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Abstract—Synchronized phasor measurements can potentially Traditional state estimators run every few minutes andigeov
track the system dynamics between two classical state estm gn average picture of the system state due to time skew in
tions. However, in the PMU configurations available nowaday measurement set. Synchronized measurement snapshats take
and in the near future, those measurements are too scarce for . . . .
the whole system state to be estimated. Therefore, we inviggate " almost the same time window as the classical measurements
the possibility to reconstruct coherent, time-synchronied system can be used to reinforce the redundancy of the latter. From a
states from the available PMU data. State reconstruction is practical viewpoint, it may be advantageous to post-p®ces
formulated as an optimization problem. The objective is to the PMU measurements separately so that the state estimatio
minimize, in the space of bus powers, the distance betweeneh software is not modified [6].

reconstructed state and the last state estimate provided by On the other hand hronized oh t
standard state estimator. PMU data are imposed as equalityan- n the other hand, synchronized phasor measurements can

straints. Furthermore, the placement of PMUs near generatcs ~ Potentially track the system dynamics between two claksica
is advocated for higher accuracy of state reconstruction. ie state estimations. However, scarce PMUs do not allow de-

performance and potential benefits of the approach are illusated  termining the whole system state. Consequently, one of the
by processing snapshots obtained from detailed time simul@n . 5)jenges in effective exploitation of existing or neatufe
of a test system subject to a disturbance and corrective acns. . . . N N
PMU configurations is to somewhat “reconstruct” coherent
Index Terms—state reconstruction, synchronized phasor mea- time-synchronized system states from the available PMU
surements, constraln_ed o_ptlmlzatlon, unobservability, guational data. This challenge has been recognized by power system
awareness, state estimation - .
practitioners and research community and efforts have been
undertaken to use PMU data to increase situational awasenes
T [31, [4], [7], [8], [9].
A. Background and motivation In this paper, we formulate state reconstruction as an
The Phasor Measurement Unit (PMU) is an accurately tinggtimization problem with linear equality constraints.eTob-
synchronized power system instrument able to gather veltggctive is to minimize, in the space of bus powers, the distan
and current phasors at high rate (30-60 samples/second) filgtween the reconstructed state and the last state estimate
[2]. Supported by advances in computational facilitiest- neprovided by a standard state estimator. The constrairdserel
working infrastructure and communications, this techgglo to zero current injections and available phasor measuremen
have opened new perspectives for designing wide-area méithermore, we advocate the placement of PMUs at generator
itoring, protection and control systems. Present and pialenbuses for increased accuracy of the state reconstruction.
applications of synchronized phasor measurements raage fr The paper is structured as follows. Some related works are
mere monitoring to tracking system dynamics in real-timje [1discussed in Section Il. The principle of state reconsimuct
[2]. and mathematical formulation of the problem are given in
It is likely that in some future, all measurement deviceSection Ill. PMU placement for improved accuracy of state
will be provided with high precision time tags making theeconstruction is discussed in Section IV. Section V prisen
whole system observable by these devices [1], [2], [3], [4lhe results of the approach tested on the Nordic32 testrayste
[5]- These new technological solutions are available is@ng By way of conclusion, Section VI summarizes the approach
day power systems but with scarce PMUs since the upgradeaofl the main results, and outlines potential benefits and
existing power system infrastructures requires investsgn ongoing investigations.
these technologies and only incremental upgrades arstieali
Consequently, present-day power systems are still far from Il. RELATED WORKS
having a rich synchronized measurement configuration.
A natural application of PMUs, even more if scarce, is [(°
enhance traditional state estimators based on SCADA (Sup&
visory Control And Data Acquisition) measurements [1],.[2]

I. INTRODUCTION

This section reviews previous and current works dealing
ore or less closely with state estimation from scarce data,
Lssified in three categories.
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with assumed power flow conditions. An observable island @fferences across lines) and minimizes active and reactiv
defined as a set of buses whose states can be directly compldsses. Standard power flow equations are set as equality
from PMU measurements [6], [7]. The power flow modetonstraints while inequality constraints involve load gt
includes multiple swing buses (all observable buses whosewers (ranked according to size), active and reactive powe
voltage phasors are knownRQV6 buses (all observable generations and bus voltage magnitudes and phase angles.
buses where voltage and current phasors are knai@)and Although not involving PMU data, state estimation in dis-
PV buses as in a traditional power flow model, and the stribution systems typically also faces the problem of searc
called nought buses (connected directlyR@V 6 buses and real-time measurements. Most of the time this is taken care
where all variables are unknown). Solving this hybrid powef by adding pseudo-measurements based on load forecasts.
flow problem yields a system state that matches the availabteRef. [12] the impact of erroneous forecasts is mitigatgd b
synchronized phasor measurements [7]. adjusting the loads to match the feeder measurements.

