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Abstract—Emergency voltage control problems in electric nonlinearities but simple enough to remain a viable control
power networks have stimulated the interest for the implemata-  tool for application in such a critical setting. A number of
tion of online optimal control techniques. In this sense thee have predictive control schemes based on different control rsode

been a number of publications in the past few years concerng d obiecti has b ted and d in th t
the employment of predictive control schemes to counteradcthe ana objectives has been presented and proposed in the pas

possibility of voltage collapses, all of which inherently ely on a few years including, for example, [3], [4], [5], [6], [7], 8

prediction model of the network to choose the control action [9]. The proposed work draws on previous results obtained in
to apply onto the system. The tradeoff between complexity the aforementioned publications and assesses the cofnparat
and accuracy of the chosen model is therefore relevant in the performance of alternative control models in terms of both

derivation of the control scheme, as for such a system-crital d lexity f lected network b h K
real-time application it must yield reliable predicted values whilst accuracy and complexity for a selected network benchmark.

avoiding an excessively onerous degree of complexity. This paper is organized as follows. Section Il gives an
overview of the considered network benchmark, while Sectio
. INTRODUCTION Il presents the control problem. In Section IV, MPC and

The last decade or so has withessed a common trenditgrapplication in the context of voltage control according
the restructuring and privatization of electrical powestsyns the different modelling techniques are briefly reviewedeTh
taking place at an international level, also entailing #lattri- proposed scenario and simulation results are shown indsecti
cal networks are nowadays placed under more physical strairand the conclusions outlined in Section VI summarize the
to fully economically exploit the system infrastructuré;tke main results obtained.
same time, due to environmental reasons, it is usually ditfic
to expand the network by means of new transmission lines.
All this accounts for the fact that nowadays electrical rarks The case study under consideration is based on a simpli-
are placed under greater strain than before. Thereforaske ified model of the Nordel grid describing the interconnected
of malfunctioning and/or system collapse has increased, tesnsmission system of Sweden, Norway, Finland and eastern
also confirmed by the recent large scale blackouts through@enmark [6] and is shown in Fig.1; a complete description
the world [1]. The present situation calls for appropriatean be found at [10]. For the purpose of the proposed work
countermeasures to be taken in the direction of supersedfingt-order load dynamics have been added to loads at Buses
still commonly used, local control schemes (such as undérough11 [11]. Indeed, it is these load dynamics which are
voltage load shedding) with schemes capable of capturiag tiypically responsible for classical voltage decay phenmsme
complexity of the global system dynamics. This is in linetwit Following a disturbance, such as the outage of a component in
new research trends dating back to the last decade, on tise be grid, the load dynamics act to restore the power demand,
of which it was foreseen that "the time taken by the... (\@dfa possibly beyond the capability limits of the damaged system
instability to develop, while short for a human operatorpao  As the self-restoring dynamics of the load take place genera
be ample for a modern computer executing efficient softwat@rs try to sustain voltages in their vicinity by means ofithe
to identify the problem, warn the operator and suggest automatic voltage regulator (AVR) [2]. After the capalilit
trigger corrective actions. Such protection, based upehinen limits have been reached the AVR controller saturates and
system analysis and adapting its decision to the distubarappropriate control actions must be taken if voltages hate n
of concern, deserves attention, although it is still beytral yet been adequately stabilized. Local controllers areuthedl
state of the art” [2]. for all generators, that is the turbine governors, the AVRs

Accordingly, the recent past has seen an increasing iterasd the Power System Stabilizers (PSS) modulating the AVR
in novel voltage control methods employing on-line meaeference signal in order to dampen frequency oscillations
surement and computation procedures that collect availaBlhe synchronous machines are represented by a fourth order
measured data, analyze the predicted evolution of the sysnsient model describing the mechanical states plus the
tem based on an analytic model of the network itself arfitld and damper winding dynamics [12]. The network model
therefrom deduce an optimal control input, namelymodel overall has over 800 differential and algebraic variabldse
predictive control(MPC) schemes. For such schemes it iavailable controls are the reference voltages of the AVRs,
clear that the type of the employed control model is of thehich lie in the interval 0.90-1.05 p.u., and the selected
utmost importance: it must be sufficiently accurate to captushedding factors of the loads, varying between 0 (no load
the behaviour of the network’s composite and variegatetiedding at all) and 1 (the whole load is shed).

