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Abstract—This two-part paper deals with the early detection of \oltage stability has been identified as one area where those
an impending voltage instability from the system states proided PMU-enhanced functions could prove useful to prevent gyste

by synchronized phasor measurements. Recognizing that vabe  p5ckouts and the associated social and economical losses.
instability detection requires assessing a multi-dimensinal sys-

tem, the method fits a set of algebraic equations to the sample Th.ere are two Complementqry lines of defer\ce against volt-
states, and performs an efficient sensitivity computationri order ~ age instability [6], [7]: preventive and corrective. As aeds

to identify when a combination of load powers has passed thigh  preventive aspects, PMUs can help improving the quality of
a maximum. The important effects of overexcitation limiters are present-day state estimation so that better initial opegat

accounted for. The approach does not require any load model. _ . : " .
This first part of the paper is devoted to theoretical foundatons points are available for real-time voltage security assess

of sensitivity calculation along the system trajectory, dévation ~applications [7], [8]. They can also improve modelling ac-
of the algebraic model, and illustration on a simple 5-bus sstem curacy [3]. However, the corrective (or emergency) line of
involving the long-term dynamics of a load tap changer and a defence is where the PMU technology are likely to help
field current limiter. most significantly. In this respect, this paper explores liow
Index Terms—Long-term voltage stability, instability detection, could help early detecting an impending long-term voltage
Wide-a_rea monitoring, phasor measurement units, sensitity instability, driven typically by Load Tap Changers (LTCs),
analysis OverExcitation Limiters (OELs) and restorative loads [@],
Present-day System Integrity Protection Schemes (SIPS)
|. INTRODUCTION against voltage instability mostly rely on the detection of

He phasor measurement technology [1], [2], developtla%N voltage conditions, possibly complemented by signals

since the end of the 80's. toaether with advances in co Such as excessive field currents in neighouring generators
. 5, 109 : %]. The undervoltage criterion allows simple and possibly
putational facilities, networking infrastructure and aoomi-

. . I .éiistributed SIPS, for instance for load shedding [10]. Hosve
cations, have opened new perspectives for designing wide- iall " he ob . f already d q
area monitoring, detection, protection and control systérhe It esse_nt|a y relies on the o serva_t|on of already deglade

' ! operating conditions. The challenge is thus to demonsiinate

Phasor Measurement Unit (PMU) hardware is now based PMu-based approaches can offer better anticipation chpabi

proven tech_nology and |s_con5|dered as the m_ost accurate ﬁlré% by detecting the inception of instability rather thia
advanced time-synchronized technology available to power

engineers [3]. consequences. . - . 3
As documented in several comprehensive surveys [3], [4ILTPMU-bbase((dj voltage _msItablllty monitoring can be classified

[5], present and potential applications of synchronizedspin Into two broad categories:

measurements range from mere monitoring to tracking systenil) methods based on local measurements, with few or no

dynamics in real-time. The study reported in this papergdo information exchange between the monitoring locations.

to the last category, as we assume that the monitored region Most of them rely on Thévenin impedance matching

is equipped with PMUs ensuring full observability of bus condition [11], [12] or its extensions [13], [14], [15]. As

voltages within that region. Admittedly, present-day powe long as the various buses are checked independently of
systems are still far from having such a rich measurement each other, these methods accommodate the time skew
configuration. However, it is likely that in some future all of SCADA data and no time synchronization is needed,;

measurement devices will be provided with high precision 2) methods requiring the observability of the whole region
time tags [3]. Furthermore, incentive to invest in such & ric prone to voltage instability [16], [17], [18], [19]. They
measurement configuration will be driven by the preliminary  offer the potential advantages of wide-area monitoring.
demonstration of its potential benefits in monitoring, pmt The measurements should be time-synchronized in so
tion and control functions. far as an accurate, dynamic tracking of system states is
. ) ] o sought. They should preferably be filtered by a (linear)
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Long-term voltage instability can be triggered by transmipre-processing by a state estimator, etc. Instead, we wimpl
sion and/or generation outages or by severe load increasessume that PMUs provide synchronized bus voltage phasors.
Although most of incidents experienced so far were trigderén our simulations, they are obtained from detailed time-
by outages, a large part of the existing literature conedetr domain simulation. Circuit breaker statuses are suppasbd t
on smooth load increase scenarios. On the contrary, thik wprovided by the same equipment or by the SCADA system.
focuses on detecting the onset of voltage instability &iggl The paper is organized as follows. In Section I, the théoret
by a large disturbance. This requires accounting for thés&io cal background of sensitivity analysis is reviewed and reckéel
introduced on phasor measurements by short-dynamics twttracking eigenvalue movement around a maximum load
directly linked to long-term voltage instability. power point. The system equilibrium model fitted to each snap

