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Self-Healing in Power Systems: An Approach Using
Islanding and Rate of Frequency Decline-Based Load
Shedding

Haibo Yoy Student Member, IEER/ijay Vittal, Fellow, IEEE and Zhong Yang

Abstract—This paper provides a self-healing strategy to deal corrective control scheme as controlled islanding followed by
with catastrophic events when power system vulnerability anal- |oad shedding based on the rate of frequency decline.
ysis indicates that the system is approaching an extreme emer- g nsymption architecture [1], which is used in the field of
gency state. In our approach, the system is adaptively divided into . . . . .
smaller islands with consideration of quick restoration. Then, a controll_ed robots, is adopted.here to identify th_e hlgrarchles of
load shedding scheme based on the rate of frequency decline is apthe various controls, protection, and communication systems
plied. The proposed scheme is tested on a 179-bus, 20-generatobetween various agents in the deregulated electric utility envi-

sample system and shows very good performance. ronment. The architecture is based on the premise that storing
Index Terms—islanding, load shedding, self-healing, slow-co- Models of the world is dangerous in dynamic and unpredictable
herency-based grouping. environments because representations may be incorrect or

outdated. It defines layers of finite-state machines (FSMs)
that are augmented with timers. Sensors feed information into
FSMs at all levels. The FSMs of the lowest level are control
OWER SYSTEMS are being operated closer to thgctuators. The FSMs of the higher levels may inhibit (attenuate
stability limit nowadays as deregulation introduces monge signal of one output wire) or suppress (attenuate the signal
economic objectives for operation. As open-access transactionsall output wires) output values of the FSMs on the layers
increase, weak connections, unexpected events, hidden failuselow them. In this way, a hierarchy of progressively refined
in protection system, human errors, and other reasons mghaviors may be established. Agents designed using the
cause the system to lose balance and even lead to catastrophissumption architecture do not use symbol manipulation in
failures. lowa State University, together with University o& fixed manner to represent processing. They also have no
Washington, Virginia Polytechnic Institute and State Univeglobal knowledge and are generally decentralized. The agents
sity, and Arizona State University have worked as a consortiuife nonprogrammable, single-purpose devices due to their
to conduct research on power system network security issuegk of symbolism and global knowledge. However, they have
The project is being conducted under a grant from the Electtlee advantage of rapid response for dealing with dynamic
Power Research Institute (EPRI) and the U.S. Departmentznfd unpredictable events. A load shedding scheme based on
Defense (DoD). One of the tasks involves the developmenttble subsumption model is designed with consideration of
self-healing schemes for power systems. This paper addressssain criteria. The proposed scheme is tested on a 179-bus
the topic of designing a self-healing strategy after large distl@0-generator test system and shows very good performance.
bances. When a power system is subjected to large disturbances,
such as simultaneous loss of several generating units or major [I. CONTROLLED |ISLANDING
transmission lines, and the vulnerability analysis indicates . . .
that the system is approaching a catastrophic failure, cont, IIn this step, we employatwo-_tlme-scale method to o_letermlne
actions need to be taken to limit the extent of the disturbanég.e groups of the generators with SIO_W coherency. This method
In our approach, the system is separated into smaller islandg%rfs'd?rs the .structur.al charactens_tlcs of the power sys.tem to
a slightly reduced capacity. The basis for forming the islancﬁ’ termine the Interactions of the various generators and find the
is to minimize the generation-load imbalance in each islan rong and weaI.< couplmg's. The method is implemented by run-
thereby facilitating the restoration process. Then, by explorir'? g the Dynamic Reduction Program 5.0 (DYNRED) software

a carefully designed load shedding scheme based on the ined from the EPRI software center. Through the selection

of frequency decline, we limit the extent of the disruption0 the two-time-scale option, the coherent groups of generators

