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Abstract—A case study dealing with long-term voltage instabil- OverExcitation Limiters (OELS) enforcing generator réset
ity in systems hosting active distribution networks is reported in - power limits. The control of distribution voltages by DG tmi
this paper. It anticipates future situations with high penetration ignoring the weakening of the Transmission Network (TN)

of dispersed generation, where the latter are used to keep . o .
distribution voltages within desired limits, in complement to may accelerate long-term voltage instability, by addinghie

load tap changers. The interactions between transmission and /0ad power restoration effect of LTCs.

active distribution networks are investigated on a 3108-bus test  On the other hand, since a higher controllability of DG
system. It involves transmission grid, large generators, and fost  ynits will be available, it is expected that distributiontwierk
distribution networks, each with dispersed generation steered by operators will be requested to support transmission nétwor

a controller inspired of model predictive control. The reported . . o
simulations show the impact of distribution network voltage operators in stressed operating conditions [6], [7]. Asdar

restoration as well as the benefit of load voltage reduction €mergency voltage control is concerned, the DG units, being

actuated by the dispersed generators. located close to the loads, offer additional flexibility erform
Index Terms—Active distribution networks, voltage control, 10ad voltage reduction. This well-known technique expsloit
voltage stability, emergency control, load voltage reduction. the load sensitivity to voltage to decrease the demand 8], [

[9]. Although not as effective as (under-voltage) load steg
| INTRODUCTION [10], it may be applied as a first line of defense. The same
' technique, known as Conservation Voltage Reduction, igl use

SMAL_L Dispersed Generation (DG) units operating af, reduce peak demands and energy consumption [11], [12].
distribution level are expected to supply a larger and farge rragitionally, load voltage reduction is actuated throwgh

percentage of the demand [1], [2]. This proliferation of DGgqyction of the voltage set-points of LTCs controlling TN-
and the advances in infocommunications are key driversef th, transformers, and acting on a single distribution bus.
transformations seen today in Distribution Networks (DN). This paper proposes a new scheme, complementing LTC
The increased penetration of DG has given rise (o new 0pggjage set-point reduction and acting on DG units. In ndrma
athnal problgms, such as oyer-voltages and thermal @310 ¢ gitions, the DG units are controlled to keep the voltages
at times of high DG production and low load. In response i arious DN buses within a desired range. Once emergency
these problems (and to the decommissioning of convention@lgitions have been detected, the DG units are driven g bri

plants connected to transmission grids), DG units will bge pN voltages to a lower range of values, while the LTC
requested to provide more ancillary services [3]. Furtloeem voltage set-point is decreased accordingly.

new and better coordinated schemes relying on modern COMporeover, many of the DN control developments are made
munication infrastructure will be needed to control DG anit assuming the presence of a strong TN, i.e. stiff transmissio
Such schemes are at the heart of smart grids. They offgfiiages. This assumption is no longer valid in degraded
an attractive alternative to expensive network reinforeBm onerating conditions, when interactions between trargioris
as long as stressed operating conditions prevail for luinitg g gistribution systems become critical. The results nteplo
durations only. More specifically, this paper is devoted 1 this paper show that the behavior of DNV controllers are
Distribution Network Voltage (DNV) control. significantly affected in such cases.

This paper illustrates how DNV controllers can precipitate g aforementioned harms and benefits of DNV control are

long-term voltage instability. The latter results from te 4o ansirated on a large-scale system involving a TN inctydi
ability of the combined transmission and generation Sysmmmultiple DNs with dispersed generation, all represented in

deliver the power requested by loads [4], [5]. Traditiopaie  yetail As the timing of controls is critical, long-term dymic

driving force of instability is load power restoration thigh  g;m jations were performed to simulate the system resgonse
Load Tap Changers (LTCs) trying to restore DN voltages, ang, large disturbances.

hence, the load powers. At the same time, the maximum powefrhe remaining of the paper is organized as follows. Sec-
that the transmission system can provide to loads is redoged;jop, || reviews the static aspects behind the voltage phesmam
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Figure 1. Simple system with DN controlled by LTC and DG units Figure 2. Feasible region in the load power space

support from DN is implemented. The most salient points 8fack dot. After the line outage, the LTC will fail restoring

the paper are summarized in Section VIII. thg dlstrlbqtlon voltage td/? and, hence, the powdr + jQ

to its pre-disturbance value. These unsuccessful attemgpke

the transmission voltag¥ fall below an acceptable value.
Real-life systems are obviously more complex, with a load

power space of much higher dimension. Furthermore, the
In this section, the basic mechanism of long-term voltaggnits on generator reactive power enforced by OELs, for

instability as related to maximum load power [5] is revidite jhstance, contribute to further shrinking the feasibleioeg

in the presence of DG in the distribution network. For the simple system of Fig. 1, the feasible region, shown in
Let us consider a DN feeding loads and hosting DG unitsig. 2, shrinks under the effects of the line outage followed

as shown in Fig. 1. The voltage on the TN and DN sides of thg the reduction of the field current of generator G located

transformer ard/ and V,, respectively. The complex powerpext to the load.