Simply stated, voltage instability is linked to the inatyili shot is detailed in Section Ill. The various assumptions and
of the combined generation-transmission system to proviteehniques are illustrated on a simple system in Section IV,
the power requested by loads, as a result of equipmavtile concluding remarks are offered in Section V.
outages and limitations of reactive power generation [i@]. | Notation. Lowercase bold letters indicate column vectors.
this perspective, we propose to compute sensitivities ratouUppercase bold letters refer to matricésdenotes transposi-
the “snapshot’” system states computed from PMUs, with ttien. Complex numbers are overlined.
purpose of detecting that some combination of load powers
has gone through a maximum. Il. THEORETICAL BACKGROUND

The use of sensitivities in voltage stability analysis g ggem trajectory

not new [8], [21], [22], [23], [24]. Eigenvalue or singular

value analysis of various Jacobian matrices has been atl)s&fr:es lzzége_}'ﬁﬁ;origf;z{'\/;e?dv\;%écrg;dp;ﬁﬂs iﬁgsg{f}ed
proposed for quite some time (e.g. [25], [26], [27]). Inlita y ’ ' y ! !

intended to provide preventive security indices [28], mesmenSIOn 0k isn, = 2.V,. Let the system be characterized by

linearization-based techniques have been supersededthy m& state vectoe of dlm_ens_lonnz. In response to a disturbance,
) o boths andz evolve with time. To this evolution corresponds a

ods that account for system nonlinearities (such as Ioadapowr jectory in the(n, +n.)-dimensional space of the? s7|”

margin computation). Nevertheless, they may prove use{yilctors y s 1z P S

in scrutinizing the unstable system behaviour triggeredaby We a.ssume that this traiectory obevs:

large disturbance. These aspects have been comparagssly | ! y ys:

investigated, with the exception of [27] where eigenvalues &(z,s) =0 (1)

are computed at selected snapshots of the unstable syst%m

. MNs+nz Ny
evolution and [23], [24] where sensitivity analysis is ctag ¥V e:_e ¢ ;th " ~ tB |s_”a§sur;ed ttod bte 3 S.”?Of’th
to a simplified time-domain simulation. Sensitivity of dy-unC lon. The next section will be devoted o derving a
Iact|cal set of equations of this type. Let us already sttieat

namic system responses have been studied through tr 'ec% ;
A 3 an Tl the proposed method amounts to assessing the above model

sensitivities (e.g. [29]). The latter are computationatiych . i . .
more demanding than the sensitivity of (pseudo-)equdibr}'near'zed around sampled points of the trajectory obthine

considered in this work. Also, it is not clear to the authors®™ sync_hronlz_ed pha_sor measurements._ .

whether the many discrete controls and delays present fop\_two-dmensmnal picture of such a trajectory is skgtched
instance in tap changers, switched capacitors, random Idﬁd:'g' 1, wheren, = n, - L A.S bothz ands evolve with
switching, etc. can be easily taken into account. time, the system operating point moves along the curve as

In this work, it was chosen not to rely on a dynamic modauggested by the arrows.
to predict the system response (e.g. [14], [30]). Indeed, th
requires a reliable model, especially for loads in emergenc s
conditions. Also, it is not clear how to reconcile the model
with the measured system evolution, in case of discrepancie
caused, for instance, by events not accounted for in the inode
The proposed approach does not try to anticipate the load
response, but it anticipates generator limitations.

In principle the computations presented in this paper could
rely on bus voltages provided by a standard state estimator
processing SCADA measurements. However, SCADA data. 1. Two-dimensional illustration of system trajectory
are not collected and state estimators are not run at the rate
considered here (and hence some proposed filtering would no©ur goal is to identify one point of the trajectory where
be possible). Furthermore, standard (nonlinear) staim@st some linear combinatiorf = c’'s of the load powers passes
tors may encounter convergence problems in degraded systhrough a maximum, where is an ns-dimensional nonzero
conditions. Last but not least, the data collected by RTWesu vector. Note that is not known beforehand. In the simple case
from time skew that could make the proposed computationsFig. 1 withn, = 1, the f function amounts tgf =c x s .
unreliable in the presence of significant transients. The equif curves are the dotted lines parallel to thaxis. In