A PMU morphed power flow approach was introduced A similar problem is met by traditional state estimation of
in [8], [9]. The approach starts from a solved power flowransmission systems in the presence of unobservable. areas
and proceeds by matching this known solution to the smalh approach consists in introducing pseudo-measuremients.
number of PMU measurements. This involves solving a lirorder to improve the estimation of unobservable parts, Hee u
ear programming problem with known system values (sonoé optimal power flow was proposed in [13]. The objective is
generator outputs, total load in some areas, etc.) treagedi@ satisfy in the least-square sense the pseudo-measursemen
constants and unknown values (the other generator outpitsynobservable areas. The constraints include: powenbeja
the other area loads, etc.) treated as controls [8], [9]. Sdte power injections, state variables. Line flow constrainsvpd
of binding constraints is set up to include the PMU bus angie improve the overall state estimation accuracy.
measurements as equality constraints while the objedite i These works are related to the approach presented in this
minimize control costs. paper in so far as they either adjust loads to match the &laila

In order to deal with situations where only a limited numbaneasurements [12] or resort to optimization to better exgm
of PMUs are available, Refs. [3], [4] introduced the conceptnobservable areas [13].
of interpolation of states of unobservable buses: using the
bus admittance matrix, a matrix of interpolation coeffit®n |||. PRINCIPLE AND MATHEMATICAL FORMULATION OF
is derived relating the unobservable voltages to the obsbev STATE RECONSTRUCTION

ones. This concept, together with the interpolation upggt Let the network be modelled by the voltage-current relation

based on SCADA measurements, is used for hybrid stathe.

estimation. Injections at unobservable buses are treaged>g P> Stemming from the bus admittance matrix formulation.

equivalent load admittances. It is suggested to update Rfcomposmg the vectors of bus voltages and nodal currents

interpolation coefficients as soon as a new system snaps'rrll their real and imaginary parts, the network equatiaks t

is available from conventional state estimation. The \g#ta on the matrix form:

at unobservable buses are coherent with the set of phasor Gvx —Bvy —ix =0 (1a)
measurements. Bvy +Gvy —iy =0 (1b)
B. Harmonic state estimation [10] wherevy, vy, ix andiy, are vectors of rectangular components

. L . .of voltages and currents, whil& and B are the real and
Power system harmonic state estimation aims at locating_ . ; ; .
uﬁaglnary parts of the bus admittance matrix, respectively

major harmonic sources and estimating the distribution 0 ST . )
. ) . . Our objective is to compute a coherent, time-synchronized,
harmonic voltages and currents. This requires to cope with

; .. system state that satisfies a number of PMU data. The latter
a lack of measurements. The approach in [10] uses a limi . s ) )
Involve some components 64, vy, ix, iy, according to:
number of phasor measurements (fewer than unknown state

variables) to this purpose. The problem is formulated as a Vx
constrained sparsity-maximization problem based.gmorm Al V| Z @
minimization to deal with the underdetermined set of linear ix | z

equations, and is solved efficiently by an equivalent linear

rogramming. . .
prog 9 wherez is the vector of measured values. The corresponding

rows of A are unit vectors with the nonzero (unit) entry

C. Other related works [11], [12], [13] corresponding to the measured voltage or current component

Reference [11] also deals with the problem of determiningfe also include in (2) the zero current injection informatio
an approximate state from a limited number of measuremerds.“transit” buses with neither load nor generation coneect
Although PMUs are not specifically considered, the ideBhe corresponding component sfis zero.
can be extended to those measurements. The problem diVe assume that all measurementsznare critical, i.e.
approximate state computation is set as a nonlinear camstra removing any of them would decrease the number of bus
optimization problem. The objective function reflects devi voltages that can be computed from the PMU and zero
tions from desired operating conditions (i.e. an ideal apeg injection data. Adaptations to handle redundant measurtsme
point with voltage magnitudes neaipu and small phase angleare straightforward.



