is present in
~ the phasors at Bus 2

. T V3 T
Vi Il < Vs Vil [Va] 01 | 02
’. I:I . I:I Py True 1.05 1.05 20 20
7 3 7 9 Meas. 1 1 10 17.5
13 23
114 [12] o1 32

SMU Node ! Curre X or
@ PMU Node -©8 PMU Current A Estimated Node @ Network Bus e o T E 91 T 379705 1 359708

Meas. 5.7794 5.7794 37.9708 45.4708
= Circuit eqns.: ‘75 = ‘71 — Zlil, ‘73 = ‘72 + szz
= Network Model:

fi: 0=Vicosb1 — Z11I1 cos(d1 + a1) — V3 cos O3

fo: 0=Visinb; — Z111 sin(51+a1)—Vgsin93

f3: 0=Vacosbls + Z2Is cos(d2 + a2) — V3 cos b3

fa: 0="Vasinbs + Za2l2 sin(52+a2)—Vgsin93
= Measurement Model:

er1: ey; =Vi—Vim es: eg, =01 —Oim

e2: ey, = Vo — Vo, N q e : eg, =02 — bam + ¢ Anel
agnitudes ngles

es: e, =I1 —Iim & ' er: es, =01 —01m &

eq: er, = Iz — Iom eg: e5y =02 —O2m + @

= State Vector:

x=[Vi Vo 1 Io V3 61 62 &1 62 05 ¢|T
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Example: V and I measurements at Bus 1 and 2 - 1I

= Jacobian Matrix
— Non-zero elements corresponding to f1

9 9 9
ﬁ = cos 01, Tﬁ = —Zj cos(d1 + ¢1), O—‘fflg = —cos 03,
9 — —vising;, 20 = Zi1isin(s 95 = Vysing
sor = —Visinbi, F5=721 1sin(d1 + a1), 5o = Vasinfs
— Non-zero elements corresponding to the measurement model
Magnitudes Angles
Oer _ dea _ des _ Oeg _ Oeg _
o =L sE=1 o0, =L ae, =L a5 =1
des _ q dea _ 1 ez _ 1 Oes _ Oes _ q
oL oI, — GLE T >

= The jacobian matrix Jy, the weighting matrices W, and the nonlinear function h(z) are
computed at each iteration of the Gauss-Newton method — only show the first iteration here
= Jacobian Matrix for the first iteration is

0.93969 0 ~0.00016174 0 20.94624 | -0.35912 0 0.092736 0 033028 | 0
0.31202 0 -0.016046 0 -0.32346 | 0.98668 0 -0.00093475 0 -0.96621 | 0
0 0.95372 0 -0.0019341 | -0.94624 0 -0.30071 0 -0.092065 | 0.33028 0
0 0.30071 0 0.01593 | -0.32346 0 0.95372 0 -0.011178 | -0.96621 | 0
1 0 0 0 0 0 0 0 0 0 0
7. - 0 1 0 0 0 0 0 0 0 0
@ 0 0 1 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 T 0 0 0 0 0 aio,
0 0 0 0 0 0 1 0 0 0 1 %
0 0 0 0 0 0 0 1 0 0 0 KTH
0 0 0 0 0 0 0 0 1 0 1 k '%xéfg
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Example: V and I measurements at Bus 1 and 2 - III

= Weighting matrices for the fist iteration — Wy = diag(... min(1,1/V;) ...), etc.
Wy = diag([1 1 1 1]),

Wy = diag([1 0.95238]), W; = diag([0.17303 0.17303]), Wy = diag([1 1]), Ws = diag([1 1])
= The nonlinear function (24) for the first iteration is

h(zg) = [6.2075 x 1075 —1.7903 x 107° — 0.0042767 — 0.0011146 0.0023354 — 0.002112