This paper does not consider the important problems thfe general case, the eqfitocus is an hyperplane orthogonal
PMU placement, communication infrastructure, measurémea the vector[0” ¢”]7. The maximum value of is reached

CTS = constant

z



at point M, where one of the eqyi-line is tangent to the Let us assume thap, has all distinct eigenvaluéso that its

trajectory. inverse can be decomposed into:
-1 I VZ'W;-T 9
B. Property of point M Pu = i ©)

=1
Let us show that the Jacobian ¢f with respect toz is \yherev, andw; are the right and left eigenvectors relative

singular at point M. _ _ __ to the eigenvalue\;, respectively. In the neighbourhood of
Indeed, this point is a solution of the constrained optlmlz%oint M, one eigenvalue - say, - is close to zero. Hence,
tion problem: the term relative to\. dominates in (9) and the following
max  f=cTs @) approximation holds:
. sz 1 vch
subjectto  ¢(z,s) =0 3) ¢, =~ )\—( (10)
The Karush-Kuhn-Tucker necessary optimality conditionstroducing (10) into (8) yields:
of the above problem are obtained by setting to zero the T
derivatives of the Lagrangian: 7o~ 7vc)\wc DS (11)
L=c"s+w' ¢(z,5) Furthermore, in the neighbourhood of M. is expected to be

very close to the left eigenvector of the zero eigenvaluéckwvh

with respect taz, s andw. This yields: satisfies (6). Using the latter equation, (11) can be resvritt

¢(z.5) = 0 4) & cTs
dTw = 0 (5) Z ™V, " (12)
ct+olw = 0 (6)

In this last expressiong”'s represents the time derivative

where ¢, (resp.,) denotes the Jacobian gf with respect of f = c¢’'s. Coming back to Fig. 1, consider point A of the
to z (resp.s). Sincec is nonzero, Eq. (6) implies thaw trajectory, close to M but reached before M. At this poing th
is also nonzero. Hence, from (5), one easily concludes tiigpe derivative off is positive. Similarly, at point B close to
the Jacobiang, is singular. Equivalently,p, has a zero M but reached after M, the time derivative @fis negative.
eigenvaluew is the corresponding left eigenvectd. Assuming that the trajectory passes smoothly from A to B
As is well known, second-order conditions have to be mEtrough M, the speed vectaris continuous. Hence, in (12) the
in order the solution of (4-6) to be a (local) maximum. W&hange in sign o&”s must be compensated by the opposite
assume that those conditions hold in the situations of qonc&€h@nge in sign of\.. In other words, as the system passes
here, where loads tend to increase their powers over thegperifOmM A to B, one real eigenvalug. changes sign.
of time that follows a disturbance.
Conversely, at a point wherg, is singular, Eq. (5) holds D. Using sensitivities
with a nonzero vectow. If this vector is such thap w = 0,

no combination of load powers is found to reach an extremuf. 1o need to explicitly compute eigenvalues ¢f.Instead
In the more general case whetd w # 0, the point can N sensitivities involving the inverse Jacobiaiy ' can be used.
principle be interpreted as a local extremum of a combimatio \ye consider the sensitivities of the total reactive power

of load powers. However, this may not correspond to voltag@ eration to individual load reactive powers. Let the load
instability. In practice, singular Jacobians are not exgedn reactive powers be grouped intp = [Q, QN]T The
= .on".

normal operating conditions but may be observed in degradgqyht sensitivities are obtained from a general sersitivi

To detect the change in sign of one real eigenvalue, there

conditions. formula [7] as:
T 7\ !
C. Eigenvalue movement along the trajectory 50,0 = ~¢q (¢z) Valy 13)
We show next that when passing through M, one rewhereV,Q, denotes the gradient ¢f, with respect taz and
eigenvalue o, changes sign. the ¢, is the Jacobian op with respect tag. With the model

Let us consider the “speed” vectgz” s7]7, where the detailed in the next section, this matrix includes 0's aral 1’
dots denote time derivative. Since this vector is tangetitéo [N normal operating conditions, the above sensitivities ar

trajectory, we have: positive, and usually larger than one. As point M is ap-
proached, one real eigenvalue approaches zero and the

[ b, o, } { Z } —0 @) sensitivities increase. After crossing point M, the sévisigs

s are negative due to the change in sigmef As the trajectory

from which one eaSIIy derives: 1We exclude the case of two (or more) zero eigenvalues as riesponds

) . to two (or more) distinct combinations of load powers beingximum at the
z=—¢, P8 (8) same time.