and are able to restore the system rapidly. We refer to tlﬁgn.b? obtal_ned on any power system. We also dgve!op an auto-
matic islanding program to fully support the application of the
theory.
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significant benefit to the corrective control actions that follow 2) The two-time-scale weak connection form inherently de-
the islanding procedure. In determining the islands, the inherent  scribes the oscillation feature of large-scale power sys-
structural characteristics of the system should be considered. In  tems: the fast oscillation within a group of machines and
addition, the choice of these islands should not be disturbance the slow oscillation between the groups via weak tie lines.
dependent. The two-time-scale method we employed is an ap3) The slow coherency method also preserves the features
plication of the singular perturbation method in power systems  of the coherency-based grouping. It is independent of the
[2]-[4]. The method assumes the state variables ofthrorder size of the disturbance and the generator model detalil.
system are divided into slow stategy, and (—r) fast states  The technique is implemented by running DYNRED.
z, in which ther slowest states representgroups with the Through the selection of the two-time-scale option, the co-
slow coherency. The user provides an estimate for the numberent groups of generators can be obtained on any power
of groups. However, the automatic islanding program takes irggstem. The islands are formed by slow coherency considering
account the mismatch between generation and load and aviié modes of the oscillation of the linearized state space model
ability of the tie lines to form islands and appropriately comef the system. This is reasonable since the islands contain the
bines groups whenislands cannot be formed. Both the linearizgsherators with similar swing characteristics and oscillation
and nonlinear power system models can be used to apply th&juencies that are unrelated with the size and the location
two-time-scale method. In the linearized model, we start froof the disturbance. It is also reasonable to assume that the
the basic classical second-order electromechanical model ofsaime group of generators will show similar behavior (slow
n-machines power system [5]: coherency) following the disturbance. This is reasonable to
assume since the automatic islanding occurs quite early after
the disturbance (0.2 s after the initiation of the disturbance).

bi =Qw; — 1) (1) We have also verified by nonlinear simulation that the grouping
. . identified by the slow coherency approach is maintained in
2Hiwi = =Di(wi = 1) + (Pmi = Pei) i=12.....n (2) the nonlinear simulation beyond this time instant. It has also
been observed, that in nonlinear simulations following distur-
where L L bances, the fundamental modes of oscillation that describe the
b; rotor angle of machinéin radians; inherent structural characteristics of the systems can be clearly
w;  speed of maching in per unit; identified. Hence, the fundamental modes of the oscillation de-
P,.; mechanical input power of machirigin per unit; termined by the linear analysis p_ro_vide a convenient approach
. o ) to detect the structural characteristics of the system.
P.; electrical output power of machirigin per unit;
H,; inertia constant of machingin seconds; B. Islanding
D; damping constant of machirigin per unit; Having decided the coherent groups of the generators, we still

have two questions to answer. They are: Where and when to
form the islands? We develop an automatic islanding program to
If we neglect damping and line conductance and we lineariggly support the application of theory. The program is dedicated
the system dynamic equation around an equilibrium poif§ searching for the optimum cut sets after we have the grouping
(6%, 1)", we obtain information. The optimum cut set is obtained considering the
least generation-load imbalance. The approach begins with the
) characterization of the network structure or connectivity using
X=—(1/2)QH 'KX = AX (3) the adjacent link table data structure [7]. Then through a series
C_AS i=1 2 @) of reduction processes, the program forms a small network and
i i PE LS performs an exhaustive search on it to get all the possible cut
H :diag(Hh HQ./ cey Hn) (5) sets.
o With the information of the coherent groups of generators and
K = (kij) = (ViV;Bij cos(éi — 8;)]s-) J#i (6) the exact locations of where to form the islands, the R-Rdot
] ) out of step relay developed at Bonneville Power Administra-
whereV; voltage of bus (per unit), B;; prefault network’s sus- jon (BPA) is deployed to form the islands [8]-[9]. The relay
ceptance between bugnd bus;. S only requires local measurements and makes tripping decision
Further transformations based on this simplified model ajging settings based on various offline contingency simulations.
made. It is to be noted that this model retains all of the oscill§-shows much better performance than the conventional out of
tion frequency information. In the case that a Riccati equatig@ep relay, which is actually the impedance relay. Besides the
is satisfied, slow and fast variables of the system are classifii%edance, the new relay uses the information of the rate of
through a proper grouping algorithm. The detailed descriptighange of the impedance or resistance and gets better results in