Note that each voltage or current phasor measuremeagsociated benefits should be balanced against the indrease
and each zero current injection yields two equations in (2pmputational complexity.
corresponding to respectively its real and imaginary parts

We assume thathe PMU configuration provides scarce IV. ON THE PLACEMENT OFPMUs
measurements, which do not make the system obseyvable 5 notivation for monitoring generators

there are less equations (1, 2) than voltages and currebts to Diff BM . ) q iold diff
estimated. There is thus an infinite number of states satgfy : ergnt U con 'gufa“ons are expected to yield dl etr_en
curacies for the solution of (4). So far, our investigagio

the available set of synchronized measurements. The sthn " h L h h PMUs vield
way of solving this indeterminacy, used in many engineeri ve shown that monitoring generators throug S yields

disciplines [14], consists of determining the state vetith a significantly more accurate state. This may be explained as
minimum (Lg, L1 or Ly) norm. fOIIOWTQ" . . . .

We adopt a similar reasoning aremove the indeterminacy A situation ofilnterest for gxplomng synchronized phasor
by considering the state closest to the estimate providetddy measurements is when a disturbance takes place after the

last execution of a standard state estimatéurthermore, for lexedcunon of tk?e classpal ftattﬁ _eshmafct(_)r._t “1 SUCIT a casde,
reasons discussed in the next sectiwa,minimize the distance oad powers change owing 1o their sensitivity 1o voltage an

to that reference in the space of bus (active and reactivgf"fquency' Hotvvevoer, iu's chatnge |sthusually in the dorde(; %f
powers This leads to minimizing: a’few percents. On the contrary, the powers produced by

generators may vary significantly under the effect a distur-

Z (PZ-O _ R)Q + Z (Q? _ Qi)2 A3) bance, depending on t_he performance of primary volt_ag_e and
frequency control. For instance, the outage of transmissio

_ _ _ generation equipments is reflected in the reactive powers of

where P (resp.QY) is the active (resp. reactive) power atoltage controlled generators. Thus, it makes sense teatoll

the i-th bus in the reference stat®; (resp.Q;) the corre- measurements of those changing values.

sponding reconstructed value, aind is the set of involved  |n order to synchronously monitor the outputs of the various

buses. The choice of the latter is also discussed in the ngsherators, two PMU configurations can be thought of:

section. At most, it might include all buses except thoséd wit 1) placed at the generator buses: each PMU provides the

zero injection, which are already involved in (2). Although generator voltage and the current in the step-up trans-
alternatives may be envisaged, our preference goes to the ¢yrmer:

Euclidian distance (3) which has the advantage of distigut 2) placed at the high-voltage ends of the step-up transform-

the discrepancies between reference and reconstructes sta * ors: each PMU provides the bus voltage, the current in

more evenly over the system. the step-up transformer as well as the current in each
Alternatively, the minimization of (3) can be seen dsast- line connected to the bus of concérn

sqfuare esltlm:tmn ofPt?e ;‘“k”%‘mv@i p(()jwers, with the tConfiguration 2 is more common in practice. It is also richer

reference load power#?, Q7 used as pseudo-measuremen Rince it makes observable a larger number of bus voltages [1]

ExpressingP; andQ; in terms of voltage and currept__com-[15]. Nevertheless, configuration 1 was also consideretis t
ponents in (3) leads to the following constrained optinmaat work in order to make the tests more stringent.