leaves point MA. moves away from zero and the sensitivitie®. Overview of the model

decrease in magnitude. Thus, when passing through M, thgsased on the above assumptions, the algebraic model (1) is
sensitivities change sign through infinity. obtained as follows.
In theory, all sensitivitiesSo,q, change sign at the same  pecomposing the bus admittance matli the vectorV

time, whatever the bus In practice, however, this effectis lessyt pys voltages and the vectdrof nodal currents into their
pronounced as one moves away from the region experienciag; and imaginary parts:

the largest voltage drops, because the numerator in (10) ~ -

becomes smaller [24]. Y=G+/B V=v,+jv, I=i,+ji, (15)
In pract|ce.,.Q|§cont|nU|t|es and trajectqry sampling MaY. o network relationd — YV take on

prevent sensitivities from reaching very high values, a wi

be illustrated later on. What is sought is a sudden change in Gv,-Bv,—i, = 0 (16)

sign, i.e. we seek to identify a discrete tirhesuch that: Bv, +Gv, —i, = 0 (17)

Sq,q;(k—=1)>d+ and Sq,q,(k) <d-  (14) \e take ther-th bus as reference by setting the phase angle

whered, > 0 andd_ < 0 are thresholds to be adjusted. ~ Of its voltage to zero, or equivalently:

ComputingSg,q merely requires solving one linear system o =0 (18)
with ¢, as matrix of coefficients an¥,Q, as independent vr
term. The main computational effort lies in the factorigati  The short-term dynamics model can be written in compact
of ¢,, for which efficient sparsity programming packageform as:
are available. In turn, the most expensive step is the optima
ordering of the matrix, which can be done only infrequently
(after major changes in topology, otherwise zero entriesoea 0 = g(x,vg, vy, iz, iy) (20)
used for outaged equipment). Sparse vector techniquesd CO\}\J/herex includes state variables such as flux linkages, ro-

Eﬁke Jadvgrtsge r?fbthﬁinfi(tar?j f[:or?hpor:enitsn%,fcr)gr.] Fltnaillyllt tor speeds, controls, etc. while (20) relates to the stafor o
the Jacobian can be €d to the region prone 1o vo a%?/nchronous and induction machines, static loads, SVCs and
instability, as shown in the companion paper [20].

. S ; .other FACTS devices, etc. Assuming short-term dynamics at
Eigenvalue computation is comparatively more demandi

. . . . . uilibrium as mentioned above, (19) is replaced by:
because it requires solving iteratively a sequence of tinea
systems of the same size. Furthermore, tracking the moviemen 0 =f(x,vy, vy, iz, 1iy) (21)
of eigenvalues in case of discontinuities due to e.g. OElds ad ) )
some complexity. For detection purposes, the easily coeput 1€ active and reactive powers consumed by the load at

the form:

x = f(xavzavyvizaiy) (19)

sensitivities were found to work satisfactorily. the sth (i = 1,...,N;) bus relate to voltage and current
components through:
I1l. SYSTEM MODELLING Vailgi + Vyilyi + P; = 0 (22)
A. Basic assumptions Uyilpi — Ugilyi + Qi = 0 (23)

The following l_)asm assumpﬂons_ are made: _ Hence, the algebraic model (1) consists of Egs. (16, 17, 18,
« the network is represented by its standard bus admittangg 51 2o 23) involving the vectors of variables:
matrix. Real-time breaker status information is used to =~

assemble this matrix; z=[v: vl il i x"|T s=[PiQ ... Py, Qn]" (24)

y "xr Ty
« the short-term dynamics of generators, automatic voltage

regulators, speed governors, static var compensatots, eté: !nally, the total reactive power generatigly used in (13)

are not tracked but replaced by accurate equilibriu'n% given by: N,

equations. This assumption is reasonable in so far as long- Q, = Z (Vyiioi — Vaiiyi) (25)
term voltage instability is of concern. Provision is made I ! .

for large transients that cause the system to deviate frorﬂ
o where the sum extends over all generator, synchronous con-
the assumed equilibrium;

« the long-term dynamics driven by OverExcitation Lim_denser and static compensator buses.

iters (OELs), Load Tap Changers (LTCs) and restorative
loads are reflected through the change in measured vék- Modelling the synchronous machine and its controls

ages from one snapshot to the next; In this section, the synchronous generator model is consid-
« Whether a generator is voltage controlled or field curregted in some detail. Other components are modelled in the

limited is known or detected. Equations are adjusteghme spirit.

accordingly; In theory, Egs. (21) are obtained by setting the left hand
» since the method aims at detecting a maximum of gde of (19) to zero. In practice, however, the reduced model

combination of load powers, only the consumed powegfetailed hereafter, extensively used in Quasi SteadyeStat

need to be known; no information about load behavioy)ss) simulation [7], [23], offers a good compromise betwee
is needed in the proposed method. simplicity and accuracy.