entering the transformer on the TN sidefis-j@, and leaving  As mentioned in the Introduction, load voltage reduction

II. IMPACT OFDNV CONTROL ON VOLTAGE STABILITY:
BASIC STATIC ASPECTS

the transformer on the DN sid€; + jQa. in passive DNs consists of decreasibiy, and thereby the
power consumed by the voltage-sensitive loads. As a result,
A. Case of a passive DN the restored load power point can be moved as shown in

In traditional (passive) DNs, the DG units operate at COIl]:_ig. 2. This approach is only effective if the point enters th

stant active and reactive powers, i.e. they behave as mns;zdost—contingency feasible regian (not the case in the shown
power injectors. The loads, on the other hand, are sensit\'%ure)'
to voltage and hence the net load power + jQ4 can be
considered a function of. B. Case of an active DN
The LTC is initially in steady state, witl; equal to the  In this case, the DG units within a given DN are controlled
setpoint valué/y. Let us consider an incident in the transmiswith the objective of keeping the distribution voltages hiit
sion system causing drops in both and V. In response to a desired range. The units are assumed to operate at their
this, the LTC will adjust the transformer ratig in successive maximum available active power, thus no more active power
steps, to restord/; (close) toVy. If these tap changes arecan be injected in the DN. Furthermore, a decrease of the
successful, and assuming a negligible LTC deadband, fhgcted active power is not considered during low TN vaidtag
power on the distribution side is restored to the pre-digtnce conditions, as it would increase the net load povgr
value P;(Vy) +jQq4(Vy). Using the transformer model in the Thus, under the assumption that the TN voltageemains
lower left of Fig. 1, it is easily shown thaP + j@ is also almost constant, the DNV control will consist of increasing
restored to its pre-disturbance value. the DG unit reactive power productions when the monitored
The voltage instability mechanism for this simple systerdN voltages fall below some lower limit, and conversely for
can be conveniently depicted in the?, Q) space of load high voltages. By controlling the voltages at DN buses other
powers [5], [13], as presented in Fig. 2. In the latter, thethan the one controlled by the LTC, the DG units supplement
exists a feasible region, in which the combined generatiwh athe LTC. An algorithm to perform this task will be presented
transmission system model has (at least) one equilibriunt.poin Section IlI.
For load powers outside this region, the (algebraic) eqnati  When considering mild TN disturbances, the DNV con-
characterizing that system in steady state have no solutitnollers can contribute to supporting DN voltages, with the
Following the outage of a transmission and/or generatigossible benefit of reducing the number of LTC operations.
equipment, the feasible region shrinks. An increase of DN voltages is obtained by increasing the
\oltage instability occurs when the post-disturbance ifeaseactive powers produced by DG units. This has two opposite
bility region is so much reduced that it no longer contaires treffects. On one hand, the additional reactive power is @ggdor
point representing the restored load power. This is sketahe to the TN, thus reducing the net load powgr On the other
Fig. 2 with the boundary of the post-disturbance feasibility hand, higher DN voltages cause increased consumption by the
shown with solid line and the restored load power with @oltage-sensitive loads (both and Q).



A. Controls

In this study, it is assumed that a number of DNs have
their voltages regulated by DNV controllers, each gatlgerin
real-time measurements in its DN and acting in a coordinated
manner on the DG units of concern. As mentioned above, the
controllers do not exchange information with each other.

In the general formulation of [15], the control variables ar
Figure 3. Load power space: DN voltage reduction by LTC andub@s  the active and reactive power set-points of the DG units:

u(k) = [Pg(k)T Qg(k)T}T 1)

q In. voltagle uflfwstablfl_s_lfzcenazlods, tze [r)]G unlr:s rr}nqyfamphfy tr\‘/ﬁwereT denotes array transposition ahds the discrete time.
e:lrlrgenlta € eCt.O : S: ?‘ eed, t rougl t elrl asé)en-co An obvious countermeasure against voltage instability con
trolled electronic interfaces they may accelerate loatbras ;g increasing the DG active powers, so as to reduceethe n

tlondand_ tr;e fgllr]o; TTT\gltages.fHowlevedr, thley may dalsq BSower drawn from the TN. This study, however, concentrates
used, jointly with the » o perform load voltage reduatio ,, |54q voltage control and all units are assumed to operate