iEN iEN

problem: Whatever the configuration, for each generator provided
min Z (P = psin: — vy i)2+ with a PMU, the corresponding measurements are included
Vi vy ody £ g vey in (4d) while the active and reactive power terms relative to
0 ‘ 2 that generator are removed from (4a). Thus, if all genesator
+ Z (QF — vyitai + Vailyi) (43)  are equipped with PMUs, the st in (4a) includes load buses
ieN only.
subjectto : Gvxy —Bvy, —ix =0 (4b)
Bvx +Gvy —iy =0 (4c) B. Supporting simple example
Vx We further illustrate the benefit of monitoring all key
Al Y | —z=0 (4d) 9enerators through a very simple example.
Ix We consider the 5-bus system shown in Fig. 1, including
Iy one load, two generators, and two buses with zero current

injection. The reference state is obtained as the solutfon o
a power flow problem with the data shown in the left part
only. The linearity of (4d) stems from the use of phas leablgtl). Thezl, a Elsturb_ed state IS obtameq t;y”mcreasmgj
measurements. There would be no advantage in convertfig 'oad by 10 %. The active power increase IS fully covered
the generator at bus 2, while both generators keep their

them to nonlinear power measurements. SecondlyGhd inal Vol This lead he disturbeth
and A matrices are very sparse. Both features facilitate tﬁ%rmma_ vo tages constant. This leads to the disturbet sta
own in the right part of Table I.

solving of that optimization problem. S
Add|t|qnal information on the _Sy5tem Sta_te could be incor- Lprovided, of course, that there are enough communicatiamretis to
porated in the form of inequality constraints; however, theansmit all the synchronized phasor data

The above optimization has two interesting features. Iirst
all constraints are linear, nonlinearity is present in thgotive



1 3 to the exact value. This confirms the relevance of providing
@_ 4 5 generators with PMUs for accurate state reconstruction.

5 4|—@-I__”> V. SIMULATION RESULTS

®_|_©_ A. Test system and simulation procedure

We report on results obtained with a variant of the Nordic32
Fig. 1. Example 5-bus system test system already used in [22]. The one-line diagram &f thi
52-bus, 20-machine system is shown in Fig. 2.

TABLE |
DATA OF REFERENCE AND DISTURBED STATES 919(\) %gg ®g2
€
reference state disturbed state 7 a ™ ‘ 1‘0” ‘ iR
P (MW) | Q (Mvar) || P (MW) | Q (Mvar) i ﬁr
generated at bus 0. 61.27 0 66.00 4
generated at bus 2 400.00 51.30 440.00 61.48 EQUIV. 4012 1012 1014
consumed at bus § 400.00 | 80.00 440.00 | 88.00 j % \ \ \ \
4072 I
glo 9l ™ 98
- 95 gll
,,,,,,,, b 3 NORTH .
We consider the reconstruction of the disturbed state from 102 022 4022 4021 — 20k
the bus powers of the reference state and the synchronized i Lo @lﬁﬁﬁ,ﬁonw
. . ¢}
phasor measurements provided by respectively: w2 4 conaenser
A: a single PMU located at bus 1, and éré \_‘ﬂéf
B: 2 PMUs, located at buses 1 and 2. g8
Thus, with configuration A, the objective function (3) takes (
404
on the form: ‘%r T % CENTRAL e
0 2 0 2 0 2 0 2 \97\‘
(P = P2)* +(Q8 - Q)"+ (PP = P5)*+ (@3- Q5)" B ey iL
. 4061] _ _
with the values ofPY, Q9, PY and Q2 taken from columns E T D o
2 and 3 in Table |, while with configuration B, the objective o
amounts to the last two terms only. 7 |
The results are summarized in Table Il in terms of recon- [ e S - 9l
structed active and reactive powers for both configurations R glé
4062 4045 Jg
) 4047
T 4063 4081 | T
TABLE Il A
RECONSTRUCTED POWERS FOR TWE&MU CONFIGURATIONS ®9"® SOUTH .
configuration A configuration B Fig. 2. Nordic32 test system
P (MW) | Q (Mvar) || P (MW) | Q (Mvar)
generated at bus 1| 0. 66.00 0 66.00 . . .
generated at bus 3 400.18 | 49.08 440.00 | 61.48 The model includes a detailed representation of each syn-
consumed at bus § 400.18 82.26 440.00 87.98 chronous machine, and simple models of speed governors,

hydro and steam turbines, automatic voltage regulators and

Comparing the second and third columns of Table Il witRPverExcitation Limiters (OELs). Only the hydro-plant gene
the fourth and fifth columns of Table | shows non negligibl@tors in the North and Equiv areas (see Fig. 2) are equipped
errors in reconstructed powers of the load at bus 5 and t&h speed governors, and frequency is thus controllers by

generation at bus 2, when using configuration A. These errdf@se generators only. Loads behave as constant currethefor
can be explained as follows. active power and constant impedance for the reactive power.

