IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 16, NO. 3, AUGUST 2001 427

Direct Assessment of Protection Operation and
Non-Viable Transients

Chaman Singh and lan A. HiskerSenior Member, IEEE

Abstract—The transients induced in power systems by a large in [2] for assessing out-of-step protection operation. This work
disturbance can initiate unexpected events such as protection was based on a heuristic (though fairly accurate) relationship

operation or converter misfiring. This paper proposes a direct ; P ;
technique for assessing the likelihood of such events. The ap between the maximum angular deviation of a separating group

proach is based on Lyapunov (energy) function methods, but of generators and the mlnlmum apparent |mpe(;Iance seen by
with the critical energy redefined to take account of protection Out-of-step relays. The ideas were later adapted in [3] to assess
operating characteristics and viability constraints. Power systems voltage dip. Underlying this extension was another heuristic re-
have many protection devices and many constraints that must Jationship, between maximum angular deviation and maximum
be monitored. The paper provides a method of identifying the \qitage dip. A more general framework for Lyapunov (energy)
subset of protection devmes and/or_ viability constraints that are function assessment of constrained systems was given in [4]
most vulnerable for any particular disturbance. Controlling UEP . . . :
(unstable equilibrium point) ideas underlie the algorithm. We have built on that general framework to rigorously incor-
porate protection operation and viability constraints into direct
stability assessment.

Throughout this paper we will focus largely on protection op-
eration, as it is a more intuitive concept than viability. However,
. INTRODUCTION the ideas extend naturally to viability concerns such as voltage

OLTAGES and currents often undergo significant excug@ds. _ _
sions during the transient period following the clearing Traditionally Lyapunov (energy) function techniques have
of a large disturbance. This can result in unexpected switchiR§en used for assessing whether a disturbance would result in

events, which frequently have a detrimental effect on system @&nerator instability [5], [6]. More recently, those techniques
covery. Examples include, have been extended to load instability scenarios [7]. In general

« voltage collapse, where cascaded protection operatio ﬂfgse FOOIS have begn appl_ied to models .WhiCh exhibit smooth
often a contributing factor; r’l:)ehawor; an exceptpn.belng the modeling of generator and

- large rotor swings between generators, which can resa\{c reactive power limits [8]. In all cases though, assessment
system behavior is based on a comparison of the energy

in distance protection tripping feeders, possibly leading ) ; ) . -
system separation and islanding; acquired during the disturbance with a critical value of energy.

- voltage dips, which may cause motors to stall, conta-cl—-h's critical energy provides an estimate of the boundary of the

tors to open, and power electronic converters to |os<,éabll|tylregl|on. . . . :
synchronism. Modifications are required to include protection operation

Theref d exists for techni that off tast and nd viability limits in direct security analysis. Rather than the
eretore, a need exists for techniques that ofier a fast and itical energy reflecting the stability boundary, it must now pro-
able way of, 1) assessing whether a disturbance will initiate

. . YWide an estimate of the conditions which induce protection op-
expected protection and viability-related events, and 2) tun%f

Index Terms—Lyapunov (energy) functions, power system pro-
tection, power system security assessment, viability constraints.

tecti d trol sch to alleviat h undesi ation or nonviable transients. The first step in determining this
protection and control schemes to afleviate such undesira ﬁicalenergy is to establigtrotectionandviability surfacesA

evints. s of this h b 4d d iouslv. Th protection surface is defined as the set of points in state space at
spects of this have been addressed previously. The concggfep, o protection device operates. Viability surfaces are sim-

the closeness of a relay to issuing a trip command. This Marydt could be acquired by the system such that the post-fault tra-

was mont|tored Tllongbt_?? qu” post-ffault tgystem traj(ictory o a{%- tory just touched only one protection or viability surface, i.e.,
Sess system vuinerability. Energy function concepts were usg trajectory was tangential to the surface at the point of con-

tact. Acquisition of a larger amount of energy would result in
the system trajectory crossing the surface, and hence in protec-
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incorporate all the protection and viability surfaces into the mit ~ jX
imization process. Itis necessary to reduce the complexity of t
critical energy calculation by reducing the number of relays a1 K
constraints participating in the minimization.

For a particular disturbance, only a subset of all protectic
relays and viability limits are likely to play a role. Other relay:
and limits are not relevant to that disturbance, and so shoi
not be included in calculating the critical energy. The forme
will be calledrelevant surfacesyhilst the relay or limit which
is encountered first is theontrolling surface In this paper we
propose a number of methods of identifying relevant surfac]
and the controlling surface.