Q base frequency, in radians per second.

of the method can be found in [3]-{6]. _ practice. Different switching lines make sure different corrective
As a summary, the slow coherency based grouping methgshtrol actions are taken based on the level of the seriousness of
has the following explicit advantages. the disturbance. The switching lines are as shown in Fig. 1 [8],

1) Slow coherency is independent of initial condition anfB]. When a fault trajectory enters into the range defined by the
disturbance. switching lines, the tripping action will take place.
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Fig. 2. Subsumption model for the load shedding scheme.
Fig. 1. R-Rdot out-of-step relay switch lines.

the principal of the rate of change of frequency used for load
Ill. L OAD SHEDDING SCHEME shedding is referred to as ROCOF. In [17], an adaptive load
shedding scheme that uses information including the system de-
Controlled islanding divides the power system into islandgiand, spinning reserve, system kinetic energy, the amount of
Some of these islands are load rich and others may be genépeer-priority load available for shedding elsewhere, and the lo-
tion rich. Generally, in a load rich island, the situation is moreally measured rate of change of frequency is developed.
severe. The system frequency will drop because of the generWe develop a load shedding scheme based on the rate of fre-
ation shortage. If the frequency falls below a certain set poiguency decline, which can identify the magnitude of the distur-
(e.g., 57.5 Hz), the generation protection system will begin opance. At the same time, we incorporate the conventional load
eration and trip the generator, further reducing the generatiorsinedding scheme into our subsumption model to form a new
the island and making the system frequency decline even worieo-level load shedding scheme as shown in Fig. 2.
In the worst case, the entire island will blackout. In a load defi- Normally, the relay will operate the conventional load
cient island, either intentional or forced generator tripping wihedding scheme. The conventional load shedding scheme
reduce the gap between the generation and the load. As a re$als, longer time delays and lower frequency thresholds, which
we put more effort to save the load rich island and developcan be used to prevent inadvertent load shedding in response

new two-layer load shedding scheme to perform the task [10l0 small disturbances. If the system disturbance is large and
exceeds the signal threshold, the second layer will be activated

and send an inhibition signal to the first layer and the load
shedding scheme based on the rate of frequency decline will

In the literature, there exist two kinds of load sheddinpke effect. This layer of the load shedding will shed more
schemes: load shedding based on frequency decline and Ii&a§l quickly at the early steps to prevent the cascading events
shedding based on rate of frequency decline [11], [12]. The fifét the island. This can greatly enhance the system’s ability to
approach [11] has mostly conservative settings because of W#hstand large disturbances. In all, the new two-level load
lack of information regarding the magnitude of the disturbancéhedding scheme has the following explicit features:

Although this approach is effective in preventing inadvertent 1) suitable for large and small disturbances;

load shedding in response to small disturbances with relatively2) suitable for self-healing when combined with islanding in
longer time delay and lower frequency threshold, it is not power system recovery.

able to distinguish between the normal oscillations of the

power system and the large disturbances on the power syst&mDetermination of the Magnitude of the Disturbance
Thus,.the approach IS prone to Shedd'”g less load. This is NOR variable that measures the magnitude of the disturbance
beneficial to the .qwck recovery of the island and may Iea_éhould be determined in order to make the subsumption
to further cascading events. The second approach [12] avolds, oach feasible. From an intuitive analysis [18], the rate
these shortcomings by using the frequency decline rate ag¢grequency decline at the beginning of the disturbance can

measure of the load shortage. Thus, it has a faster respogsg rately reflect the magnitude of the disturbance. From [19,
time compared to the other scheme. chapter 3], we have