At bus 1, the power is forced to have a correct value feach load is fed through a transformer with automatic Load
satisfy the PMU data available at that bus. This does nb&p Changer (LTC); the various LTCs act with various delays.
hold true at buses 2 and 5 where the powers are left to vary;Time-domain simulations of the model have been performed
in the absence of more information, the reconstructed salugith the Simulink-based variable-step integration sofewa
closely approach their reference values, which minimipes toutlined in [16].
objective function (5). In fact, the reconstructed loadas B~ Two scenarios have been considered:
can approach its reference value 400 MW, which is 40 MW 1) Scenario A:a slow load increase in the Central part of
below the exact value, because at the same time the gemeratio the system (namely at buses 1041, 1042, 1043, 1044,
at bus 2 can also settle 40 MW below its exact value. And all  and 1045) with a step change of the load demand at bus
this without affecting the production at bus 1. 1041, taking place at = 100s;

This is no longer possible when PMU data are available 2) Scenario B:tripping of line 4032-4044 at = 6s,
at bus 2. In this case, the results in the last two columns followed by load shedding at buses 1041, 1043, and
of Table Il show that the reconstructed state is very close 1045, at respectively = 40,50 and 60 s. This load



curtailment stabilizes the otherwise long-term voltag
unstable evolution [22]. P 1041 (PY)

In both scenarios, LTCs and OELs act in response to t 6.16y Bact
disturbance. T, omuration

PMUs providing the terminal voltages and the currents o 5222332332?
generators have been assumed. As already mentioned, i wc 6.12¢
be more realistic to place them at the high-voltage side
the step-up transformers. However, this would yield toodyoc
a coverage of the buses in this small test system. Table 6.08f
details the generators selected in the three configuratic
referred to in the remaining of the paper. We assume tt
we are primarily interested in the Central region, wherello¢ 6.041
powers increase of Scenario A and whose voltages are
most affected by the disturbance of Scenario B. The thr
measurement configurations detailed in Table Il were $etec 6 . oot ‘
to progressively reduce the coverage of the parts of thewsyst 0 %0 Pe 0 200
in which we are not interested. Configuration 3 is partidylar
challenging in this respect.

Exact

Fig. 3. Scenario A: exact and reconstructed load active pawéus 1041

TABLE Il
GENERATORS PROVIDED WITHPMUS

- - P 0a1 (PU)
configuration | generators 14
1 all 20
2 g6, g7, gl11, g12, 913, g14, g15, g16 0998
3 g6, g7, 914, g15, g16 ’

0.996
The phasor data were obtained by sampling every second

rectangular components of the voltages and currents pEdvic 994
by time simulation. The system states were reconstructdd w
the same periodicity. 0.992

The load powersP? and Q9 involved in the objective . (E:f)i?itguranons
(4a) are the initial values of the corresponding load powel 0.99 +  Configuration 2
The same values are used throughout all successive s

— — — Configuration 1

reconstructions, with the aim of checking the quality o %98

state reconstruction while the exact state is deviatingnfro 0.986 ‘ ‘ ‘ ‘
the reference state. The change in topology (line outage) 0 50 1%Cr>ne © 150 200
Scenario B is assumed to be known by the state reconstruct

procedure.

S . Fig. 4. io A: | i 2031
Each optimization problem (4) was solved in the GAMS-'g Scenario A: exact and reconstructed load active paweus 203