The organization of the paper is as follows. System, pr
tection and viability models are outlined in Section II. Ir
Section lll, the importance of viability in security analysis it
discussed. A method for determining the critical energy is al:
provided. Section IV presents methods of identifying releva
surfaces. The examples of Section V illustrate concepts dev
oped throughout the paper. Conclusions are given in Section’

4
" Line Impedence
Locus

Il. MODELS Fig. 1. Operating criteria for distance protection.

A. System Model
. : . B. Protection Models and Viability Constraints
During the development of direct protection assessment con-

cepts, it has been convenient to use a strict Lyapunov function Power systems involve many different types of protection de-
Consequently, the power system model must satisfy assum-tﬁ.es [11]. Examples include differential, distance and overcur-
tions of the form: classical machine models, constant acti{@nt protection. The operating characteristics of such schemes
power loads, voltage dependent reactive power loads, and Id&2 generally be modeled as an inequality
less system [5]. The exact details of the model can be found in H(

: ) z,y) < 0. (6)
many places, including [7]. In general terms, the model has a
differential-algebraic (DA) structure This is illustrated in the Appendix, where distance protection is
considered. Note that incorporation of out-of-step relay charac-

& =@ y) (1) teristics [11] has not been presented here, but can be handled in
0=g(z, v) () the same way as any other relay operating characteristic. Also
where the dynamic statesare: time dela)(/js associgt?d witr:c protec;ion geviges, for example the
. time-coordination delays of zone 2 and 3 distance protection,
e generator angle$;,i =no+1, ..., n, have not been modeléﬁ P
e angular velocitiesy;, i = 1, ..., m, - . .
and thegal ebraic statsw r:a' mn System viability constraints can also be modeled in the gen-
g @sa o eral form (6). For example nonviable voltages can be trivially
 bus voltage magnitudes;,i =1, ..., no, represented as
 bus voltage angle$;, 1 =1, ..., no.
We shall assume throughout that the Jacobig@fdy is nonsin- H(v))=v —v <0,
gular, i.e., solutions of = 0 are well defined. . )
The corresponding Lyapunov function is wherev; is a lower bound on acceptable voltage magnitudes.
As mentioned earlier, transient voltage excursions belogan
V(w, v, 6) = Vig(w) + VpE(v, 0) (3)  result in motors stalling and other undesirable behavior [3].
where Each protection operating region, or nonviable region, is de-
me1 fined by a set
_1 2
Vi) =3 2, M @ Si = {(x, )| Hi(x, y) < 0} (7)
=1
e The boundanys;, defined byH;(z, v) = 0, forms the corre-
Vpe(v, §) ==3> > Bij (vivjcos8;; — vivicossy;)  sponding protection or viability surface.
i=1 j=1 As an example, each of the mho circles in Fig. 1 can be
é P gs N[ Qa, (%) d mapped into state space using such a relationship. A state space
5o + Z " - Zi- ®) view of all the zone 1 protection relay characteristics for the
i=1"Y; 3

For practical applications the modeling assumptions may béThis is not a major limitation though. A system is considered vulnerable
' enever protection detects a fault. The assessment technique identifies dis-

laxed. H ical imation of path dependeji
_re axed. ] owever numerlca approximation of path depen &l¥bances which place the system in a vulnerable state, even if tripping is not
integrals is then required [5], [6]. initiated immediately.
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Fig. 2. Three bus example power system.

Fig. 4. Ciritically cleared trajectory, based on controlling UEP.
250

20 To take protection action into consideration, the critical en-

ergy should be the minimum amount of energy that could be
acquired by the system such that the post-fault trajectory was
tangential to a protection surface. An estimate of this critical

energy can be obtained by solving the minimization

150
100

50

Ver= min Vpp(z,y)
(z, y)CS

st. glz,y)=0 (8)

Gen. Ang2 (deg)
o

-100
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-200

s=Us.
1 1 L
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Gen. Angt (deg) Vpe(z, v) is given by (5), ands; is given by (7).

