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Local vs. wide-area undervoltage load shedding in
the presence of induction motor loads

Bogdan Otomega Thierry Van CutsefRellow, |[EEE

Abstract—In the presence of induction motor loads, long-term
voltage instability may end up in a sharp voltage decrease, 1
which makes the tuning of undervoltage load shedding more

delicate. This paper first investigates the ability of a purdy
distributed load shedding scheme, previously proposed byhe 0.8
authors, to cope with these situations. Owing to difficultis to =)
reconcile dependability and security, an alternative widearea £
protection is considered. The latter consists of generatsrsending g 0.6
overexcitation signals to the load shedding controllers irorder 8 0%
to allow the latter to act faster. Detailed time simulationsof a g 0.4
test system are reported. :
Index Terms—Long-term voltage instability, induction motors, 10 %
undervoltage load shedding, distributed control, wide-aea pro- 0.21 "90 %
tection 60 % +20%
0 i i i i i
L 0 20 40 60 80 100 120
. INTRODUCTION t ()
T is known for quite some time that load shedding is
a cost-effective countermeasure against voltage in'st;abil':ig' 1. Post-disturbance voltage evolution for variougpprtions of induction
. . . otor load
triggered by large disturbances [1], [2], [3]. It is needed

when preventive actions are not economically justified due

the I_ov_v_occurrence probe_lbility of severe disturbances agrwh This paper deals with the impact of induction motor loads
the initial voltage drop is too pronounced to be correctefl, ihe |0ad shedding design. The objective of the paper is
by other means. Although some event-based schemes hgyero|g. first, investigate how far the above distributetieme
been successfully devised [4], a majority of schemes aré of,, cope with the fast responding induction motor loads;
the response-based type [5], [6], [7], allowing to adjust thya ong, consider an alternative scheme that bears thé spiri
corrective action to the disturbance severity and to operat ¢ \vide-area protection by using additional informatioorfr

closed loop for higher robustness. _neighbouring OverExcitation Limiter (OEL) activation, the
This paper is the continuation of Ref. [8], where a dissgme spirit as [5].

tributed underyoltallge load shelddmg. schg_rlpe Wﬁ_s Proposeds s well-known, induction motors may precipitate voltage
to protect against long-term voltage instability. This exte . instability owing to their trend to restore the air-gap poue

relies on a set of (_jlstrlbL_J_ted controllers covering the orgi 5 (nearly) constant value, irrespective of the networkaget
prone to voltage instability. Each controller monitors th 0], [11]

voltage at a transmission bus and acts on a set of 10ads, ycrion motors play an important role in short-term volt
electrically close to that bus. This allows the protection t

. . . ) I age instability, where the main concern is their ability és r
adjust to _the disturbance I(_)cat_lon. Furthermore, this €accelerate after a fault. When this is not possible, motors
operates in closed-loop, adjusting the amount of load shed :

. . . stall, and large currents are drawn from the system, causing
the severity of the disturbance. Its robustness againsersys

behaviour uncertainties and operation failures is guasght voltages to sag and other motors to stall as well. Fast un-
P 9 dervoltage load shedding can be an effective countermeasur
by the redundancy among the controllers. The latter

. . duction motors also impact long-term instability by naki
coordinated through the network voltages, without resgrti o
: L ' ansmission voltages drop sharply once some key gensrator
to a dedicated communication link. More recently, Ref. [9 g P Py y 9

top supporting transmission voltages, under the effefielof
reported on tests performed on a large-scale model of rea(fp PP 9 g €

. . . . . current limitation.
system, including coordination with tap changer blocking. Both aspects are illustrated in Fig. 1, relative to the test
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the evolution of a transmission voltage under the effect of a
fault cleared by permanently opening a line. In the absence
of induction motors, the voltage drops progressively urider

effect of OELs and Load Tap Changer (LTCs), until the system



shedding more to stabilize the system, or could even faihgav
1t the system. The main consequence of this higher threshold
value is easily seen from Fig. 2: due to the post-disturbsince
0.8t swings, a significantly larger delays" is required to avoid
= shedding unduly in stable cases. This delay, however, leas th
S same drawback as setting to a lower value.
%0'6' This paper further discusses the choice @f/%, .7)
= to counteract long-term voltage instability, and propoaas
> 0.4¢ alternative design in case no satisfactory setting can bedo
For simplicity, the;r lowerscript is dropped.
0.2 If both short- and long-term problems are anticipated, the
' two rules may coexist, the short-term one possibly serving a
backup for the long-term one.
O0 2 4 6 8
t(s) B. Distributed protection scheme