IDE (General Algebraic Modeling System) environment [17],
interfaced with MATLAB [18] through the MATGAMS in- in load demand. From there on, state reconstruction isakti#

terfa.ce documenteq n [19].' The primal-dual mtenor—pon}O track changes but with a bias. The latter increases when th
nonlinear solver (with filter line-search method) IPOPT was
used [20]. oad power further t_:ha_nggsiat: 177 s under tht_a effept of the
tap change in the distribution transformer feeding thisldmut
decreases at = 196 s when the tap of another transformer
B. Results for Scenario A changes. The results obtained with Configurations 1 and 2
The results for this scenario are illustrated in terms @fre indiscernible. The results obtained with Configuration
reconstructed load active powers at buses 1041 (Fig. 3) are very close, which suggests that local state reconiruct
2031 (Fig. 4). Both figures show the exact values (availableia possible with the help of PMUs monitoring the zone of
each integration time step) and the ones reconstructed frorterest. The final error i9.1 MW with Configurations 1 and
each of the three PMU configurations (available once p2randl0 MW with Configuration 3. This represents orilyr %
second). All values are in per unit on a 100-MVA basenf the load power. It is noteworthy that the largest discrepa
Bus 1041 is where the step increase in load takes place,|Bt— P?| is observed for the load active power at bus 1041,
t = 100 s. Bus 2031 is located outside the Central regiomhich gives an indication of where changes took place.
and hence state reconstruction performance is expected t&igure 4 shows that the (comparatively smaller) changes
deteriorate for Configurations 2 and 3. in load power at bus 2031 are very accurately tracked with
Figure 3 shows that state reconstruction tracks very acd@enfiguration 1 (the curves are indiscernible) while theeoth
rately the system changes up to the instant of the step seretvo configurations yield a drift with respect to the exact



value, more pronounced with Configuration 3. This was 1

be expected since in Configuration 2 (resp. 3), there is ' Va0 (PY)
PMU at the nearby generator 8 (resp. generators 8 and 1

Yet, the final errors remain small:3 MW with Configuration
3, which amounts td.3 % of the load power.

C. Results for Scenario B

This scenario is illustrated in terms of reconstructed ealu
of voltage magnitude at bus 1041 (Fig. 5), load active pow
at bus 1041 (Fig. 6), voltage magnitude at bus 2031 (Fig.
and current magnitude in line 4032-4042 (Fig. 8). The resu

are shown for PMU Configurations 2 and 3.

Vioar (pu)"“j
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0.95F
0.94}
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Fig. 5. Scenario B: exact and reconstructed voltage madmitd bus 1041
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Fig. 6. Scenario B: exact and reconstructed load active paivbus 1041
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Fig. 7. Scenario B: exact and reconstructed voltage madmiai bus 2031
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Fig. 8. Scenario B: exact and reconstructed current in 10&244042

voltage ancd20 MW on the active power. Again, these errors
are caused by the fact that the reference pomgrof this

bus was kept equal to its pre-shedding value while it should
be updated to reflect the load curtailment. It is interesting
see that the largest error on the reconstructed load power at
bus 1041 takes place when this particular load is reduced, bu
changes relatively few (or even decreases) when the otleer tw
loads are curtailed. It is also noteworthy that Configuratio

2 and 3 give basically the same results at this bus located in
the region of interest.

As can be seen from Fig. 7, the voltage at bus 2031 is
reconstructed with excellent accuracy when using Configura
tion 2. As expected, the error is more pronounced when using
Configuration 3 (the final error is arouid)13 pu), since bus

Figures 5 and 6 show a remarkably accurate state rec@@31 is now outside the region of interest monitored by PMUs.
struction up to the time of the first load shedding. After that Table IV shows the average error affecting the voltage
the reconstructed state is a bit biased, but the overallracgu magnitude, the voltage phase angle, and the active andveact
remains quite good, with a final error 004 pu on the powers at a sample of buses, when using the scarce PMU data



of Configuration 3. The results are the average errors oeer th As regards PMU placement, it appears more appropriate to
114 successive states reconstructed after the disturbAsce monitor generators. Indeed, it is preferable to monitoregen
regards generators, the biggest errors take place in théh Nator powers rather than load powers, in so far as the former
and Equiv areas, i.e. outside the region of interest, andaargary more than the latter. Furthermore, when a generator is
consequence of not monitoring generators whose produistiomot monitored by a PMU, its complex power is free to vary
changing due to primary frequency control. As regards lpads the optimization, and this may lead to an incorrect power
the biggest errors correspond to buses 1043 and 1045, whexehange between this generator and some loads.
the reference powers are not updated while load is curtailed The main purpose of state reconstruction is to track the
changing system state and fill the gap between successive