As mentioned earlier, the above optimization problem is dif-
ficult to solve due to the nonconvex nature of the protection sur-
faces. However a number of algorithms have been developed.
system of Fig. 2 is shown in Fig. 3. Each surfégeof the figure  Simulated annealing formed the basis of the approach reported
refers to the zone 1 characteristic of the distance protectionim{10]. Reliable convergence to the global minimum was ob-
busi on linei—j. These surfaces together form the boundary tdined, but the method was too slow for power systems of rea-
the viable region. Transients should be constrained within theinable size. A gradient-based technique was developed in [14].
region to prevent unplanned switching events. It was shown that robust convergence could be obtained with a

Itis clear that in general the sefsare quite nonconvex. This predictor—corrector continuation algorithm. Computation time
poses difficulties in solving the minimization associated witlvas also acceptabtelhe gradient-based algorithm was applied
finding the critical energy [10]. for each individual protection surface in the example. Results
are given in Table I.

From Table I, the lowest potential energy occurredsan,
corresponding to the relay on line 3-1 at bus 3. The critical en-
A simple illustration using the three machine undampesgtgy wasy,,. = 3.28, giving an estimated critical clearing time
power system of Fig. 2 highlights the importance of takingf ¢.. = 0.373 s. Simulation was used to check these results.
protection operation and viability into account in securityhe critical trajectory is shown in Fig. 5. It turned out that due to

analysis. A three phase ground fault at bus 2 was simulatéige nature of the disturbance (a fault at busS2), was actually

Using the controlling UEP (unstable equilibrium point) methodncountered first, i.e., was the critical relay. The critical values

[12], [13] it was found that the critical clearing time and criticabiven by simulation weré., = 0.403 s andV;; sm = 3.86,

energy weret,, = 0.417 s andV,., = 4.15, respectively. which corresponded to a 7% error in the estimate.of

The critically cleared system trajectory, estimated using theThis resultillustrates that the nature of the disturbance should

controlling UEP, is shown in Fig. 4. It is clear that the systerne taken into account when determining the critical en&igy

is stable when protection is ignored. However the trajectory, .. , - , _
Initial location of the minimumVx & for each surface required around five

encounters a number of p.rOteCt'on surfaces, indicating t@ps, with each step computationally equivalent to a power flow. In an opera-
feeders would actually be tripped. tional setting, a tracking mode could be used to efficiently update minima.

-250 L L
-200 -100

Fig. 3. State space view of protection surfaces.

[ll. STABILITY VERSUSVIABILITY
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Fig. 6. Line 2-1 tripped by protection operation.
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Fig. 7. Connecting network representation.
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IV. DETERMINING RELEVANT SURFACES
Fig. 5. Critically cleared trajectory, based on protection operation. A. Justification

Not all protection relays and viability constraints are influen-

The disturbance influences the direction of the trajectory. Onijal following a disturbance. (In fact, generally very few will be.)
protection and viability surfaces which lie in that direction, i.eReasons for that include remoteness from the disturbance, and
that can possibly be intersected by the trajectory, should be céfe nature of the transients initiated by the disturbance. Fig. 3
sidered. Otherwise the minimumy,. might correspond to a sur- provides a useful illustration. It can be seen that the direction of
face which can never be encountered (for that disturbance). Wise trajectory has quite a bearing on which relays may poten-
of that overall minimumV.,., as in the example, would givetially be activated. Also, some protection characteristics cannot
overly conservative stability estimates. be reached without first encountering one of the other charac-

This concept of restricting attention to “relevant” protectioteristics. Therefore, many relays and viability constraints can be
and viability surfaces is similar to controlling UEP ideas. In theliminated from the search for the one that gives the true (dis-
UEP case, the critical energy associated with a particular disfrbance dependent).,..
turbance is given by the UEP which is relevant to that distur- A clever approach to identifying a set of vulnerable relays
bance [12], [13]. In Section IV, we propose an approach for deras proposed in [1]. Relay ranking was based on properties of
termining the relevant surfaces. The approach is motivated e network admittance matrix, but did not take account of the
controlling UEP ideas. disturbance. However the previous example indicated a need

If the controlling protection surfacé,; had been used in the for the disturbance to be considered in determining the critical
example, the estimated critical clearing time would be 0.398&ergy. A procedure which achieves that aim is now proposed.
This compares well with the actual value of 0.403 s given b
simulation. The slight conservativeness is inherent in Lyapun
stability region estimation, and occurred becavsgr > 0 A controlling constraint method is proposed for eliminating
when the system trajectory touched the protection sufage irrelevant relays and viability limits. It is based on the proper-