We first consider the distributed load shedding scheme
detailed in [8], [9]. It relies on a set of controllers covagithe
region prone to voltage instability. Each controller morsta
transmission voltage” and compares the latter to the threshold

collapses at ~ 117 s owing to field current limited generatorsV""- If a disturbance cause to become smaller thaw*",
loosing synchronism. When a little proportion (as small d§€ controller is started and after a time delayt sheds a
10 %) of motor loads is assumed, the voltage collapses earfead powerA Py, by opening distribution circuit breakers. The
but, more importantly, the fall is significantly sharper.igh controller returns to idle state as soon as the voltage srsov
drop is caused by the stalling of induction motors. In thigbove the threshold. To this purpose, the controller can act
case, it becomes more difficult for a load shedding scherf@veral times, within the limits of interruptible load pawef
to rely on the voltage magnitudes only. When the proportigi®urse.
of motors increases to 70 %, the instability becomes of the The values of bothr and APy, depend on the dynamic
short-term type, with the motors stalling under the effetct @volution ofV, via two parameters,’ and K, as follows:
the initial fault itself. to+7

The paper is organized as follows. Section Il recalls the (V' —v@)dt=C with 7>7pm (1)
principle of the distributed scheme, describes its poaénti fo
limitations in the presence of induction motors and introeki N 1 fotm (V“‘ B V(t)) gt @)
the wide-area protection scheme. Simulation resultsivel&d T Ji
both schemes are presented in Section Il and 1V, respégctiv
Section V offers some conclusion.

Fig. 2. Typical voltage thresholds and minimum sheddingugelfor short-
and long-term unstable cases

%vhereto is the time at which the controller is started, ang,,
corresponds to the minimum delay discussed in the previous
section. A larger value af’ leads a controller to waiting longer

Il. UNDERVOLTAGE LOAD SHEDDING SCHEMES before it can shed load, while a larger value igfleads to
shedding more, for the same average voltage drop.

) ) . When designing the controllers from a set of scenarios, the
Two essential settings of an undervoltage load sheddigg|,es ofc. K andV** are chosen so that 8], [9]:
scheme are the voltage threshald” below which the con- ’ '

troller is started, and the delay before loads are effectively
disconnected. Different settings must be used to deal with
short- and long-term voltage instabilities, respectivéliis
is discussed hereafter, and illustrated by Fig. 2, showirgg t
voltage evolutions of Fig. 1 over the first 8 seconds.
In response to motor stalling or slow re-acceleration aiterC: Wde-area protection scheme
fault, load shedding should be actuated at a low voltagé; typ As already discussed, the fast response of induction motors
cally V& ~ 0.7pu, as shown in the figure. The correspondingquires to decrease the valuegfwhile the security of the
delay s should be as short as possible, but large enouglotection scheme requires to keepabove a certain value.
to avoid shedding after a normal fault clearing followed by @hese conflicting requirements can be met by resorting to
stable recovery of voltages. additional information that allows the distributed sheuddi
The mechanism leading to long-term voltage instabilitgontrollers to act faster when appropriate. To this purpose
is different [11] and usually requires a higher value of thimformation is going to be sent from generators to load
voltage threshold/}, typically in the rangd0.8 0.9] pu (or shedding controllers and the protection scheme will change
even higher for capacitive transmission systems [6]). Low&om purely distributed to wide-area, although simplicitil
thresholds would delay the shedding and, hence, wouldmequie preserved.