By reducing the DN voltages, the active power will at their maximum available active power.
decrease, and due to the more extended control throughou-;-he DNV controller monitors the voltages at some DN

the DN, that reduction is expected to be more pronouncqguses and.
As regards the reactive powy, the tV,VO antagonistic effects range, it brings them progressively within the desiredrirge
mentlongd above haye to be considered: the load reactMe o this is achieved, the controller stops acting.
power will decrease with the DN voltages but, to decrease the
DN voltages, the DG units have to reduce their reactive power ) )
productions. Thus, the net effect can be either an increaseBo Mathematical formulation
a decrease of). Both possibilities are considered in Fig. 3. At time k, the controller uses a sensitivity-based model to
In the left sub-figure of Fig. 3, it is assumed that bothredict the behavior of the system over a future intervahwit
P and @ decrease by an amount sufficient to bring back, discrete steps:
the restored power point into the post-disturbance feasibl ov
region, thus restoring a long-term equilibrium and giving a V(k+ilk) =V (k+i—1k) + —Au(k+i—1)
chance to the system to be stabilized. In the right sub-figure ou
it is assumed thaf” decreases buf) increases. For a post- + B1 AVgy(k+1i) i=1,...,N, (2)
disturbance feasibility region with bounda®, the system ctld
also recovers a long-term equilibrium, while for a regiontwi where Au(k) = w(k) — u(k — 1) is the vector of control
boundaryX; it does not. changes and/ (k + i|k) the one of predicted bus voltages at
In Sections V to VII, the above mechanisms are supportéine & +i given the measurements at tiheV (k|k) is set to
by simulation results, including dynamic effects in aduitio the measured values received at tilmevatrix %—Z and vector
the static considerations presented so far. 3?/:/1d contain the sensitivities of voltages to control variables
and to the LTC-controlled voltag®.,;4, respectively.
I1l. COORDINATED VOLTAGE CONTROL OFDG UNITS An important aspect is the coordination between the con-
) L troller and the LTC (if any). There are two options: eitheg th
The main features sought in this study for DNV control argirc voltage set-point is included in the contralsor the LTC
» being able to regulate voltage at DN buses other than tieleft to act independently but the controller anticipatesse
one controlled by the LTC, and actions [7], [15]. The latter option has been preferred is th
« being able to steer the DG units progressively along qudy for its higher simplicity. It is implemented throughet
trajectory from the current to the desired operating poingst term in Eq. (2), wheré\V, is the expected increase of
Althouth, any DNV controller complying with these requirethe LTC-controlled voltage after one tap change, a(&) is
ments can be used to perform these studies (e.g. [14]), theinary variable, equal to one if a tap change is anticipated
Model Predictive Control (MPC) scheme in [15] was chosetime k, and zero otherwise. When LTC actions are anticipated,
The latter dispatches the DG units in a centralized, coatdih N, is increased to encompass in Eq. (2) the effect of all
and smooth manner. expected tap changes, as detailed in [15].
In this study multiple instances of the same controllerheac Using the latest available measurements, the controller
in charge of a DN, operate concurrently. That is, the scherdetermines an optimal sequence &f. control changes
is centralized at DN level, yet distributed seen by the TM\u(k), Au(k + 1),...,Au(k + N, — 1), where N, < N,,.
In theory, this would require to exchange information andccording to MPC principle [18], only the first control aatio
coordinate the control actions [16], [17]. However, sinbe t Au(k) is applied. At the next time step, new measurements
DNs can only interact through the TN, that interaction iare acquired, a new sequence/¥f corrections is computed
negligible as long as the TN voltages are stiffly controllecf which, again, only the first component is applied.
On the contrary, in deteriorated TN conditions, it is neaegs The sensitivities%% and-2Y— are computed using standard

Vet
to adjust the DN control logic, as illustrated in Section V. power-flow techniques. For details please refer to [7], [15]
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Figure 5. Topology of each of the 40 distribution networks
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DFIGs. The constraints (4b) are associated with the rate of

change of control variables. In inequalities (4&),denotes

% § My I8 a vector of ones, while&/™ (resp. V™%) is the desired
4062 | 4045 2007 lower (resp. upper) limit on the voltages. Note that volsage
T 4063 o 1T are forced to reintegrate their limits at the predictioniiam,
i i i.e. at time stepk + IV, only. This MPC scheme, due to its
g18 SOUTH - : e
o closed-loop nature [18], accommodates inaccuracies riedur

in (2), and the unpredicted changes in DG active powers [7].
In principle, the above control scheme is designed to cbntro

DN voltages only. The relation of the DNV control to TN
The sequence of control changes optimizes a multi-time stegitage stability is established by the voltage linf$* " and

objective under constraints. The following quadratic ahj@ V™* set in (4c). The selection of these limits can make a