In Fig. 5 the system trajectory was tangential to the protectidies of the controlling UEP [13], anconnecting networideas
surfaceS,; . If the fault clearing time.; was increased slightly, proposed in [15], where the concept of energy of separation
the zone 1 distance protection relay at bus 2 would operate avaks used.
trip line 2—1 instantaneously. Simulation with = 0.404 s, i.e., Following a large disturbance, a power system will usually
just beyond the critical clearing time, is shown in Fig. 6. Theplit into two coherent groups of generators, for example
system is unstable due to this subsequent protection operatignoups A and B of Fig. 7. The controlling UEP can be directly

, Relevant Surface Method
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associated with that mode of instability. The network between no n

the two groups is called the connecting network. As the = Z — Z Bij (viv; cos 6;; — v v} cos 67;)
two groups swing apart, i.e., the angle between the groups i=1
increases, the voltages at buses in the connecting netwefle onergy associated with each line can be identified from this
fall, and the angular differences across lines of the connectiggmation in the same way as for term 1, giving

network increase. Therefore viability constraints associated

with bus_es and lines of the _connectmg network are relevarybEg’ij _ <l + i) Bj; (W}j cos 6;; — vaj COS 5%)

for the disturbance. Further, it can be seen from (16) #hat U

(derived from the apparent impedance) will fall for lines in 1/, 2 1/, 2

the connecting network. Therefore those lines become more — Bij <_ ( g ) + E (Uﬂ' — Y )) - A
vulnerable to protection operation.

Note though that within each coherent group, angular differ- ) )
ences remain close to normal. So bus voltages and line angles’ Intéresting cancellation occurs between the terms (9) and
within those groups do not deviate greatly. Consequently (11) for constant admittance loads= 2.
remains high for those lines, and they are not susceptible to pro-* The form of term (11) is not applicable for constant reac-
tection operation. Hence it is sensible to restrict the search for {ive power loadsy = 0. Similar analysis yields the appro-
critical relays and viability constraints to lines and buses that ~ Priate form.

form part of the connecting network associated with the con- * The ZIP model for reactive load is a special case of the
trolling UEP. more general model used to derive (11).

Hence, the total energy associated with each line can be ob-
tained as

j=1

. %
%

Remarks:

C. Individual Line Energy

. . S . . V5 i; = PEy ;; + PE PE; 12
Dissection of the network energy into individual line energies Lo Lij t R0t P (12)

helps to identify vulnerable lines. Expressions for line energi@gere linel joins buses and;. As mentioned earlier, the con-
follow directly from the Lyapunov function (3)—(5). Kinetic en-necting network experiences more significant bus voltage and
ergy plays no role in the line energy; only the potential enerdiyne angle deviations than the coherent groups. Theréfgrg
needs to be considered. Each term of (5) can be written on a limi#l be greater for lines in the connecting network.
basis as follows.

Term 1: For each line, the energy associated with the firfd. Algorithm

term of (5) is simply For a particular disturbance scenario, well established tech-
. . nigues can be used to solve for the controlling UEP [12], [13].
PEy,ij =—Bij (viv; cos §; — v]v} cos &) At the controlling UEP, line energies can be calculated using
+ %Bij (%2 + vf» — ng — U;,Z) . (9) (12) and thewi;_c (a measure of the apparent impedance seen
by relays) obtained from (16). Those values are tigedden-
Term 2: It is shown in [15] that the second term can be exify line protection devices that are most vulnerable, i.e., most

pressed in the form dfindividual line energies as likely to operate. Quantities that are at risk of violating viability
constraints, e.g., buses that are vulnerable to voltage dip, can be

5 L ok ! identified directly from abnormal UEP values. The examples of
/ PYds = Z/ py doy = Z PEs, (10) Section V illustrate this process.
6 k=1"7% k=1

wheres;, = 6; — ¢; is the line angle for théth line, which joins V. EXAMPLES

buses andj, andpj, = B;;v;v; sin o}, is the line power at the A. Three Bus Case
stable EP. _ _ . The algorithm for predicting the most vulnerable relays was ap-
_Term 3: To express the third term as line energy, itis CoNVeyiaq o the three bus system of Fig. 2. Faults were applied at
nient to use the reactive load modgh(v) = Qov”. Thenthe oacn generator bus in turn. Results are summarized in Table 11,
integrals can be evaluated, giving the expression Table Il gives the values of; andw (based on3 = 0.8,
zone 1) calculated at the UEP. For comparison, it also gives