A. Short vs. long-term settings

« Nno load is shed in stable cases;

« all unstable cases are saved,;

« as few load as possible is shed when needed;

« the nuisance of low voltages on customers is minimized.
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In long-term unstable situations, motor stalling typigall 3| & ““ﬂégo“ 0 916 g16b
results from the fall of transmission voltages induced by th 4062 ™, 4045 Jéﬁl a7
activation of generator OELs. Hence, the idea is to infore th T 4063 4058 | T
load shedding controllers that the field currents of neigitho § 1
® '63 SOUTH ™

ing generators exceed the limit supervised by their OELd, any, ois
hence are going to be reduced to this value (after the OEL
activation time is elapsed). Upon receipt of this inforraati Fig. 4. Nordic32 test system
the load shedding controllers reduce their activationydéta
a much smaller value so that, if the monitored voltage indeed
falls below the threshold, load shedding takes place muaie m@ne-line diagram is shown in Fig. 4. The model includes
rapidly. 55 buses, 23 generators, and 22 loads. Detailed time-domain
Since a generator field current may temporarily exceed fifnulations have been used as in [12], [13]. The long-term
OEL limit, under the effect of a nearby fault, the current hadynamics are driven by LTCs and OELs acting with various
to remain above the limit for some time?? before sending delays. When generator excitations are relieved by load-she
the signal, so that the latter truly reveals a situation witee ding, the OELs reset and the Automatic Voltage Regulators
generator is overexcited owing to its voltage control. regain control with negligible delay.
A graphical representation of the logic is given in Figz3.  Since voltage problems are experienced in the “Central”
is the load shedding delay considered in the previous secti®gion, the latter has been provided with five load shedding
while 774 is the shorter delay used upon receipt of the OEgontrollers, as detailed in Table I. Each controller mansitihe

signal from at least one of the generators in the vicinityhef t Voltage of one transmission bus and controls the load on the
controller. The field currenty; of the i-th generator has to distribution side of the transformer connected to that bus.

remain above the OEL limit}" for the durationr{*' before TABLE |
that generator sends its overexcitation signal. Of colitss, CONSIDERED CONTROLLERS AND LOAD COMPOSITION
still required to havel < V*" in order load shedding to be[Controller | Monitored | Controlled | Exponential | Tnduction motor
triggered. Following a normally cleared fault, this coiafitis game 1%1131 |Ogg4tius |Oaﬂ:|% é'(\)/lW) Ioa% é’(\)/lW)

1 i 1041
fulfilled but, as the generator signal has not l_)een recethed, Crons 1043 5013 150 150
longer delayr will be in effect. Hence, provided that has Crons 1043 9043 115 115
been set to a value larger thafi’’” in Fig. 2, no shedding | Cioa 1044 9044 400 400
will take place. Finally, as a back-up in case of failure to_1015 1045 9045 350 350

receive the generator signals, load shedding takes plate wi

the longer delay-. All loads in the “Central” area are represented with an

exponential model for half of the load power and an equivalen

induction motor for the other half (see Table I). The former

A. Test system part behaves as constant current for active power and gunsta
The proposed scheme has been tested on a variant of ithpedance for reactive power.

Nordic32 test system, already used in [12], [13]. The systemlIt has been assumed that only the exponential part of the

IIl. SIMULATION RESULTS: DISTRIBUTED SCHEME
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Fig. 5. Evolution of voltage at bus 1041 with 0 and 50 % of mdtad
Fig. 6. Evolution of field currents of generators locatedselto Central area

loads can be shed. This makes the tests more severe since 1.2

whole induction motor load remains connected to the syste Inhibit load shedding
B. Impact of motor loads on load shedding performance !
The results shown hereafter deal with the system respor = 0.8
to a 3-phase fault occurring on line 4032-4044, cleared £ ;
0.1 second by opening the line, which remains disconnectt & Initiate load sheddin 1
Due to a heavy power transfer from North to South, the pr: % 0.6 ¢ \
disturbance operating point is not (N-1)-secure and the lir > ' |—ocont1
outage causes long-term voltage instability as shown inFig 0.4 1 |---cont2
First, an exponential load model has been consider I |---cont3
(0 % motor load) and the load shedding controllers ha |- cont4
been tuned according to the methodology described in [¢ 0.2 Y | --cont5
For the considered set of contingencies, the best settir@ys 0 20 60 80