The idea of the load shedding based on the rate of change

A. Load Shedding Scheme Under Subsumption Model

of frequency can be traced back to as early as in 1960s [13], df; 60 x Pyir n

[14]. Issues of hardware implementations in the form of relays E = —T <PLA(0+) Z Ps,;k>

were discussed and resolved in the 1970s and 1980s. In [14], ¢ i=1

the leakage occurring in the fast Fourier transform (FFT) is ad- t=1,2,...,n. (1)

vantageously used to detect the fluctuations in the fundamental
frequency of a power system so that it can optimally estimagefine

the mean frequency and its average rate of decline and deter- n n
mine the appropriate amount of load to be shed. The idea was = (H:f;) / (Z Hi) ] (8)
=1 =1

then adopted in an isolated power system [15], [16]. In the U.K.,
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In (7), we add all the equations to obtain system frequency will not drop below 57 Hz. Although the dis-
_ N N turbance is ultimately shared according to the inertia of each
af _ Z (H ) %) Z H. machine, sometimes the frequency of some generators near the
dt P todt e ’ disturbance can drop below 57 Hz before reaching the final state.

Using the value of frequency at each bus, the buses whose fre-

=—60 x Ppa Z 2H,. (9) quencies drop quickly are likely to have more load shed locally;
i—1 this can reduce the frequency deviation and system oscillations.

fi frequency of generatarin hertz; C. Determination of the Threshol
df/dt average rate of frequency decline, in hertz per second; nat L

P, synchronizing power coefficient between generator Considering the governor protection system limitation and re-
i and the disturbance node in per unit. See [19, 9ional operation criteria, we definé,» as the minimum load

Chapter 3]; deficit that can drive the system average frequency below 57 Hz.
Pra  magnitude of the disturbance, in per unit; This frequency threshold is chosen because it is widely recog-
H; inertia of generato, in per unit; nized that the system is not allowed to operate below 57 Hz.
w;i rotor speed of each generaioin per unit. There are three main reasons why the system cannot operate
We define below 57 Hz.
1) Coordination With the Governor-Turbine
m; = % (10) System:Underfrequency operating limitations imposed
dt by manufacturers of turbine-generator units are primarily
df concerned with the avoidance of resonant frequencies and
mo =" (11) turbine blade fatigue. Since fatigue effects are cumulative,
Substituting (11) into (8), we have the Iimitat?on is _de_fined in _t_erms of total accumulated times
' of operation within specified frequency ranges. Turbine
n manufacturers provide limitations of various turbines to
mo = —60 X Ppa Z 2H;. (12) frequency variation. Based on this data, it is very reasonable to
i=1 choose 57 Hz as system operation limit [18].
The equation can be alternatively written as 2) Coordination With the Plant Auxiliary SystenNuclear
units having a pressurized water reactor steam supply use
” special underfrequency protection for their primary system
Pra = =mox ) 2H/60. (13)  reactor coolant pumps. For these units, this protection will trip

=t the coolant pumps and shutdown the reactor at the fixed time

SinceH; is constant, the magnitude of the disturbance can b0.25 s and a pickup setting of 57.0 Hz [22].
directly related to the average rate of system frequency decline3) Coordination ~ With Existing  Operation  Cri-
Hencejn, can be an indicator of the severity of the disturbancesria: According to the North East Power Coordinating
The rate of frequency decline at the beginning of the disturbanceuncil (NPCC) standard, the generation rejection should
can be used as the input signal of the second layer. Once iee deployed immediately if system frequency drops below
threshold of P to activate the second layer is decided, thg7 Hz [23].
correspondingn, can be calculated. When the disturbance oc- To find Pr», we use a reduced model for a reheat unit for
curs, we measure; at each bus and compare it withy. If m;  frequency disturbance as shown in Fig. 3 [18].
is greater thamn, the second layer is activated; otherwise, the Here, kK, is a mechanical power gain factor. We use a typical
conventional load shedding scheme is used. value of 0.95.

By usingm; at each bus to decide the amount of load that #  nertia constant in seconds, typically 4.0 s;
should be shed locally, the system oscillations after the distur-f;;  high-pressure power fraction, typically 0.3;
bance can be reduced. We know that at the beginning of the dispp ~ damping factor, typically 1.0;
turbance, the impact of disturbance is shared immediately by,  reheat time constant, seconds, typically 8.0 s;
the generators according to their synchronizing power coeffi- R fraction of the reheat turbine, typically 0.559;
cients with respect to the bus at which the disturbance occursP;  disturbance power, in per unit.