o v;
PE; = Z Qa. (zi) dz; values ofw obtained from simulation. These latter values are
=S Zi the minimum of eachw;; over the post-disturbance trajectory.
"o e (The fault clearing time for each case is identified in the table.)
= Z/ Qoiz" " dz; Low values ofw indicate vulnerable lines. High values bf,
i=1"Y identify lines that make a significant contribution to the critical
_ i Qoi (z/“ _ Usm) energyV..., and hence are vulnerable. The table shows complete
- — @ @ correlation is all cases. For example, when bus 1 was faulted, the
o Qdi(vi) _ de(vf) 3Both measures provide qualitatively similar results, so either could be used.
= Z The computational costs are small though, so we have chosen to use both to

i—1 g minimize the risk of overlooking vulnerable lines.
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TABLE I TABLE Il
LINE ASSESSMENT FORTHREE Bus CASE LINE ASSESSMENT FOREEE 14 Bus CASE
Faulted Line | V. [w] [w] Line Vi \w] \w]
Bus (uep) | (uep) | (sim) (uep) | (uep) | (sim)
1-2 024 | 1.08 1-2 0.11 | 10.66 | 5.26
51| 2% o8 [ T10 15 | 0.02 | 1132 | 5.52
1 1-3 0.18 0.94 2-3 0.98 1.30
(ta = 0.285) [ 31 ] "0 mo32 082 32 | 938 202 [2.16
2-3 14.44 | 1.34 2-4 0.00 16.50 | 15.42
32| %0 rgse 116 25 | 0.00 | 36.14 | 13.56
1-2 0.86 | 1.06 3-4 2.04 | 2.20
51 77 [0.46 | 0.80 23 | %40 106 [ 1.40
2 1-3 552 | 5.70 4-5 0.00 | 23.36 | 24.46
(ta = 0.403s) [ 31 ] Y10 520 [ 5.6 17 002 | 7.4 | 6.64
2-3 048 | 1.02 4-9 0.00 7.28 6.70
32 7™ 086 [ 1.28 56 | 0.00 | 6.94 | 5.32
1-2 7.92 1.02 6-11 0.00 40.28 | 28.22
71| %99 %95 T T.oo 78 | 0.01 | 9.96 | 7.20
3 1-3 0.76 | 0.90 7-9 0.00 | 104.36 | 26.90
(ta = 0.395) [ 31 ] ™®! 038 [ 0.0 9-10 | 0.00 | 112.28 | 67.02
2-3 0.74 1.16 9-14 0.00 60.32 | 31.88
32 | 192 [0.40 [0.96 10-11 [ 0.00 | 45.20 | 29.54
13 14 . . . .
12 T T to be V,, wep = 2.92, which gave a critical clearing time
ter uep = 0.194 s. The system was stable foy,. ., when
I 11|__| 10 protection devices were ignored. However when distance
1 1 protection was considered on all lines, wjth= 1.6 for zone
Ge““@_l 3, the post-disturbance transient passed through zone 3 for
6 9 Gen5 line 2-3 (seen from bus 2) and for line 4-3 (seen from bus 4).
Gen 1 (~ l g 7 Therefore protection operation should not be ignored.
1 8 5 4 Table Il gives the values of;, andw (based on3 = 1.6)
i ll;__J calculated at the controlling UEP, for selected lines. Lines
2-3 and 4-3 are correctly identified as vulnerabl€lhis is
confirmed by obtainings from simulation. These values are
2 ( 3 given in Table Ill for comparison.) Minimizing/pr over
T S = Sa3JS32J S34 U Sa3 gaveV,,. = 2.76. The associated
1 l estimate of the critical clearing time was. = 0.189 s. The
Gan 2 Gen 3 actual critical clearing time, which ensured no protection
operated, wag,; = 0.191 s. The estimate was therefore only
Fig. 8. |IEEE 14 bus power system. 1% in error.
connecting network consisted of lines 1-2 and 1-3. The table VI. CONCLUSION
shows higher values 0f, and IOV\_/er_vaIues ob for those lines. Operation of protection devices and mal-operation of other
The other fault cases follow a similar pattern. system components during post-disturbance transients can sig-