II. NETWORK SYSTEM AND DYNAMICS
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solving the associated optimization problem. The first caint
@—1’—1 o _f@ move in the optimal sequence is then applied to the system
e and the procedure repeated at the successive samplingtinsta

Buszs when the updated value of the system state is measured and

0 _<L9 taken as the new starting point for the optimal control peahl
S Bus0s oo T Further details about MPC can be found in [13].
S bt B. Discrete Time Control Model
Due to the overall complexity and nonlinearity of the
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grid dynamics for a power network of realistic dimensions a

-I'BUS“‘ - common way of deriving a workable control model is online
(i.e. at the specific sampling instant) linearization andeti
discretisation of the system equations at the given operati

Bus12 s Bus0S
j i point. The result is a model of the form

Bus21 Bus11 £3%,2Bus20 I(k + 1) = Akx(k) + Bku(k) + fk (1a)
—f Lf‘ Li) y(k) = Cra(k) + Dyu(k) + ey (1b)
u(k) el (1c)

W wherein z(k) denotes the system states (describing the
dynamics of the synchronous machines with associated con-

trollers and of the loads);(k) the system ouputs (comprising

]
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“’f’r‘\—l— Bus08 among other values the bus voltage magnitudédhe set of
constraints on inputs(k) (AVR references and load shedding
Fig. 1. Topology of the considered network settings) and: the discrete time instant in the prediction hori-

zon of the optimal control problem described in the follogvin
subsection; since the linearization is performed onlin&ices
and vectorsdy, By, fx, Ck, D ande; are in general time-
) ) ) _varying, as indicated by their subscript.

Following a disruptive event, such as an outage in the the tormulation of an adequate discrete time control model
network, the primary aim of the emergency control scheme ot naramount importance in the development of a consisten
is to keep all voltages at values between 0.9 p.u and 1.15 Ry effective optimal control scheme. It must be sufficient]
that is sufficiently close to the nominal point of operation taccurate to capture the system dynamics but should be simple
ensure that the system is adequately far away from the poipfy ,gh to remain viable for online derivation in such a safet
of collapse. The secondary aim is to minimize switching Qfyitica| application. In view of these requirements a set of
the control mqus and to effgctwe_ly restore thg system _toaﬁ'ternative control models of varying complexity/accyradll
steady state point of operation with constant input sedting,o -onstructed and employed in the proposed simulations
Load shedding must be furthermore avoided unless requifgdyqer to assess their comparative performance, based on
to fulfill the primary objective. Finally, it is also desir& o following approaches: i) trajectory sensitivities zigro-
to maintain the bus voltages relatively close to their n@hing yer-hold (ZOH) iii) trapezoidal or backward Euler and
value 1 p.u.. iv) forward Euler. The latter three methods are standard
integration techniques [14] employed for obtaining disere
o time representations of differential-algebraic systehie first
A. Model Predictive Control approach is based on the work presented in [15] and employed

Model Predictive Control (MPC) has been traditionally anih [16], [4], [6] in the context of both power systems anadysi
successfully employed in the process industry and has maired controller synthesis. Trajectory sensitivities amgetivary-
recently been the object of study and investigation in powarg sensitivities derived along a predicted nominal trejec
system control research [3], as it is a systematic control the system, computed by considering the full continuous
method allowing to define complex, multivariable systentime differential dynamics. They describe possible changfe
subject to constraints by directly formulating an approaien conditions from which the nominal trajectory is predicted,
discrete-time control modeidf the plant. The desired controlwould be the case for example for a modification in the control
aims are replicated in an appropriately selected cost ilmmctinputs. By exploiting perturbation analysis theory andc#fie
mirroring the order of importance of the imposed objectiveproperties of the system’s Jacobian matrix trajectory ifens
The control action is obtained by minimizing the cost fuanti ities afford an accurate reproduction of the nonlineareyst
at each discrete time sampling instant over a finite horizdwehavior using a considerably reduced computational lourde
subject to the equations and constraints of the model,shat i with respect to the full non-linear integration of the syste

IIl. CONTROL PROBLEM

IV. CONTROL SCHEME



trajectories; however, they are still more onerous to campu V. SIMULATION RESULTS
if compared with any of the other foregoing approachesi)-i