Vit =0.90 pu, C = 0.3 pus, K = 4000 MW/pu. 7,,,;,, has

been set td3 s to avoid reacting to a normally cleared fault.
In the absence of load shedding, the system is unstable apd7. \oltage evolution for five contingencies

the voltage at bus 1041 evolves as shown by the rightmost

curve in Fig. 1, resulting in a collapse at~ 117 s. The

corresponding evolution in the presence of the distribidad |5ge 10 prevent the controller from reacting on a nearbjtfau
sheddmg contr_c_)llers_|s shov_vn W|th dotted line in Fig. 5. Thepe proper value depends on the chosen voltage thresHbld
system Is st?bmzed in a quite satisfactory way. On one handy ** should be set high enough to avoid excessive
Next, S50 % of the loads are assumed to be of the motQfeqding delays (which would require to shed more and/or
type. In this case, without load shedding, the system ce#8p ¢5se low load voltages). On the other havitl: should be set

att ~ 50 s, as was shown in Fig. 1. The field currents Qfg|oy the lowest voltage value experienced during any of the
three generators located close to the Central region amershQ,cceptaple post-disturbance evolutions. This is illtettan

in Fig. 6. The OELs of g14, g12 and g15 act successiveliq 7 for various contingencies and in Fig. 8 for differergp
When the last limitation takes effect, motors stall andag#t yistrhance loading conditions. The protection schemelgho

collapses. The corresponding voltage evolution in thegires operate in the greyed areas of these figures.

of the distributed load shedding controllers, with the same o analysis of various post-disturbance evolutions, such
settings as in the no-motor case, is shown with solid line

. . X the ones presented in Figs. 7 and 8, leads to taking
Fig. 5. The controllers fail saving the system. In fact, theae Vih < 0.91 pu, as a compromise between dependability
yalugs ofC an.dTmi”. make them react too slowly (the 200Mynd selectivity of the protection. Indeed, this leaves some
in Fig. 5 unveils their late, useless responses). margin with respect to the lowest voltage observed during N-
1 contingencies without affecting the protection perfonce
C. Setting the controller parameters to cope with motor loads  For 7tk — .90 pu, for instancer should be set to at least 2 s,

To make the controllers react faster, it was chosen to leaweorder not to react to the initial fault, as shown in Fig. 9.
Eqg. (1) and make the protection operate with a fixed, as sméknce, tests were performed for valuesrofn the interval

as possible delay. As already discussed, this value has to bg 3] s.

40
t(s)
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Fig. 11. Performance of distributed load shedding schemeafigous settings

Fig. 9. \oltage evolution for different contingencies (post-disturbance voltages refused below 0.80 pu)

As for parameter¥ in (2), its value should be selected so Furthermore, if post-disturbance evolutions are refused
’ pen voltages fall below 0.80 pu, as considered in [9], the

that the protection sheds as few load as possible over all Y
scenarios [8], [9] diagram of successfulv*", 7, K) combinations becomes the
1 . . . th _ . .pe

Figure 10 presents the performance of the load sheddifig® " Fig. 11. AIthO.UQh forV_ " 0.90 pu a significant
scheme for varioud’*", 7 and K settings. The same values' mb_erof(-,_K) combl_natlons st y_|eld an acceptable system
have been assigned to all controllers. A star indicates a co I(_)Ill;t_'ﬁ[n’ Fhls pro:elctlon icher_?e ,:S no_'i accegtable f_roen th
bination leading to an acceptable post-disturbance deolut refiabiiity viewpoint. In such a situation, 1t may oe app"?”“’e
while a dot indicates failure to save the system. The cateri to resort to the wide-area prot.ectlon presenteq in Sechian |
to accept a post-disturbance evolution was that all trassion whose results are presented in the next section.
voltages remain above 0.70 pu.

It can be seen that fol** = 0.89 or 0.90 pu, the
controllers succeed saving the system for a large sét,df _

9 y ge set.at) A. Setting the controller parameters

combinations. On the other hand, fof"" < 0.88 pu, the
voltages drop so fast that the controllers have no time toAccording to the wide-area protection scheme of Sec-

act, no matter thér, K') combination. Indeed, in most casestion II-C, the shedding delay is reduced t¢* upon receipt

the monitored transmission voltages drop frdm = V" of the overexcitation signal from one of the neighbouring
(controller started) td” = 0.70 pu (evolution rejected) in less generators. Generators g15, g14 and g12 are good candidates
time than the activation delay. Thus, the range of acceptablén view of their response to disturbances endangering gelta

V" values appears to be very narrow. stability (see Fig. 6).