[19]. Thus, the machines electrically close to the point of im- We use typical system data to compute the minimum load
pact will pick up the greater share of the load regardless of thelficit that can drive the system to the minimum frequency of
size. On the other hand, standards [20] and guides [21] giv&AHz (representing the worst-case scenario).

fairly strict regulation on tolerable frequency deviations. The From Fig. 3

area between 59.5 and 60.5 Hz is the area of unrestricted time

operating frequency limits. The areas above 60.5 Hz and below =~ _ < RQ; > < (1+ Trs)Pu > (14)
59.5 Hz are areas of restricted time operating frequency limits. DR+ K, s24+202Xs + Q2

From Section IlI-C, we also note that the system frequency is

not allowed to drop below 57 Hz. Hence, on detection of thihere

system frequency dropping below 59.5 Hz, the load shedding s DR+ K,
schemes should trigger the corrective control ensuring that the " 2HRTp

(15)
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TABLE |
STEP SIZE AND DELAY TIME OF THE TWO LAYERS AS PERCENTAGE OF THE
TOTAL LOAD
59.5Hz | 59.3Hz | 58.8 Hz | 58.6 Hz |58.3 Hz
K,(+F,T,s) |, S | 20% 5% 4% 4%
RA+T,) | M) 00) (60) | (120) | (180)
< 10% 15%
Mo (280) | (180)
Fig. 3. Reduced model of reheat unit for frequency disturbance.
2HR+ (DR + K,,Fi)Tr For the following steps, the more the frequency declines, the
A= 2(DR + K,) 2, (16) quicker the action is. For the new scheme, to prevent sharp
frequency declines following a large disturbance, we set the
If P, is a step function, then delay time for the first step of the second layer as zero cycles.
Finally, the two layers of load shedding scheme are devel-
Py(t) = Pstepu(t). (17)  oped as shown in the Table I. When the disturbance occurs, we

. ) L . measuren; or the rate of frequency decline at each bus and
Using this reduced model and normalizing, we obtain that thy

S . %mpare it withm calculated fromPp A . If m; is greater than
lowest system average frequency for this disturbance is 57 2 the new load shedding scheme shown in the second row
whenP; = Pra = 0.3P;,,. So, we choose 013,; as the

- .of Table | is deployed. Twenty percent of the total load is shed
threshold value of’ A for the new load shedding scheme. Thigyith zero cycle delay in the first step. The character C in the

value of P 4 is used in (13) to determine the limiting thresholq,pie means cycle. Otherwise, the conventional load shedding
for my. scheme is used, which is shown in the second row.
D. Frequency Threshold, Step Size, and Time Delay

o IV. SIMULATION RESULT
The frequency threshold should be chosen carefully. First, it

should not be too close to normal frequency in order to avoid ' € load shedding scheme is tested on a 179-bus, 29-gener-
tripping on severe but nonemergency frequency swings. On fQr test system. The system has a total generation of 61410
other hand, it is more effective to shed load earlier. MW and 12325 Mvar. It has a total load of 60785 MW and
The step size is an important variable in load shedding. Cofe 351 Mvar. The simulation is made using a detailed generator
ventionally, the amount of load shed at each step is increadBgde! with governors, exciters, and power system stabilizers
while the system frequency decreases. This choice is reasgre>)- IN the first case, the system is islanded by experience. In
able for those schemes that use the frequency as the criteffdSecond case, the DYNRED program in the PSAPAC package
to shed load because before the system deteriorates, it is unfé3g chosen to form four groups of generators based on slow co-
sonable to shed too much load if the disturbance is unknownfrency- With the help of the automatic islanding program, we
has also been observed that for large disturbances, such scheffEMine the cut sets of the island with consideration of the
may be insufficient to arrest system frequency decline [24]. Ol2St generation-load imbalance and topology requirements. In
second layer of load shedding scheme, as stated before will offl§ third case, a different fault is chosen from the previous two
take action when the disturbances are large enough to cause“fiReS: Islands are formed based on the slow coherency approach.
system frequency to drop below 57 Hz. So instead of increasing” te first and the second case, to test the system response
the step size while the system frequency is decreasing, we e SEvere contingency, three 500-kV transmission lines in the
the first step to be the largest step size. This helps the syste¥ii€m are tripped simultaneously shown as in Fig. 4. This cor-
recovery in the case of large disturbance. Since the first layerf§FPONds 1o a catastrophic transmission failure where an inci-
the new load shedding scheme will mainly deal with small di lent takes out all thre_e transmission lines smult_an_eou;ly. The
turbances, the conventional philosophy is adopted for this layBFOW shows the Iocatlpn where the three transmission lines are
orthe load is shed only based on frequency decline. For the stdfreonnected. These lines are connected between buses.
of load shedding, the following three facts have been observedl) bus 83-bus 168;