Figure 4. Nordic transmission test system with detailed DiNsixabuses

is considered at timé: difference between reaching a new long term equilibriunmpoi
No—1 or not, as it will be shown in the following sections.
. N 2
min Y [|Au(k+ )% + [lel3 ©)
T i=0 IV. TEST SYSTEM AND OVERVIEW OF SIMULATIONS

where the squared control changes aim at distributing foetef o Network description
more evenly over the DG units and the time stefsis a

weight matrix used to force control priorities. For example As mentioned in _the Introdu_cthn, the case sftudy was
higher costs are assigned to variations Rf compared to performed on a combined transmission and distribution mode

Q,. The slack variableg = [e; 5] are used when some The TN part re-uses the Nordic test system currently investi
g- -
of the constraints, detailed hereafter, make the optirioizat 921€d by the IEEE PES Task Force on Test Systems for Voltage

problem infeasible. These variables are heavily penalizéut Stability and Security Analysis. The variant considered is

the weight matrixS, to keep them at zero when the promerﬁiocumented in [21]. Its one-line diagram is shown in Fig. 4.
is feasible. It includes 68 buses and 20 synchronous machines modeled

The minimization is subjected to the equality constraigs (WIth their excitation systems, voltage regulators, povystem
as well as the following inequalities: stab|I|zer§, .speed governors and turbines.
‘ The original TN model included 22 aggregate, voltage-
u™" <wu(k+i) <u™* i=0,1,...,N.—1 (4a) dependent loads behind explicitly modeled TN-DN transform
Au™" < Au(k +1i) < Au™* i=0,1,...,N.—1 (4b) ers. Six of them were replaced by 40 detailed distribution
min maz systems, behind new TN-DN transformers of smaller powers,
—altv SVik+Nlk) <V 21 (4¢) as sketched in Fig. 4. The six buses were chosen in the Central
The constraints (4a) are associated with the permittecerahg area because it is the most impacted by voltage instability.
control variables. The active powers, updated from reaéti Each DN is a replica of the same medium-voltage distri-
measurements, are already at their upper limits. The weactbution system, whose one-line diagram is shown in Fig. 5. It
power limits are updated with the voltage and active powepnsists of eight 11-kV feeders all directly connected te th
as described in [19], based on the information in [20] for thEN-DN transformer, involving 76 buses and 75 branches. The



Table |
1.04 OVERVIEW OF SIMULATED SCENARIOS

ase A2: TN bus 4043 - -
Lo /C [ Case | DNtype | Stable | Contingency | Sectionj
. B SE— I -
Al passive .
/Case Al TNbu54043 A5 aciive yes outage of line 4061-4062 \%
1.02 \C” Bl passive
ase AZ1 TN bus 1043 Sé active no 5-cycle short-circuit near Vi
1.01 q<is_iA1 TN bus 1043 CI bus 4032, cleared by
V (pu) S . P e o passive no opening line 4032-4042 Vil
! Case A2: TN bus 1041 C3 active yes
ST /Case AL: TN bus 1041
0.99 ]LM_,_
is coupled with RAMSES from which it receives “measured”
0.98 . . . . .
0 50 100 150 200 250 30 Vvalues, and to which it sends back adjusted DG unit set-point
e Measurements involve DG unit active/reactive powers and

terminal voltages, as well as voltages at three load budes. T
latter were selected so that no load is more than two branches
away from a voltage monitored bus.

various DNs were scaled to match the original (aggregate)veasurement noise was simulated by adding a Gaussian
load powers, while respecting the nominal values of the TNandom variable limited ta0.01 pu for voltages, and=1%

DN transformers and other DN equipment. of the DG maximum active and reactive powers.

The transformer connecting each DN to the TN is equippedThe controller usesV, — N, = 3 (unlessN,, is increased
with an LTC controlling its distribution side voltage. Toas g anticipate LTC actions, see [15]). The action period ahea
artificial synchronization of transformers, the delays @p t controller is constant but differs from one DN to anotherthwi
changes were randomized around their original values. ,Thyg|ues between 10 and 15 s. As explained in [15], this indude
the first tap change takes place 28-32 s after leaving thagelt 5 delay between the set-point adjustments and the coltectio

dead-band and the subsequent changes occur every 8-12 §¢ new measurements, a period of measurement sampling and
Each DN serves 38 voltage sensitive loads and 15 repfga time required to solve the optimization.

sented by equivalent induction motors. The voltage semsiti

loads are modelled as: zero elements are such that the “cost” for changing active
V\” V\? powers is ten times higher than that of reactive powers, and

P=F <Vo> Q=0 <Vo) ®) the cost for relaxing voltage limits one hundred times highe

The sensitivity matrices are computed off-line using data
of the corresponding DN and are kept constant. For this