IV. SIMULATION RESULTS: WIDE-AREA SCHEME
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1.2
77¢4 can be set to a low value, typical of undervoltage loa

shedding against short-term voltage instability: s¢&" in 1
Fig. 2. Tests have been performed witf? in the interval
[0.2 1] s.

Tests similar to those reported in Figs. 10 and 11 ha
shown that the wide-area protection is much less sensiti
to the value of V*". Therefore the latter has been set t
0.85 pu, which leaves a more comfortable margin with respe
to undesired operation. The results shown in the sequel h:
been obtained for that voltage threshold.

Finally, it has been found that the choices6f? and V"
are not tightly bound to each other as in the distributedsehe

The criterion to accept a post-disturbance evolution is th 20 40 60 80 100
all transmission voltages remain in the inter{al0 1.10] pu. t(s)
The upper limit was added to avoid overvoltages as a res 1.2
of dropping off too much load in a very short time interval.
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Figure 12 shows three regions of operation of the protecti 1 T SIS
scheme in thé7"*?, K') space. Again, the same values hav !
been assigned to all controllers. The disturbance of coniser 0.8 ) 0

the one already considered in Figs. 5, 6 and 8. The blackmeg
corresponds to proper operation yielding voltages withia t
prescribed limits. The white region corresponds to failtore
stabilize the system. Finally, the grey region correspatads
(¢4, K') combinations for which the system is stabilize( | B ws wr s ws 4
but experiences overvoltages. Although not desirable frc

Voltage (pu)
o
()]

operation viewpoint, it is of course preferable to the whit 0.2
area.

The selectivity of the wide-area protection scheme, in gerr % 20 40 60 80 100 120
of amount of load power shed, is illustrated in Fig. 12 t(s)

showing the total load power shed for the varidu§®?, K)
combinations inside the black region in Fig. 12. As expectea
choosing a larger™? requires choosing a largéf, leading .
to more load shedding. As quoted in [8], the zones of equal
shedding are not limited by smooth boundaries. This is d%e
to the discrete nature of the controllers: a small change n
r7¢d or K may lead to a smaller or larger load shedding This section illustrates how the controllers cooperate int
by one controller, which in turn influences the neighbouringaving the system. All controllers haveé*® = 0.3 s and

controllers. K = 3000 MW/pu. Figure 14 refers to controlleiS;q4; and

g. 14. Monitored voltage and shedding actions by corgrsiC 41 (Upper
ot) andC'1044 (lower plot)

Example of cooperation between controllers



Cho44 (see Table 1), which both react to the disturbance. Thesence of induction motor loads has been investigated and
curves shown with solid lines are the unstable voltage evioaproved.
lutions observed at the controllers’ transmission busethén  The possible limitations of the purely distributed proieat
absence of load shedding, while the dashed lines correspartieme previously proposed by the authors have been adalyze
to the system stabilized by these controllers. The figure aland illustrated from time simulations of a small but represe
offers a detailed view of the time interval in which sheddintative and stringent test system. Simply stated, to preserv
takes place. The squares indicate actions by the controkecurity of the protection, this undervoltage-based sehem
of concern while the circles indicate actions by the othdéacks some speed of action, which endangers its depertgabili
controller. To reconcile these two important features, an extension
As can be seen, both controllers act twice with a time deldyearing the spirit of wide-area protection has been consitie
of 0.3 s between sheddings. After the last shedding'hy4, The idea is to send information about generator overexwitat
the cumulated actions of both controllers make the morttoré the distributed controllers, to allow them sheddingdagt
voltages recover abov&** = 0.85 pu and the controllers case of voltage drop. Without this authorization, the calférs

return to idle state. keep on acting with a longer delay in order for them not to
react to a normally cleared fault. Successful results haenb
C. Robustness with respect to component failure obtained on the same test system.

Figure 14 shows that the successive sheddings take placéhe improved behaviour is obtained at the expense of a
in a very short time interval (approximativel§.4 s). In moderate increase in complexity, and hence little expogure
such conditions, the robustness of the proposed scheme i#tire. Moreover, the important features of the simplerihs
respect to possible controller failures needs to be checked Uted scheme such as closed-loop operation and redundancy
illustration is given in Table Il showing the power shed bjetween controllers are preserved.
each controller in various failure scenarios.
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V. CONCLUSION

In this paper, the implementation of undervoltage load
shedding to counteract long-term voltage instability ire th