Additionally, approaches ii)-iv) have also been appliedito AS @ sample case study the double outage &t 2 and
simplified representation of the network equations; spzmgifi ¢ = 12 Seconds of the lines connecting nodes 11-21 and 10-
in the context of a wide variety of voltage stability relatedl 1S considered, thereby creating a radial connection from
issues and as mentioned in Section I1, the primary drivimgdo "°des 20 to 8. Fig. 2 depicts the subsequent evolution of
behind voltage decays is the behaviour of the load dynamid€ network voltages if no control action is taken. As can be
These typically act on a slower time scale than the dynanfics35e" following the disturbance fast oscillations |n|yai.hse in
the synchronous machines with associated local contsplier thg network voltages due to the generators’ dynamics, ket ar
that the equations describing the latter may be assumed to4jimately dampened out by the local controllers; subsetiye

at steady state and only the former retained in a reduced orHi¢ /0ads’ slower self-restoring dynamics come into plagl an
differential-algebraic description of the system whegefrthe Progressively evolve causing a gradual decay in the voitage

control model is derived. Correspondingly, the thus ofetdin PUS€S 7 through 11, until after about a minute the configumati

approximation will be referred to as theducedcontrol model, ©f the grid is physically unsustainable, ultimately leagito

whereas théull control model shall indicate that the complet&0!lapse. Adequate control action must be therefore bentake

system equations have been employed in the linearization !0 countervail the possibility of system blackout and resto

the grid to an acceptable operating state.
C. Optimal Control Problem Formulation For the MPC scheme a sampling time of 4 seconds has been
. . . chosen, that is the optimal control problem is formulated an

The implementation of the MPC scheme entails the formgblved with this periodicity. The prediction step lengthtioé

lation of a cost function horizon is set to 1 second and the lengttof the horizon is

N-1 chosen to be 12, so that the future 12 seconds of the system
J = S(k+£|k) (2) behaviour are predicted and the first 4 optimal control moves
(= are applied to the grid; for consistency these are congtlaim

be equal in the prediction, as this reflects the effectiverobn
setup. Concerning the weights to be used in the cost function
f not otherwise indicated the entries in the diagonal pgnal
ricess, Qaw, Q. (used to actually penalize only the level
of load shedding employed) argl, are respectively set to be
S(k) = s(k)TQss(k) + u(k)T Quu(k)+ 108, 1000, 5000 and 1.
Au(k)TQauAu(k) + verr (K)T Quverr (k) (3) A set of MPC controllers was derived based on the consid-
erations made in Section IV starting from different possibl
and thus comprises four terms respectively penalizingltteks control models, and their performance is illustrated in the
variabless(k) (which measure how far below or above each dbllowing. In the presented case studies control modeledas
the bus voltages is beyond the prescribed bourtis)k) = on ZOH/forward Euler/backward Euler approaches yielded
u(k)—u(k—1) (i.e. the variation of the control inputs betweendentical or near-identical results, so that only the ressul
successive time instants)(k) (the control inputs themselves,corresponding to the ZOH approach are shown in the plots.
in this case actually only the load shedding employed) andCase 1 Simulation results stemming from the first controller
verr (k) (the distance of each bus voltage to the nominal pay be considered, based on a model derived from trajectory
unit value); the (positive) penalty matricés, Qa., @, and sensitivity analysis, are depicted in Fig.3. As can be seen
@, mirror the different priority levels of the control objeatis. following the outage control action is taken on the load shed
The control law at time-instant is then obtained by ding, specifically at buses 8 and 9 (i.e. at the extremity ef th
building online a model of the system of the form (1) andadial connection), in order to alleviate the strain undbicl
minimizing the objective function (2) over the sequence dhe network would otherwise be placed and restore system
control inputsU = [u(k),...,u(k + N — 1)]7 subject to the voltages to acceptable levels. Subsequently the AVR gsttin
derived model equations and constraints. of the generators are adjusted to try to maintain voltagsss ju
Notice that the sampling interval need not necessarily lo@ the border of the acceptable region of operation.
equal to the prediction step employed in the horizon, that isCase 2 Employing a control model constructed through
the successive sampling instant and thus the successimgabpt ZOH time-discretisation of the full system equations yéeld
control problem instance do not have to temporally coincidbe results shown in Fig.4. Again, immediate action is taken
with the first predicted step. With a slight abuse of notatidio increase voltage levels; notice that in this case loathésl s
this is not explicitly featured in the above formulationgthat practically all buses of the radial connection, in costtta
substance of which however remains unvaried: a set of optin@ase 1. Furthermore the load shedding employed is adjusted i
inputs is computed at a given sampling instant over the ¢hosgrder to try to reduce the overall amount of load disconrtecte
horizon and thdfirst few control moves up to the followingwhilst keeping voltages at their prescribed limits, butdese
sampling instantre then applied to the physical system. of the reduced accuracy of the model this induces extensive

penalizing thepredicted evolution of the stage cost(k +
¢|k) from the discrete time sampling instahtover the finite °
horizon N by employing the quadratic norm. For the contrd
problem at hand the stage cost is chosen to be the expres
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Fig. 2. Proposed simulation scenario (2) Bus voltage magnitudes

chattering in the control inputs, which is undesirable esly
in the case of load shedding.