In Section IIl, a fault at bus 2 was considered. It was founggeandy affect the ability of a power system to recover from
that the minimumV... was given by line 1-3, but the controlhnga disturbance. A system which was otherwise stable may lose

surface actuglly corrgsponded o line 2-1. It IS how clear froEqability because of some protection or viability induced event.
Table Il that line 1-3 is not part of the connecting network (fO{_ e paper illustrates such a case

this disturbance), and hence is not relevant. Therefore it shoul . : . .
ower system security assessment, including calculation of

not enter into the minimization (8). However line 2—1 is part of ) I
. dynamic ATC, must therefore take account of stability, pro-
the connecting network. _ ! - ) .
tection operation and viability. A direct assessment technique
B. IEEE 14 Bus Case which achieves that objective has been proposed in this paper.

rther, the proposed technique provides insights that are useful
The IEEE 14 bus system is shown in Fig. 8. Data for thf;u prop que provi nsig usetu

case can be f_o_und in [16]. A three phasg fault was applied a‘tFrom a design perspective, the valueswft the UEP provide guidelines
bus 3. The critical energy of the controlling UEP was fountdr setting3's so that the risk of unplanned protection operation is minimized.
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Bus i Rip +iX Bus &k

Line diagram of system between busesidk.

Fig. 9.

for siting and tuning protection schemes such as out-of-step
blocking/tripping.

433

signal. For the other zones, the system must remain within the
trip region for a preset time before a trip signal will be initiated.
However, the system is considered vulnerable any time these
zones are encountered.

An alternate form of the operating criterion can be obtained
by substituting (13) and (15) into (14), giving

Vs Z(SZ

, B ,
— (R + i X)) — = (R + 5 Xon
v, L6; — Vi L ( L k) 2 ( L k)

3 ;
< ‘% (R + 3 Xin)

Lyapunov (energy) function concepts underlie the proposgdd hence

assessment technique. Energy function methods assess the secu-

rity of systems by comparing the energy acquired by the system
during the disturbance with a critical value. The incorporation

of protection devices and viability limits requires the redefiningetting

of the critical energy. Lyapunov stability arguments have led to
the critical energy being defined as the minimum potential en-
ergy over protection and viability surfaces.
For real power systems, the number of protection devices and
viability constraints may be very large. The required minimiza-

UZ‘Z(SZ‘ [3 < [3
v; L6; — VL Oy, 20~ 27
ZUZ‘Z(SZ‘
ik (605 O, Vi, v B) = |————— —f3 16
s, B v i ) = |2 gl g
gives the relay operating criterion
wir(0iy On, vi, vas B) < B (17)

tion may be computationally infeasible. Therefore an approaterestingly, the actual line impedance plays no role in this
to identifying vulnerable protection devices and relevant vi&XPression.

bility constraints has been proposed. This procedure is basedN€ operating criterion (14) or alternatively (17) can be
on controlling UEP concepts. Its application is illustrated in th&ritten in the general form

paper.
APPENDIX
DISTANCE PROTECTION MODEL

The protection assessment concepts presented in this paper
can be illustrated using distance protection [11]. Note though[1]
that the ideas extend to other forms of protection and viability
limits. 2]

Distance protection relays determine the “apparent
impedance” seen from a bus, and operate if that value
falls below a preset threshold. Referring to Fig. 9, the apparenF’]
impedance seen by a relay at biysalong a feeder between

buses andk is given by (4]
UZ‘Z(SZ‘

2583, Oy vi, Ug) = 06 — i lbn (13) [5]

Ry + j X (6]

wherew; andé; are the voltage magnitude and angle at hus
and Z;;, and X;; are the feeder resistance and reactance.

The operating criterion of a distance relay for a particular
fault is defined according to the impedance diagram shown in
Fig. 1. The relay at buscorresponding to the line between buses [
¢ andk will operate if

|2k — | < ol 14 P
where
[10]
/3 . ‘e
P=73 (Rir + jXin) (15)
[11]

is the center of the mho circle in the complex plane.

Note that each circle in Fig. 1 corresponds to a different valuélzl
of 3. For typical relay settings? = 0.8 for zone 1, ands =
1.2 for zone 2. Zone 3 settings are power system dependerit3]
with 8 usually much higher than for zone 2. Generally, if the
system enters zone 1, the relay will send an instantaneous trip

Hiu(y) <0

as all load bus variables are algebraic states, i.e., elements of
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