=1



Each synchronous machine is characterized by the lEmf where P° is the power setpointy involves the permanent
whose magnitude is proportional to the field current, and tispeed droop and f; is the deviation of the system frequency
emf E;’ behind saturated synchronous reactances. Assumimigh respect to its nominal value. This equation is easily
negligible armature resistance, the stator equations dttewv  modified in case the turbine operates at its limit.

in the machingd, q) reference frame as: With the short-term electromechanical oscillations ne-
s glected, Af; is common to all generators. This additional
0 Va 0 X Iy ) ) .
s | = + s 1 (26) variable is balanced by the phase reference equation (18).
E; v, -X3 0 I,

where X3 and X are the saturated direct- and quadrature-axis

synchronous reactances, respectively. In the sysiem) axes p. Fitting the z variables to real-time measurements
the above equation becomes: . ) ) )
As previously explained, at each time step, synchronized

( 0 ) — ( —sind  cosd ) ( Uz ) values of the bus voltage phasafsare assumed to be received
Eq cosd  sind Uy either from PMUs or (preferably) from a state estimator. The
+( 0 X ) ( —sind  cosé ) ( iy >(27) corresponding value of is easily obtained as follows.
-X; 0 cosd  sind Ly Referring all phasors to the-th bus and decomposinyg
whered is the rotor angle, i.e. the phase angIeE;;‘ in the into real and imagi_nary parts yields:the vo:ItageLsand Vy
(x,y) reference frameX; and X relate to their unsaturated  The corresponding nodal currerits and i, are obtained

valuesX, and X, through: from the network equatiens (16_,17). _ _
X _ X X _x Formally, the statex is obtained by solving (21) with
X=X, + 222 X2 =X+ ZLa— 2L (28) Va,Vy,i. andi, set at their valuesv,,¥,,i, andi,. For
k k the previously detailed generator model, the proceduresis a
where X, is the leakage reactance and follows:
= Eq (29) 1) Obtain the active and reactive currents as:
ES
q
is the saturation coefficient. A widely used model is: Ip=P/V = (valz +vyiy) /[0 + 0]
E=14+m(Vp)" (30) In=Q/V = (vyiz — vziy) /4/V:+ 1)5

where V; is the magnitude of the voltage behind leakage

. 2) determine the saturation coefficignfrom (32) and the
reactance, defined by:

saturated reactances from (28)

Vi=V +jX,]I (31) 3) determine the generator internal angle [7]:
Expressing voltages and currents in terms of their compsnen — uret X, Ip
(30) becomes: YA\ X; I

. . n/2
k—=1-m [(““ = Xiy)? + (vy + X”w)Q] =0 (32) 4) and therefrom the rotor angle é = ¢ + arctg (v, /v,)
With X; and X; given by (28), the two equations in (27) 5) compute Ej = (V + X Ig)cosp + X Ipsing
make up the stator equations of the type (20). There are thre§) and therefrom the emf E, = kE;.
algebraic variables of the type, namely E%, § and k, that
must be balanced by three equations of the type (21). The first
of these equations is (32). The remaining two are provided By Fitting the model to OEL status

voltage and speed regulations, as detailed next. The switching of generators from AVR to OEL control plays

For voltage contrel, one of the following relations holds: an important role in voltage instability [6], [7] and, hende
« under Automatic Voltage Regulator (AVR) control: must be accounted for.

o s o / In the best case, information could be sent by power plants
«=GV"=V) & kE; -GV vz ) (3:?) about the status of their field current: below limit (normal

whereG is the open-loop static gain arid the voltage operating mode), over limit (temporary overexcitatiompited
setpoint: (after OEL activation).
poin . To avoid sending the OEL statug;, can be compared to
o under field current limit: li _ i
_ _ E,;™ corresponding to the rotor current enforced by the OEL.
E,=E/"™ & EkE;-E'" =0 (34) If E, < El™ —e¢, the machine is under AVR control and (33)
6{5 used IfE > El”” + ¢, it is concluded that the OEL is
g?omg to act after the overload time is elapsed. The tolexranc
€ accounts for noise, OEL inaccuracy, etc.
Furthermore, anticipation of the OEL activation will be
P=P°—alAf, & vy, +vyiy — P°+aAf, =0 (35) considered in the companion paper [20].