Figure 6. Cases Al & A2: voltages at three TN buses

The weight matrice® andSin (3) are diagonal; their non-

with « = 1.0 (constant current) an@ = 2.0 (constant

impedance), respectivelyi; is set to the initial voltage at ) o o o
the bus of concern, whil®% and Q, are the corresponding calculation, the transmission grid is replaced by &vénin
equivalent whose impedance is obtained from the shorttirc

initial active and reactive powers. The equivalent motaes a ; ) .
representative of small industrial motors, with constangae power at the corresponding DN connection point. Furtheemor
it is assumed that the Ewenin impedance relates to the

and a third-order model (the differential states being rotd . ) : .
speed and flux linkages) [4]. pre-fault configuration and is not updated after an outage in

Moreover, it includes 22 DG units, of which 13 are 31he TN. Indeed, updating the sensitivities with changes of

MVA synchronous generators and the remaining are 3.3-MVRIS impedance entails passing information from TN to DN,
Doubly Fed Induction Generators (DFIGs) [22]. The reacti¥Nich represents an additional complexity. The impact &f th
power of each 3-MVA synchronous generator is adjusted @Proximation is further assessed in the sequel.

the value received from the DNV controller using a local

proportional-integral control loop. The latter acts on #&- C. Overview of simulations

point of a voltage regulator (responding to faster changes) tapje | shows the simulations performed in the follow-

Similarly, the DFIGs operate in reactive power control mode,q sections. These are divided into three groups of results

see [22], to meet the power requested by the DNV controllghynsigering: stable cases, unstable cases, and unstagle ca
The combined transmission and distribution model includgg, piiized with the use of emergency control actions.

3108 buses, 20 large and 520 small synchronous generators,

600 motors, 360 DFIGs, 2136 voltage-dependent loads and 56
LTC-equipped transformers. This model was simulated with

the RAMSES software developed at the University okde A. Case Al

V. RESULTS IN STABLE SCENARIOS

[23]. In this first scenario, the DNV controllers are not in service
_ The DG units operate with constant reactive powers and do
B. DNV controller settings not take part in voltage control. This leaves only the tiadél

Each of the 40 DNs is equipped with a separate DNWoltage control by LTCs. Hence, the DNs are considered
controller, detailed in Section Il. This discrete-time trotler passive as in the first case of Section Il.
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Figure 7. Cases Al & A2: voltages at two DN buses Figure 9. Cases B1, B2 & B3: voltages at two TN buses

Case Al —
Case A2 -------

The DN buses such as 01a-1171 in Fig. 7 have their voltages
increased by the additional reactive power produced by the
‘tﬂM'MMMM\J\ coordinated DG units. For instance, in Case A2 the DG unit
participations decrease by almast Mvar the net reactive
iy power load seen by the TN (see fig. 8), which contributes to
P increasing TN voltages. This is the second benefit of active
DN management.
100 150 200 250 300 Note, however, that a hidden effect of this load voltage
tE increase is an increase of active and reactive powers of the
voltage sensitive loads. While very moderate in this scenari
this effect will be predominant in the next ones.

Figure 8. Cases Al & A2: reactive power from TN to DNs

The long-term evolution of the system, until it returns to
steady state is shown in Figs. 6 and 7. It is driven by the
LTCs, in response to the voltage drops initiated by the line Case B1

tripping. There are some 112 tap changes in all 40 DNs. The more severe disturbance of Case B is now considered.
Figure 6 shows the TN voltage evolution at three represen—Similarly to Case Al, the DN voltages are controlled by
tative buses of the Central area. The voltage at bus 104&is ths only. The voltage évolutions at two TN buses are shown
most impacted but remains above 0.985 pu. All DN voltag S Fig. 9 ' The sustained voltage sag caused by the LTCs
are successfully restored in their dead-bands by the LT <Sid O.EL.s ends with a system collapse due to the loss of
which corresponds to a stable evolution [5]. For inStancgynchronism of machine g6 at ~ 225 s. The maximum

Fig. 7 shows the voItage evolution at two DN buses: OlBt)wer that can be provided to loads is severely decreased
controlled by an LTC with 6{1'02 1.03] pu dead-band, and by the initial line outage as well as cascading field current
01a-1171, located further away in the same DN. reductions due to seven OELs acting before: 147 s. At
the same time, the LTCs unsuccessfully attempt to restore DN

B. Case A2 voltages, which is impossible since load powers cannot be

The same disturbance as in Case Al is considered, but testored at their pre-disturbance values [5]. The stapects
DNV controllers are now active. For simplicity, all compaoite of this mechanism were analysed in Section II-A.
of V™" have been set t0.98 pu and those of’™%* to
1.03 pu. This interval encompasses all LTC deadbands, so that
there is no conflict between an LTC and the DNV controlleF" Case B2