—0.00044773 — 0.00030754 0.00010186 — 0.00018932 0.00018075 0.00018932]7
= With Jy, h(zo), and W the increment Az in (28) for the first iteration is
Az = [0.0023354 — 0.002112 — 0.00044773 — 0.00030754 0.0022807 0.00010186
—0.13072 0.00018075 — 0.13034 — 0.065116 0.13053]7

= After two iterations convergence is reached for a tolerance of € = 1 x 10712, and the
solution obtained is

) Angles
Magnitudes True Meas. Est.
True Meas. Est.
01 20 20 20
12 1.05 1.05 1.05 2 10 17.5 10
Vo |1 T 1 2 5

51 37.9708 37.9708 37.9708

T, | 5.7794 | 5.7794 | 5.7794 5, | 37.0708 | 45.4708 | 37.9708

[P 5.7794 5.7794 5.7794

O3 15.122 15.122
V3 1.0211 1.0211 @ =
KTH%
%m&g
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Application to AEPs HV Network

American Electric Power
A Southern Region Phasor State Estimator

©
O PSE Island 1 ®

) Prasor Bstimaced (7))
; Island 1 Bus No.
< Oniine PMU A e o gland 1 Bus No,

Current phasor from A Phasor Estimated Bus @ Island 2 Bus No.
online PMU with Redundancy
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State Estimation and Phase Angle Error Correction
Island 1

PSE Island 1 - Measured and Corrected Angles at Bus 4 PSE Island 1 - Measured and Corrected Angles at Bus 4
MEASURED VOLTAGE ANGLE MEASURED CURRENT ANGLE
= 5 T ; T T T
£9 g3
o4 P4
2 4 cus.
g3 04, (Meas.) N ; H . Tun (Mens.)
o 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)
ESTIMATED VOLTAGE ANGLE ESTIMATED CURRENT ANGLE
30 5 . T T
g S 04
@ 0.17) : 2
=3 =3
2 o 64 (Est.) 5 odl N .
o 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)
B ANGLE SHIFT ’§ ANGLE SHIFT
8 4F T <
= / £
59 H
gL : : [E==TTE I ‘ . . ‘ ‘
<o 10 20 30 40 50 0 <0 10 20 30 50 60
Time (sec) Time (sec)
Island 2
PSE Island 2 - Measured and Corrected Angles at Bus 2 PSE Island 2 - Measured and Corrected Angles at Bus 2
MEASURED VOLTAGE ANGLE MEASURED CURRENT ANGLE
ER 32 T T T : y
r e
& -sal, =3
e . . . ’ 7. () ]| 30 ‘ : :
0 10 20 30 0 50 60 0 10 20
Time (sec) Time (sec)
ESTIMATED VOLTAGE ANGLE ESTIMATED CURRENT ANGLE
B T T VAT A
< A N A 3
/)
Epr A V’w/’\ /\/\/ V\l/\f\/\; W/ v e 93
g | vy V [ 'T—rmy]| goes 50 (Bst)
o 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (sec) Time (sec)
ANGLE SHIFT ANGLE SHIFT

|
2
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'
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Voltage Magnitude and Current Magnitude Estimates

Island 1

1.0: N s cear ] 0 — 0000 Tor
+§23
X134
10 _x R
£} £) 1
2 2 56
g 10 3 Ll
El S 15X R
E» 1.00 Ea
% =19 =] o o o o a
§
£ g
s 5
> 0.99 ©
5
0.99
n 5 ; r——— wy
50 60 0 10 0 50 60

30 40
Time (sec)

Island 2

V
16¢
= - Vi| o
E& 2 3 14
o o
3 512
£ £
5} & 10
= =
® b
g g8
E 3
6
4| :
E—eo—9o —9o 0 0o 9
0 10 20 50 60 0 10 20 40 50 60

30 40 30
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Voltage Phasor Measurement Residuals in Island 1

Voltage Magnitude Residuals (pu)