These equations are easily extended to error-free volt
regulation, constant reactive power or armature curremit.li
Speed control is accounted for by:



1 1 with LTC lower

Thévenin | | Ps 0.95 limit of 0.92 |
equivalent Vg oeo >
4 r:1 | 0851 maximum load power crossed )
@@_ 5 0.8 at Vi ~0.905 pu and t ~ 122 s 4
2 0.75f b
Fig. 2. 5-bus test system 0.7+ with LTC lower
limit of 0.80
0.65F
0.6
IV. ILLUSTRATION OF METHOD ON A5-BUS SYSTEM 0s5L ; ,
L. ’ t
A. System description 05 i i ‘ i
. . . . i 0 50 100 150 200
The system, largely inspired of one detailed in [7], is shown
in Fig. 2. It involves the Thévenin equivalent of a remot&id- 3. Case 1: Voltage at bus 4
system, one generator, and one load fed through a transforme =
equipped with LTC. Most of the load power is provided by 01}
the remote system (bus 1) through a rather long, doublestirc 0.05¢
transmission line. on | T
The load behaves as constant current and the LTC has ~0.05f OFL
different delays on its first and subsequent tap changes. For ~0.1{ [ line tripping activation
the generator at bus 2, a 6th-order model is used, togetti@r wi ~0-15¢
a simple representation of its speed governor, AVR and OEL. Rl
The OEL has an inverse-time characteristic. 02 R

The disturbance considered is the tripping of one circuit

between buses 1 and 3, ait= 1 s. The system response':ig- 4. Case 1: discrepancy between thig values provided by detailed
. . . ' . . . simulation and model at equilibrium, respectively
is obtained by variable-step numerical integration. Allsbu

voltage phasors are sampled every 0.1 s, and used as mea- 05
surementsV (without adding noise in this simple example). e
This sampling rate is higher than needed for tracking largat o
voltage instability, but compatible with recent technoldd],
[3]. It was chosen to track the effect of short-term transien 05 Sf}mtion
short-circuit cleared
. by line opening
B. Case 1: LTC starts responding after OEL has acted -1t
We first consider a situation where the OEL is activated t(s)
before the LTC starts responding, so that their effects are 1% 10 20 30 40 50

clearly separated in time. a5 Same di i Fid. 4 but with an initial seoduit applied
. . . 1. o. ame discrepancy as In FIg. ut with an Inital oauit a e
The evolution of the voltage at bus 4 is shown with heavyg pancy g PP

line in Fig. 3. One can recognize the effect of:

« quickly damped initial electromechanical oscillations; as shown in Fig. 5. However, the discrepancy does not last for
« the OEL acting at = 30 s, thereby withdrawing voltage a |ong time, and changes sign owing to the oscillatory respon
support near the load; of the system. Such transients can be easily accounted for by
« the LTC that starts acting at= 51 s, trying to restore the waiting for some time (typically 1 second) before issuing an
voltage at distribution bus 5, and hence the load powegjarm.
« eventually, a faster instability causing voltage collapse Before and after the OEL action, as well as in between
As already mentioned, the sensitivities refer to a model theuccessive tap changes the system has time to reach Short-
neglects short-term dynamics. To illustrate the accurédlyis Term Equilibrium (STE) points [7]. A, B, C and D in Fig. 3 are
simplification, Fig. 4 shows the difference between the éipf examples of such points. Each of them satisfies the algebraic
provided by detailed time simulation and its approximatiomodel (1) (namely Egs. 16, 17, 18, 20, 21, 22, 23) for différen
computed from snapshots, assuming the generator dynan@¢s. and LTC states. These points are also shown in the next
at equilibrium, as detailed in Section IlI-D. A discreparisy two figures.
observed essentially during the transients that followlithe In Fig. 6 voltageV, has been plotted as a function of load
tripping and, to a much lower extent, when the generator astive powerP, (see Fig. 2) in the range of values of interest.
switched under field current limit. The difference should b® is the initial operating point. The system PV curve after
compared to the IimiEfI’”” = 2.825 pu enforced by the OEL; OEL action is shown with dashed line; it has been obtained
it remains very small. by joining the STE points such as B, C, and D.
Expectedly, a larger error is experienced when an initial There from, the instability mechanism is easily seen. Both
short-circuit (cleared by the same line opening) is conside the line tripping and the field current reduction decreage th