The corresponding TN and DN voltage evolutions can be As in Case A2, the DNV controllers are now active. Figure 9
found in Figs. 6 and 7, for easier comparison. With respect $hows, however, that their effect is merely to postponeesyst
Case Al, a steady state is reached at almost the same tioodlapse by some 150 seconds. In the meantime, TN voltages
while the TN voltages are slightly higher. The voltages at DEtagnate at unacceptably low values (not to mention théylike
buses not directly controlled by LTCs (such as 0la-1171 disconnection of generators due to - non modeled - under-
Fig. 7) are restored abové™" by the DNV controller. voltage protections). Figure 10 shows the voltage evahstio

It is worth mentioning that the number of tap changes has DN buses located on the same feeder as buses 0la and
decreased from 112 to 35, showing that the sharing of tbéa-1171, considered in Fig. 7. The DNV controllers respond
control effort by active DNs reduces the wear of LTCs. tardily, when TN voltages are already low.

V1. RESULTS IN UNSTABLE SCENARIOS
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The explanation is found in the model used, more precisely © 20 40 60 80 100 120 140 160
the value of AV, in Eq. (2). The latter was chosen assum- ©
ing normal voltage control at TN level, i.e. with the larg&gure 13. case B3: reactive power produced by TN-connegseerators
generators holding their voltages. However, in Case B2, the
effect of tap changes on DN voltages is very different, as
illustrated in Fig. 11. In this figure, the solid line show®thseen by the TN decreases progressively, passing ffoon
evolution of the voltage at the DN bus controlled by a TN-DNo 200 Mvar in 150 s. This results in TN voltages dropping
transformer connected to bus 1041. The tap changes tak#ignificantly less than in Cases B1 and B2, umti~ 150 s
place at respectively = 37,48 and 59 s, yield temporarily (see Fig. 9). In principle, this reactive support could prev
the expected DN voltage increases, but the latter are pffsgiltage instability, but it is not sufficient in Case B3, wadive
in the following seconds, by the effects of LTCs acting in th©ELs are activated successively. The limitations of gemera
other DNs. This is a feature of long-term voltage instayilit reactive powers are identified in Fig. 13. At 165 s, soon
analyzed in detail in [24]. Thus, the effective value &V, after the fifth OEL is activated, the system collapses with al
taking into account LTCs acting in other DNs, is actuallgenerators in the Central and South areas, except g14, going
close to zero. By relying on larger, optimistic values, eacbut of step with the rest of the system.
DNV controller overestimates the contribution of its LTGdan  Thjs severe outcome is partly explained by the fact that the

therefore, lacks responsiveness. DNV controllers promptly restore voltages, and hence, load
powers. Consequently, when generators connected to TN stop
C. Case B3 controlling their voltages, under the effect of OELs, theg a

To make each DNV controller more responsive, one optidacing a higher load power compared to Cases B1 and B2.
is to ignore the contribution of the corresponding LTC, by The restoration of DN voltages is illustrated by the dotted
removing the last term in Eq. (2). This is considered in Casgirve in Fig. 11. The voltage is boosted by the controller in
B3, where LTCs are left to act as usual, but concurrently wigignificantly less time than with a traditional LTC, with the
the DNV controllers. The resulting voltage evolutions can besult that the LTC makes two tap changes only. The resulting
found in Figs. 9 and 11, while Fig. 12 shows the total activiast restoration of load active power is shown in Fig. 12,
and reactive powers transferred from the TN to the DNs. where the small, 25-MW non restored power is caused by the

Since the DG units have their reactive power productiorfiitentional) voltage dead-bands of LTC and DNV contraler
increased to correct DN voltages, the net reactive poweat loa The overall effect of voltage control at DN level is to precip
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Figure 14. Cases B1 & C1: voltages at two TN buses Figure 15. Cases B1, C2 & C3: voltages at two TN buses

itate system collapse, while making the latter less pratllet method using LIVES has been used. Following, in Case C3,
from the mere observation of voltages. From system operatithe detection method using an emergency signal triggered by
viewpoint, this case is worse than Case B2. The static aspegie generators getting limited is used.

of this behaviour were explained in Section II-B.