Voltage Magnitude Residuals

re x10°
E] 5w«MMMWWWW+ o V2,,— V2
B Pt s AR Pt | VT
2.4 —+Vim V4
x 4 A e A S| V5. V5
g L3 A CHr e S o W Bui ) N H=V5,,— Vs
23 Vom Vs
%;WW.WWWMAWM Von 1
s
v
2y O I S
S0 10 20 "40 50 60
Time (sec)
~0.01 & 3m 3
o
-0.019: =]
-0.019 ? °
-0.019¢
0 10 20 20 50 60

30
Time (sec)

Voltage Angle Residuals

Voltage Angle Residuals (de

0 10

Voltage Angle Residuals (deg)

20 30 40 50 60
Time (sec)

0 10 20

30 40 50 60
Time (sec)



Using the PSE to Monitor the Erie Loop

@ High level visibility of the sorrunding areas of NYS - based solely in PMU Data and
HV network

@ Potentially enable better monitoring and control of the Erie Loop Flow
@ An independent state estimator from the currently available SEs

e Will not suffer from difficulties caused by external network model inacurracies gy

e Could aid in providing information for better external network modeling for
conventional SEs y
=} = - APXN G4
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Conclusions

What did this presentation cover?
e Discussed the different approaches in incorporating PMU data onto Conventional SE

e Discussed two different approaches for SE with PMUs only: The Linear Phadke and Thorp SE,
and the Phasor State Estimator

o Discussed about an specific type of error measurement - phase angle shifts or bias, which have
been observed from archived records of PMUs installed in the field.

o The Linear SE has the advantage of relying on the solution of a linear system of eqns., however
it is not clear how to deal with phase angle shifts within these framework.

e The PSE concept has been developed and illustrated
¢ The formulation extends for automatic detection and correction of angle biases that may exist
in the PMU data

o The notion of PMU data redundancy to remove angle biases was presented - this is a new
concept of redundancy different from those used in conventional SE
¢ Provided observability and redundancy conditions in terms of the rank of a Jacobian matrix.

o Determined the minimum number of line current phasors required for redundancy.

Some other things to look at
e PMU Placement for SE — a topic worthy of a tutorial presentation for itself.

o Some interesting questions to answer
¢ Staged placement - in what order should utilities place PMUs to maximize observability and
minimize cost?
¢ Securing Observability - where should utilities install PMUs so they do not lose observability
given measurement loss or contingencies? (Some work has been done, but not everything has

been said) gKTH
¢ Redundancy for Angle-bias Correction ,,QEL‘L‘E{";
e
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Thank you!
Questions?

©L. Vanfretti (KTH)
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Phasor Assisted State Estimation
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Phasor Assisted State Estimation - 1

Inclusion of Phasor Voltage Angle Measurements [8]

J. Thorp, A. Phadke, and K. Karimi, “Real Time Voltage-Phasor Measurement For Static State
Estimation,” IEEE Transactions on Power Systems, vol. PAS-104, no. 11, pp.3098-3106, Nov. 1985.
= Incorporate the 6,, calculated by PMUs into the measurement vector z (1)

= Assumption: by measurement synchronization all angles are measured w.r.t a common
reference, implying direct angle measurements.

= The new measurement vector z organized in terms of active and reactive partitions is

e (42)
ZR
where [ Py ] active power line flow meas.
ZA = P; active power injection meas.
0; PMU bus angle meas.
o (43)
[ Qi ] reactive power line flow meas.
ZR = Q; reactive power injection meas.
Vi | voltage magnitude meas. ay
where i = 1,..., N, N being the total number of buses in the network. ¥ iiii%

= Appropiate modifications to h(x), Jacobian, and R are also, required.
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Phasor Assisted State Estimation - II

= h(x) is augmented to include the = H(x) should be modified to
relationship include new rows for phasor angle
meas., the non-zero entries are
fe,i . G;neasu'red =0, + eo,
A fe;
00;
= Reference bus: choose a reference bus among the buses with PMUs, or measure the
reference bus normally used by the conventional SE. Phase angle measurements are
included into the SE as phase angle differences, i.e.