o Vo) . Note that bus 3 with its zero load has been treated as bus 4.
° Thus, near the switching point, the linear combination afdo
powersc’s = 0.6199 P; + 0.9787 Q3 + 0.7341 Py + Q4 is

maximum.
> maximum load Note that in standard load power margin computations the
0.9t \ < power crossed . c vector is chosen beforehand, by specifying the pattern of

at V4 ~ 0.905 pu K A A
load increase. Here, we have no controlorit is dictated by

the system dynamics, which are significant only in the area
affected by the disturbance. The above values make sense,
with components higher for reactive than active power, and a
os8r ~ pouy ] bus 4, more remote from generation than bus 3.
122 24 26 28 13 132 Note also that the vector is not unique. Indeed, denoting by
s, any sub-vector o, and byc, the corresponding sub-vector
of ¢, it is easily seen that!'s, is maximum together witke”'s,
provided the corresponding sub-vectorwfis nonzero, and
Sa,0. assuming that the other componentssaire kept constant.
sof . In this example, the instability of the LTC long-term dy-
L e namics is the trouble cause, and it results in instabilityhef
| short-term dynamics [7]. Indeed, in its unsuccessful gitem
‘ to restore the load voltage, the LTC drives the system to so
low voltages that the field-current limited generator at Bus
-s0f l . looses synchronism, and makes voltages plunge. This iy easi
checked by reducing the range of LTC action. The dotted curve
in Fig. 3 corresponds to the lower limit of the ratio(see
Fig. 2) increased from 0.80 (yielding the evolution showithwi
#(s) solid line) to 0.92. In this case, the system does not reagh th
0 50 100 150 200 point where short-term dynamics becomes unstable, bigsett
at a voltage below.905 pu corresponding to maximum power.
The sensitivity evolves as in Fig. 7 upte= 150 s, from which
it remains at a constant negative value.

maximum power that can be delivered to the load to 12.77 pu/AS cléarly shown by this example, the detection of maxi-

i.e. less than the initial load power of 13.35 pu that the LTEMUM load power is an indication of long-term instability of
tries to restore indirectly. LTCs, unable to restore load powers to their pre-disturbanc

Under the effect of the tap changes, the system pas¥ es. Note that this detection takes place early befastesy

through the maximum load power at a voltage~ 0.905 pu. Cr? Iapﬁe, when vcf)ltagesdare T’ti” “nk())rma(:”, typically hel{h
It is seen from Fig. 3 that this takes placetat 122 s. than the setting of an undervoltage-based protection sehem

Figure 7 shows the evolution of the sensitiviy, . It It could be argued that the system evolution shown with

represents the additional vars to be produced by the gemer t_ted curve in Fig. 3 is_.n.ot unstable. Indeed, the LTC
of bus 2 and the remote network when consuming 1 mo jfting its limit has a stabilizing effect. On the other hand

var at bus 4. The change in sign expected from theory tge flnaII: operatlng pomt_ is little _wzble ar:jd _clzlertalnly not
clearly seen. It takes place at~ 122 s, which is in very SECUre l:)rbnl"nstance, gnymcrelase md emanW Wlh call;slﬁiurt
good agreement with the curves in Figs. 3 and 6. uncontrollable transmission voltage drops. We thus belibe

In principle, the sensitivity values are consistent witke thalarm issued by the sensitivity is acceptable in view of this

assumption of steady-state operation only at the STE poinEllEd the garly detection !t_t)_ffers In-more Qangerous scesario
C is the last STE point where a positive sensitivity is oledin No_te fmqlly that_ sensitivities change sign near th_e end of
while D the first where a negative value is observed. Tﬁ'ge simulation. This corresponds to the above mentionesd los

sensitivity switches from +68 to -28. In between two STI?:c sygch_rombsn_w. This is of little cog_cgrn since the system is
points, the system had some transients and the sensitiaitie 2"€2dY In obvious emergency condition.
the sampled points took much larger values, as shown from

the figure. C. Case 2: LTC starts responding before OEL acts

Va:zuer;hir ag%'ggfafh%\ﬁ g];(tjh:n‘];c%bnﬁvau:ggf arg) gz%eln' A shorter initial tap changer delay and a longer overload
o P 9 = +0. of the field current are now assumed, so that the former

at point D’. thus conf.|rm|ng the_zero crossing. From thsetarts responding before the latter is activated. Furtbezm
corresponding (normalized) left eigenvecwr the ¢ vector

is obtained from (6) as: an initial operating point with 14.2 pu of load active power
' is considered. The system response to the same disturtsance i
Py Qs Py Q4 shown in Fig. 8. It is easily seen that the OEL acts after the
c=—¢lw=106199 0.9787 0.7341 1.0000 |7 5th tap change.