VIl. RESULTS WITH EMERGENCY SUPPORT FROM B. Load Voltage Reduction
DISTRIBUTION The remedial action considered in this study is a decrease of

In this section, Case B is revisited assuming a remedfg|\ Voltages exploiting sensitivity of load power to voltage

action to secure the system operation. This requires ayimdl"'S €ffect strongly depends on the type of loads [4], [5],
detection of the emergency condition, which is first disedss 12]. As long as a decreage |n.the vpltage magmtude leads to
decreased load consumption (in active and/or reactive ppwe

A. Emergency detection the mechanism _is benefi_cial tc_J system stability. Howgver,
' some loads (for instance induction motors and electroyical
The LIVES (standing for Local Identification of Voltagecontrolled loads) have the tendency to rapidly restorer thei

Emergency Situations) method of Ref. [24] detects the UBonsumed power after a voltage decrease. Moreover, imfucti

successful attempt of LTCs to restore their DN voltagegotors could eventually exhibit increased consumptionrwhe

LIVES monitors each LTC independently. The absence gpproaching their unstable region [4].

information exchange between substations is in agreementpe voltage decreasAV should be as large as possible

with the distributed DNV control structure considered ifsth \yhile ensuring a minimum acceptable voltage at all DN nodes

study. Applied to the voltage evolution shown with solidelin [12]. When implemented through LTC voltage decrease alone,
in Fig. 11, LIVES issues an emergency signaltat: 70 s  thjs reduction is applied at only one point of the DN. This has

(with some security margin against false alarms) [24]. led system operators to conservatively Adt to 0.05 pu [4],

As shown in Section VI-B, in Case B2, until the momenfs] oOn the other hand, acting on multiple DG units offers
LIVES triggers an alarm, the contribution of the DNV conyetter controllability by adjusting DN voltages at mulépl
troller is marginal. In Case B3, on the contrary, Fig. 11 shiowoints. Therefore, more points of the DN have their voltages
that the DNV controller takes over from the LTC, acting morgecreased while still remaining above the acceptable.limit
rapidly on the DG unit reactive powers. Observation of DN njgreover, as the LTC controllers involve mechanical com-
voltage restoration by LTCs, which is at the heart of LIVESyonents, their speed of action is limited and can be inséffici

is no longer relevant, and emergency detection at DN levgl counteract instability. Acting on DG units offers a sfini
does not seem possible for Case B3. The alarm should coggily faster control of DN voltages.

from the TN level, even if this entails information transfer
The reactive reserve of the large, TN-connected generators
make up an alternative alarm signal, combining simplicithw C
anticipation capability. It is quite common to have genarat This case involves the classical LTC voltage set-pointecedu
reactive power output measurements in the SCADA systemtin without any contribution by DG units. Thus, this scheme
TN control centers. A comparison with capability curves cais to be compared to Case B1, from which it differs after
flag a generator that has switched under limit. In this stitdy,t ~ 70 s, when the alarm from LIVES is issued. At that time,
is assumed that the first three generator limitations shawnthe LTC voltage set-points are decreaseddly = 0.05 pu.
Fig. 13 will trigger the emergency signal at- 80 s. Figure 14 shows the voltage evolution at two TN buses. It
In the cases presented in this section both detection schemm@n be seen that the amount of load decrease is not enough to
have been used. First, in Cases C1 and C2, the detectatabilize the system. Further tests showed thit = 0.08 pu

Case C1
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would be needed. However, in that case, several DN bygacted by the DNV controllers to reduce and maintain the

voltages are unacceptable, lower thaf0 pu. DN voltages within the emergency limits. To achieve thigyth
decrease their reactive power productions. Then, the egtduc
D. Case C2 DN voltages lead to decreased reactive power consumption

Case C2 is to be compared with Case B2, from which lﬁy the loads and decreased losses. In the system studied, the
differs aftert ~ 70 s, when the alarm from LIVES is issued Pen€fit brought by the load decrease outweighs the negative

At that time, the above mentionesll” corrections are applied. IMPact of the reduced reactive support from DG units. Thus,
While in the unstable case B2, LTCs were unable to restd3 restored power pointis moved as shown in the left sub-plo
DN voltages, in this case, they contribute, together withvoN©f FIg. 3, entering the feasible region.
controllers, to depressing the DN voltages.
\oltage evolutions at TN buses are shown in Fig. 15, t%- Case C3
gether with those of the uncontrolled Case B1, for compariso”
purposes. The TN voltages are smoothly stabilized. Case C3 is to be compared with Case B3, from which
Figure 16 shows the corresponding voltage evolutions in differs after ¢ ~ 80 s, when the generator limitation
the DN previously considered in Fig. 10, together with thalarm is received. In both cases, the DNV controllers ogerat
changing V™ and V"™ limits. It is seen that the DN concurrently with the LTCs, the last term in (2) being igrtbre
voltages are promptly brought within the new desired ranges The TN voltage evolutions are provided in Fig. 15, for
The voltage reduction causes the decrease of active amnparison with Cases B1 and C2. The system is stabilized
reactive power transfer from the TN to DNs, as shown iat similar voltage values.
Fig. 17. As explained in Section IIB, the reactive power Figure 18 shows the voltage evolutions in the DN considered
transferred between the TN and DNs varies with the reactiire Figs. 10 and 16. In response to the initial disturbance,
power produced by DG units, the reactive power consum#te DNV controller of concern has almost restored the DN
by loads, and the network losses. First, the DG units aveltages in the original[0.98 1.03] pu interval when the
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parameter pairs; voltage reductidxl” = —0.05 pu for various voltage reduction valuesV’