[24]. 2) bus 83-bus 170;
1) Frequency steps must be far enough apart to avoid overlap3) bus 83—bus 172.
of shedding due to (intentional or inherent) time delay. Simulations conducted on the system indicate that this dis-
2) The number of steps does not have very great impact tibance will result in the system being unstable. In these simu-
the effect of load shedding. lations, no conventional protection settings were considered. To
3) Generally, the threshold of the last step of load sheddiggVe the system from animpending blackout, we splitthe system
is chosen no less than 58.3 Hz. into two islands 0.2 s after the contingency. In the first case,

Time delay is very important for load shedding schemes tBe islands are formed by experienceThe following lines are
avoid overlapping and unexpected action for small frequentijpped:
oscillations. Generally, for the conventional load shedding 1) bus 139-bus 12;
scheme, the delay time for the first step is usually very long to 2) bus 139-bus 27;
avoid unexpected actions due to small frequency oscillations.3) bus 136-bus 16 (1 and 2).
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Fig. 4. Case 1—two islands for 179-bus system based on experience. Fig. 6. Case2—three islands for 179-bus system based on slow coherency.

Frequency (Hz) Frequency (Hz)
60.5 q Y ! 60.5 !

80 60

595

59 59

585 585

58 58
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57 i i P 574 1 2 ;
0 1 2 .
Time (Second) Time (Second)

Fig. 5. Frequency response of generator 118 after the contingency of fig: 7. Frequency response of generator 118 after the contingency of the
179-bus system. Curve 1: Without self-healing. Curve 2: Islanding with no lodd 9-BuS system. Curve 1: Without self-healing. Curve 2: Islanding with
shedding. Curve 3: Islanding followed by load shedding based on frequert /02d shedding. Curve 3: Islanding followed by load shedding based on

difference. Curve 4: Islanding followed by load shedding based on the rate'gauency difference. Curve 4: Islanding followed by load shedding based on
frequency decline. the rate of frequency decline.

After islanding, the system is divided into two islands showB€etween the two load shedding schemes. To maintain stability
asin Fig. 4. The two islands can be characterized as the north@ighe system, less load needs to be shed with the new load
island, which is generation rich, and the southwest island, whighedding scheme than the old scheme. At the same time, the
is load rich. In the southwest island, some of the buses ha&xstem experiences smaller frequency excursions under the new
mi smaller thann,. So the conventional load shedding schem@cheme than the old scheme.

is deployed at these buses. For the other buses at whjdh 1N determining the islands using slow coherency we speci-
larger thanmn, the load shedding scheme based on the rateftsfd the initial estimate of the groups to be four. Based on the
frequency decline is deployed. grouping and the fault location in the second case, in order to

In the simulation, underfrequency load shedding with vagreate the islands for such a large disturbance, the automatic is-
ious schemes is performed in the southwest island to mainté&fding program selects the following lines to be tripped:
acceptable frequency. Simulations are conducted using EPRI'sl) bus 133-bus 108;

Extended Transient-Midterm Stability Program (ETMSP). 2) bus 134-bus 104;
Fig. 5 shows the frequency responses of a typical generator in3) bus 29-bus 14.
the southwest island in four situations. As mentioned before, théines are determined by the

Curve 1 and curve 2 show that, following the disturbancautomatic islanding program. Nonlinear fault-on simula-
the system will lose stability without any self-healing strategijons show that the generators within the same group show
or only with islanding. Curve 3 and curve 4 give a comparisatbherency with each other.Simulations indicate that BPAs
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Frequency (Hz)
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Fig. 9. Frequency response of generator 43 after the contingency of the
179-Bus system. Curve 1: Without self-healing. Curve 2: Islanding with no load
shedding. Curve 3: Islanding followed by load shedding based on frequency

difference. Curve 4: Islanding followed by the new load shedding.
Fig. 8. Case 3—two islands for 179-bus system based on slow coherency.