Fig. 6. Case 1: PV curve at bus 4
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Fig. 7. Case 1: Sensitivity, g,
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Fig. 9. Case 2: PV curves at bus 4
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Fig. 10. Case 2: Sensitivitgg, ¢,

As in Case 1, an early warning is obtained. An even
earlier alarm can be obtained by anticipating the field eurre
limitation of the generator, as shown in Part 1l [20].

V. CONCLUSION

This paper has revisited some properties of sensitivities
and further investigated their behaviour in the neighboath
of a maximum load power point, with the aim of devising
a wide-area criterion to detect long-term voltage insigbil
from bus voltage phasors provided by PMUs. The sensit&vitie
of reactive power generation to reactive power loads are
considered. Their change in sign through large values make

up the sought criterion. The algebraic model from which the
Jacobian is derived assumes the short-term dynamics to be
The PV curves obtained as in Case 1 are shown in Fig.a&.equilibrium. Load responses to disturbances do not appea
As a matter of fact, there is one PV curve before and offie the model, thereby avoiding a great source of uncertainty
after the OEL activation. Note that the LTC had restored it§ real-life applications. Last but not least, the seniitiv
voltage (and hence the load power) by the time the OEL acté@mputation is quite compatible with the targeted reaktim
(transition from B to C). Definitely, this is no longer podsib application.
after the field current is limited. The criterion has been illustrated on a 5-bus system. The
The interest of this example is in the fact that, whefriterion is shown to identify the point where the “nose” of
entering its final configuration, the system finds itself elothe PV curve is crossed after a large disturbance leading
the corresponding maximum power point, as suggested by tReinstability. This example also points out the sensiivit
slope of the final PV curve near point C. Thus, the systehghaviour when an overexcitation limiter comes into play.
does not cross a maximum power point but jumps from one
side of a first maximum (point B) to the other side of a second
maximum (pomt C). . . . . E] A. G. Phadke, “Synchronized Phasor Measurements in P8ystems,”
The sensitivity evolution is shown in Fig. 10. The last STE " |Eee computer Applications in Power, vol. 6, no. 2, pp. 10-15, 1993.
point with positive sensitivity is B while the first STE point(2] Ah- G. Ph;'sldke, and J. S. Thorfynchronized Phasor Measurements and
; ; [FEREPR their Applicationa, Springer, 2008.
with negative Se_n_SI_tI_Vlty IS C As expected from_ the abOV[(3] D. Novosel, V. Madani, B. Bhargava, K. Vu, and J. Cole, {aof the
remark, the sensitivities at point B (1.44) and at point Cq14} Grid Synchronization: Benefits, Practical ApplicationadeDeployment
do not have as large magnitudes as in Casénlbetween the Strategies for Wide Area Monitoring, Protection, and CokitrIEEE
two STE points, under the effect of transients, the seritsgtss . Power and Energy Magazine, vol. 6, no. 1, pp. 49-60, Jan. 2008,

. T [4|1 P. Pourbeik and C. Rehtanz (conveners), “Wide area mong and
reach much larger values, emphasizing the change in sign. TOcontrol for transmission capability enhancement,” Finapgt of CIGRE
face the case where no such transients would be observe?,] itworking fg)kur) C4-601,IkJan- 2007. § | "
; ; ; 5] A. G. Phadke, H. Voslkis, R. M. de Morales, T. Bi, R. N. Naya
!S safe to take a IOWQE+ "’T”dlor a h_lgh(?d* m_the test (14) Y. K. Sehgal, S. Sen, W. Sattinger, E. Martinez, O. Samue|s§h
in order to correctly identify the switching point. Novosel, V. Madani, and Y. A. Kulikov “The Wide World of Widarea
Measurements JEEE Power and Energy Magazine, vol. 6, no. 5, pp.52-

2Sensitivities changing sign without passing through lafge theory 65, Nov. 2008.
infinite) values can be experienced under smooth parambaterges, when [6] C. W. Taylor, Power System \oltage Stability, EPRI Power System
crossing a loadability limit where a generator reachesibst [[31], a case Engineering Series, McGraw Hill, 1994.

referred to as limit-induced bifurcation in [28]. In thisarple, however, the [7] T. Van Cutsem, C. Vournas/oltage Stability of Electric Power Systems,
sensitivity jump results from the delayed operation of tHeLO Springer (previously Kluwer Academic Publishers), 1998.
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