=1

07,' — ameasured _ aref
i

= The first implementation is reported in:
I. Slutsker, S. Mokhtari, L. Jaques, J. Provost, M. Perez, J. Sierra, F. Gonzalez, and J. Figueroa,
“Implementation of phasor measurements in state estimator at Sevillana de Electricidad,” in IEEE Power

Industry Computer Application Conference Proceedings, May 1995, pp. 392-398.

= In a recent implementation by SDGE a PMU-bus reference was avoided by introducing
the angle differences between PMUs as state variables instead of the measured bus angles

fe,i . Aemeasured =0; — Gj +enn g‘@i( %
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Phasor Assisted State Estimation - III

Inclusion of Voltage and Current Synchrophasors

= Complete voltage phasors (phase angle and magnitude) and current phasors included in z
= Jacobian, H(x), is augmented to include the sensitivities to the bus voltage angles 6; (as
above), and the complex currents I;; = I;; £6;;. The complex current sensitivities are

ol;; (9[1']' (9[1']' 81‘1-3- 851']' 85”- 851']' 851']'
ov,’ v, 00, 96; oV, ov;  00; 09,

(44)

where I;; and Jij is a PMU-measured current between buses 7 and j.
= Implemented at NYPA.

Power Conversion Approach

= Calculate the complex power S;; (MW, and MVAr line flows) from the PMUs at each
branch.

= Con.: neither of the PMU-measured states (V' and @) are used in the measurement
vector.

Derived power flows are equivalent adding paired analog measurements.

= Pro.: No modifications to SE formulation or software.

= The addition of a PMU with multiple line current meas. is equivalent to adding a

number of paired analog measurements — it only increases the redundancy in the SE. gl
= Implemented at the British Columbia Transmission Corporation g KTH%,

“&@xj

@©L. Vanfretti (KTH) Phasor-Only State Estimation 07/29/2010 46 / 52




Phasor Assisted State Estimation - IV

Implementation in Power Industry SEs
= Phasor angle - CSE [9], SDG& E [10]
= Voltage and Current Phasors - NYPA [11], TVA [12]
= Power Conversion - BCTC [13]

PMU MEASUREMENTS

UTILITY 0 VvV (V, 0) I(I,4) Sij ToraL PMU MEas.
CSE [9] 23 23
SDG&E [14, 10] 57 5
NYPA [11, 15] 10 24 34
TVA [16, 12] — * * — 8
BCTC [13] — — — A *

PENETRATION OF PMU-MEASUREMENTS IN CONVENTIONAL SEs

UTILITY SCADA MEas. PMU MEas. ToTAL MEAS % SCADA % PMU

CSE [9] 309 23 332 93.07 6.93
SDG&E [14, 10] 1800 5 1805 99.72 0.28

NYPA [11, 15] 850 34 884 96.15 3.85

TVA [16, 12] 17,000 18 17,018 99.89 0.11

BCTC [13] * * — — —
Notation and Acronyms: * - Not available in literature, { - Implemented as angle @

differences, A - S;; measurements derived from V and I, 70% of the network is observable, ngTH%
CSE - Sevillana de Electricidad, SDG&E - San Diego Gas & Electric, NYPA - New York ,&ZEL‘;‘::::
Power Authority, TVA - Tennessee Valley Authority, BCTC - British Columbia Transmission e
Corporation.
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Additional Examples on
Phadke and Thorp’s Linear SE

= =) E E E wae
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Example 2: All V' and [ phasors measured except Iyo,, - 1
= What happens to G when f42m is not measured?
= Changes to the network-measurement matrices (from Example 1) are:

e AT: row 8 corresponding to Iy2 is removed, the matrix is now (7x 4)

e 7 loses row 8 and column 8 (diagonal entry g42) becoming (7x7) and, gs, and Y lose
row 8 becoming (7x 4)

= White Gaussian Noise w/ snr of 75 dB is added to the loadflow solution.