emergency alarm is received. After the alarm it takes abaatstudy has been performed on Case C3. The simulation was
the same time to steer the voltages in the shifted interval. considered for several values &fV (—0.05,...,—0.01 pu)
The evolution of reactive powers of TN-connected geneand using a wide range of (0.8, ...,2.0) andj (1.0,...,3.0)
ators for Case C3 is shown in Fig. 19. It can be seen thzarameter pairs. FohV = —0.05 pu (used in the paper) and
no further generator limitation takes place after 80 s, in AV = —0.04 pu, the system is stabilized for allk(3) pairs.
contrast to Case B3 where the system eventually collapse® smaller voltage reduction, Fig. 21 shows the values for
after the successive field current limitations of genesggh which the system is saved.
and g6, as shown in Fig. 13. Furthermore, the non-limited According to the plot, in this test system, active power
generators are relieved, as shown by Fig. 19. reduction is more effective than its reactive power coyadr
To assess the robustness of the scheme to delays in erfer-less sensitive active power loads (lowevalues), voltage
gency detection signals, three cases were consideredwithch instability completely depends aenirrespective of thes value.
an additional delay of 30 s added to the original alarm tim&s active power load is more sensitivity to voltagestarts to
of 80 s. With delays up to 60 s (i.e., with an emergency alariiave some more importance. Moreover, it is confirmed that,
up tot = 140 s), the system can be saved. This is mades loads get more voltage sensitive (higheand 5 values),
possible by the fast response of DG units steered by the DN\smallerAV is sufficient to stabilize the system.
controllers. Expectedly, there exists a no-return poihthe
alarm is received later thanl5 s, the system can not be saved. VIIl. CONCLUSION

o This paper has reported on simulations of a large-scale test
F. Sensitivity of method to load types system including one TN and multiple DNs. The latter are

The emergency technique proposed in this paper exploits f&sumed to be active by controlling the reactive power of DG
reduction of load consumption when voltages are decreask@its, with the aim of keeping DN voltages within a desired
Thus, the sensitivity of loads towards voltage variatioss [ange. The DNs are controlled independently of each other,
critical to its success. This sensitivity is taken into agup and of the TN. In this study, a specific MPC-based scheme was
through the parameters and 3, used in the load model (5). considered. However, the results are representative afefut

These parameters are selected according to the mixtureSgart grids in which DG units will contribute to regulating
loads present in the system. An indicative list can be found Yoltages at other buses than the one controlled by the LTC.
[4], [5]. When the induction motors are modelled explicitly, !N normal operating conditions, the case study shows some
such as in the test system used in this paper, the vallR@hefits of DNV control after a disturbance affecting the TN:
(o, B) = (1.0, 2.0) are frequently used. (i) by increasing the DG unit reactive powers to support DN

These load model parameters determine the load powéftages, the power factor at the TN/DN connection point is
decrease for a given voltage reduction. Figure 20 shows thaProved; (i) the number of LTC steps is decreased.
voltage at a TN bus in Case CAY = —0.05 pu), with two On the contrary, in long-term voltage instability scenario
different sets of parameters. The first pgir, 5) = (0.8,1.0) « DNV control is impacted by the growing weakness of
is an extreme case, where the loads have very low sensitivity the TN system which behaves very differently from
to voltage; while the second, is the one used in this paper. what is assumed in the DNV control scheme, set up for
It can be seen that, even though in both cases the system is “normal” conditions. The main discrepancy stems from
saved, with more sensitive loads the voltage recoversla litt ~ LTCs unable to restore DN voltages as expected;
faster to a higher value. « DNV control may, in turn, impact system dynamics. This

Furthermore, a parametric study can be performed to check is the case when DG units are controlled concurrently
the effectiveness of the method as a function of the load inode (and not in complement) to LTCs to restore the DN
parameters and the emergency voltage reductidw)( Such voltages, and hence the load powers. This fast load power
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restoration may precipitate system collapse, making tie] S. Engelhardt, I. Erlich, C. Feltes, J. Kretschmann, BnShewarega,

situation more severe than with classical LTC control.

On the other hand, DNV control can contribute to corrective

actions against voltage instability by decreasing the DN-vo

ages, thereby reducing the power consumed by loads, through

the reduction of reactive power production of DG units. Th
above action can be triggered:

« either locally, observing the unsuccessful attempt of the
LTC to restore its DN voltage, when the DNV controller[

is designed to complement LTC operation;

when the DNV controller is set to operate concurrentl
with the LTC.
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