Case 3 Using a control model deduced through ZOH
approximation of theeducedsystem equations yields a similar
outcome to that of Case 2, as portrayed in Fig.5, illusteatin
that at least for the specific control problem neglecting the  _
faster dynamics does not introduce any significant addition
errors.

Case 4 By slightly modifying the cost function the perfor-
mance of the controller derived in Case 2 can be improved,
specifically by increasing the penalization for the dewiati
of the load shedding settings by a factor of 20. A controller Fig. 3. Simulation results for Case 1
based on the same model utilized therein then yields the be-
haviour illustrated in Fig.6. Load shedding is now only ktiyg Case 1] Case 2 Case 3| Case 41 Case 5| Case 6
adjusted in order to reduce the amount of load disconnected 5003 | 2067 | 1.999 | 1.961 | 1.945 | 2119
whilst maintaining voltages at their lower bounds. TABLE |

Case 5 The same modification in the cost function has AVERAGE AMOUNT OF OVERALL LOAD SHED
been used for the model considered in Case 3. Similar results
are obtained as in Case 4, see Fig.7, showing that with the
appropriate adjustments similar performance can be dadain
with simpler dynamical models. turn mirrored in the type of controller response achievete T

Case 6 Lastly, simulation results achieved with a furthetontroller based on the trajectory sensitivities appra@ase
slightly modified cost function based on a ZOH approximation) captures the multi-objective nature of the problem arst po
of the full system equations are presented in Fig. 8. For thiesses the precision required to tune the AVR settings ierord
case the cost function has been changed so as not to inclideadhkeep the voltage values at the limits; controllers based o
weighting term penalizing the absolute value of load shegldimodels of reduced accuracy (Cases 2 and 3) seem to push the
employed, yielding a controller which simply keeps voltagereferences to their upper bound and subsequently can be pron
within the imposed bounds and does not try to reduce thggenerating some undesirable chattering in the load shgdd
amount of load shed; this would implicitly push some busut by adjusting the cost function coefficients (Case 4 and
voltages just at the lower admissible limit as illustratadhie 5) this phenomenon can be considerably attenuated. Finally
foregoing case studies. Rather, a slightly higher amount l9§ eliminating entirely one of the objectives, the simptifie
load is disconnected than before and all the AVR referencesntrol problem can be solved by just restoring the system
are kept to their upper limits so that voltages are restavel tto a safe region of operation. Concerning the complexity of
safe range of values; subsequently no further action isntakfye aforementioned methods, an elementary analysis of the
since maintaining the given input profile constant con#u computational burden related to each has been performed by
the cheapest control strategy according to the modified ceghply recording the average amount of time needed to build
function. The same results are obtained also with a reduagé control model online on a standard Pentium IV 3GHz
control model. machine running Matlab 7.0: the model based on trajectory

Assessment of ResulfBhe different control models yield sensitivities requires about 4.9 seconds, the ZOH integrat
varying degrees of accuracy in the prediction which are takes about 0.47/0.36 seconds and the forward/backwaet Eul
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Fig. 4. Simulation results for Case 2

methods take 0.27/0.16 seconds (full/reduced system equa-
tions).

It should be underlined that the above considerations tpeci
ically exploit the fact that classic voltage decay behawiou
typically manifests itself through a relatively slow, mdon-
ically decreasing evolution of system variables; the prtesk
approach would presumably not be applicable for example to
power system oscillations or related phenomena.
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VI. CONCLUSIONS ! v T e v v
A comparative assessment of prediction models in MPC (a) Bus voltage magnitudes
control approaches for dealing with voltage stability &su
has been presented and discussed. Depending on the control
setup and required objectives, also simplified models based
standard integration procedures and neglecting fasteardias
can still yield satisfactory performance.
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