1.445 —1.445 0 0

&= —1.445 1.4609 —0.0142 —0.0017347 + j5.3651 x 106
0 —0.0142 0.028404 —0.0142
0 —0.0017347 — j5.3651 x 106 —0.0142 0.015992

= Only one end of Line 2-4 is being measured, thus Gis symmetrical but complex.

Voltage Magnitudes Voltage Angles
Bus | |[Vmeas| | |Vse| Residual Bus | [0™®5] [65¢| Residual
1 1.0502 1.0501 0.00013328 1 19.9971 | 19.9817 | 0.015389
2 1.0274 1.0273 0.00012238 2 17.5119 | 17.4961 | 0.015811
3 0.88639 | 0.88652 | 0.00013176 3 -1.4645 | -1.4826 | 0.018034 e
4 0.87869 | 0.87873 | 4.1387e-05 4 -1.4595 | -1.4778 | 0.01833 gK?H%
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Example 3: Measurements only at Buses 1 and 4 - 1

= Network-measurement matrices:

Vi
Iio 1 -1 0 0 o f'12m‘
AT= /., |0 0 -1 1 > =
- Tiom
i, Lo -1 o0 1 @_lL I
Lizm] L
g1z, 0 0 O Gi n . ’
Gs=|0 0 0 u bt b
0 0 0 g4z, #3
‘ Phasor Measurement Unit
7 — di ~ ~ ~ -®> Current Phasor Measured by the PMU
9 = diag([J12 §43 Fa2]) L
1 0 0 O
V=10 0 01
P12 + F12, 0

= diag([o2 02 o2 o% o2 Y=1|0
R dlag([av1 9%, 9ty Oiis 0'142})

= White Gaussian Noise w/ snr of 75 dB is added to the loadflow solution.

@©L. Vanfretti (KTH) Phasor-Only State Estimation
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Example 3: Measurements only at Buses 1 and 4 - I

= Limited measurements are available only on one end of the transmission lines — the gain
matrix is symmetric and complex

0.7225 —0.7225 0 0
~ —0.7225 0.72429 0 —0.0017 — j5.36 x 1076
G = 0 0 0.0071 —0.0071 — j5.36 x 1076
0 —0.0017 4 j5.36 x 107¢  —0.0071 + j5.36 x 10~ 0.0087328
Voltage Magnitudes Voltage Angles
Bus | |[Vmeas| | |Vse| Residual Bus | [0™®5] [65¢| Residual
1 1.0506 1.0539 0.0033124 1 20.0017 | 19.9319 | 0.06979
2 1.0277 1.0305 0.0028902 2 17.5144 | 17.4511 | 0.063315
3 0.88631 | 0.89018 | 0.0038725 3 -1.4628 | -1.4622 | 0.00057954
4 0.87919 | 0.88286 | 0.0036687 4 -1.4636 | -1.4632 | 0.00041215
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Example 4 - Only V Phasors Measured at all Buses

= What happens to G when only V are measured?

= Changes to the network-measurement matrices (from Example 1) — there are no I

measurements, so AT, §, §g, and }7; so the B is only formed by

U=diag([1 1 1 1])

= The gain matrix is equal to the covariance matrix R, thus real, symmetric, and diagonal.
In this case, because we have set oy, = 0.00187, the gain matrix is

3.4969 x 106 0 0 0
N 0 3.4969 x 10~° 0 0
G =
0 0 3.4969 x 10~ 6 0
0 0 0 3.4969 x 106
Voltage Magnitudes Voltage Angles
Bus ‘Vtrue‘ ‘Vlneas‘ ‘Vse‘ Bus ‘etrue‘ ‘gmeas‘ ‘ese‘
1 1.05 1.0506 1.0506 1 20 20.0017 | 20.0017
2 1.0272 1.0277 1.0277 2 17.5146 | 17.5144 | 17.5144
3 0.88654 | 0.88631 0.88631 3 -1.4645 | -1.4628 | -1.4628
1 0.87867 | 0.87919 | 0.87919 1 “1.4631 | -1.4636 | -1.4636
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