TABLE IV classical state estimations by exploiting the coheremgi
AVERAGE ERRORS ON RECONSTRUCTED VALUE&:ONFIGURATION 3) . .
synchronized phasor measurements. This could help mon-

average error on itoring the system after a large disturbance, in particular
bus V (pu) 6 (rad) P (MW) | Q (Mvar) anticipating the near-future system evolution and possibl
gé ooaet e 04 > cascading effects. State reconstruction could also repéac
g4 0.0449 0.0251 5.8 5.6 failing classical state estimation (owing to problems witd
g5 0.0341 0.0080 0.5 5.4 data, divergence, etc.) or improve the accuracy of therlatte
g;g 8-823% 8-8338 3?7-21 91 when measurements suffer from bad data or time skew.
1011 | 00548 0.0089 35 01 The simulation results obtained using snapshots provided
1012 |  0.0564 0.0129 2.2 0.1 by detailed time simulation have shown that:
2032 | 0.0131 0.0023 4.9 2.2 . ith the helo of
1042 | 0.0001 0.0001 14 06 - state reconstruction can be accurate with the help o
1043 0.0004 0.0001 4.5 2.7 PMUs monitoring generators;
1045 | 0.0016 0.0003 7.8 4.7 « it is possible to accurately reconstruct the state of only

. o o a sub-network, using PMUs on the nearby generators.

One possible usage of state reconstruction is the antigipat ~ Qutside the region of interest, the reconstructed state is
of near-future system evolution and possible cascadiregtsft less accurate, since it can only rely on the reference values
of some disturbances. In this respect, it may of interest of bus powers;
to quickly reconstruct the values of currents in important . the reconstructed state suffers from some bias when loads
transmission lines. This is illustrated in Fig. 8, compgrthe undergo significant changes, not reflected in the reference
exact and reconstructed values of the current (magnitude) i  values.
line 4032-4042 located in the same corridor as the outagedrye preliminary results are very encouraging. Of course,

line. Using Configuration 2, the value is reconstructed Witleyeral issues and improvements deserve further invéistiga
remarkable accuracy. This can be explained by the presepgg ;5 quote, non exhaustively:

cn)fezrl\éluzr?tbgi 2:] dS:; gff %Znﬁrﬁm\;\?n%lcl:b%ﬁzuiggoilg I?ﬁ::sq further test the capability of local state reconstruction.
is a d()e/ radation of accurac but.it remains guite modérate' i To this purpose, PMUs located on the tie-lines linking
the ord%r 0f0.19 pu, to be gompared to th‘.e% pu increase ' the region of interest to the rest of the system could
due to the line outage. This result is even better that thg onl supplement those on the nearby generators;

) . . . . « investigate the possibility of updating the reference bus
nearby P.MU n Con_ﬁguraﬂon 3 is on generator g14, i.e. only powers as time passes. The reconstructed state at one
on one side of the line.

point in time could serve as reference for a few subse-
guent state reconstructions. This could help dealing with
VI. CONCLUSION unexpected changes in load powers;

An approach to reconstruct system states from scarce syn® test accuracy of state reconstruction for various levels of

chronized phasor measurements has been proposed. The ideag"0ise on PMU measurements; _ _
leading to this approach can be summarized as follows: « evaluate the benefits of state reconstruction to improve

classical state estimation;

investigate the best possible use of the PMU data gathered
in between two state reconstructions;

test the quality of the reconstructed state in demanding
applications, such as voltage instability detection [22]

« the PMU configuration provides scarce measurements,
which do not make the system observable. As a con-°
sequence, there is an infinite number of states satisfying
the available set of synchronized measurements; *

« we solve this indeterminacy by computing the state which . o . . :

. S : - « devise an efficient mathematical programming algorithm
yields the bus power injections closest (in the Euclidian-

. to solve the optimization problem (4)

norm sense) to reference values; the latter are the result : o . . .

of the last execution of a classical state estimator; * envisage the_ addition of _mequah_ty_ constraints 1o (4),
« this is equivalent to treating the reference power values while preserving computational efficiency.

as pseudo-measurements, in the least-square sense;
« this leads to solving an optimization problem with sparse

linear equality constraints. The latter also include thze

injection information.
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