TABLE 1l

R-Rdot out of step relays are able to quickly identify the out COMPARISON OF THELOAD SHEDDING SCHEMES IN THREE CASES

of step situation on those tie lines and initiate local and remote

trippings. After islanding, the system is divided into three Generation Load |-°3d Shed with) Load Shed
areas. These areas are shown in Fig. 6. The arrow shows the Cases 1 Conventional | with New
Imbalance (MW)
) .. . . Scheme (MW) {Scheme (MW)
location where the three transmission lines are disconnected. - :
The th islands in Eia. 6 be ch ized h h No. 1 Generation 16,265 6,937 5,698
The three islands in Fig. 6 can be characterized as the northeast No. Load 22,679 (11.4% 30.6%)/(9.4% 25.1%)
island, the central island, and the south island. Fig. 7 shows the Central Island:
frequency responses of the same generator as in Fig. 5 in the Generation 5,118 1.810/0 1.450/0
i i i i Load 7,006 ’ >
central |sland_|n four situations. _ _ No. 2 o (3.0%/0% | (2.4%/0%
The south island and the central island are load rich areas. Gen:rl:xtio; alns 477 | 258%/0%) | 20.7%/0%)
The other island is the generation rich area. In the south island, Load 17373
all of the buses have mi less than and the conventional load No.3| Generation 11,148 5.127 3,672
shedding scheme is deployed. Simulations indicate that no load Load 15,674 (8.4% 32.7%) |(6.0% 23.4%)

needs to be shed in the south island according to our load shed-

ding scheme. The frequency recovers through the coordination ) )
of the generators’ governors and exciters. In the central islafegd. The second percentage is the ratio of the load shed com-

the new load shedding scheme is deployed. Similar conclusigt¥ed to the island load. It is observed that the load shedding
can be obtained for this case as the previous one from the f§Gheme based on the rate of frequency decline sheds much less
frequency response curves. load than the conventional load shedding scheme in all three
In the third case, four lines are tripped simultaneously ~ Cases.
1) bus 12—bus 139;
2) bus 27-bus 139;
3) bus 16-bus 136 (1and 2). In this paper, a self-healing scheme for large disturbances
To save the system from an impending blackout, we split thgth concentration on a new load shedding scheme is described
system into two islands 0.2 s after the contingency. The islangsietail. The scheme is tested on the 179-bus sample system and
are determined by the slow coherency. In order to create #gows very good performance. The new two-level load shed-
island, the following lines are tripped: ding scheme raises the stability performance of the system by
1) bus 133-bus 108; shedding less load compared to the conventional load shedding
2) bus 134-bus 104. scheme. Since the tripping action does not require much cal-
The two islands are shown in Fig. 8. Fig. 9 shows the freulations and the islanding information can be obtained offline,
guency responses of one typical generator in the south islandhie speed in the real-time implementation should mostly depend
four situations. Table Il shows the amount of load that needs the speed of communication devices and switching actions.
to be shed for system recovery under the two load sheddilmorder to facilitate restoration, the islands are formed by min-
schemes in the three cases considered. imizing the generation-load imbalance. In this paper, we have
In the cell that shows the amount of load shed, the first paret specifically addressed the topic of restoration. We will ad-
centage is the ratio of the load shed compared to the total systmess this topic in our future work. In the future, we also intend

V. CONCLUSION
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to do a detailed comparison of the new load shedding schem&s] M. M. Elkateb and M. F. Dias, “New technique for adaptive-frequency
with other standards reported in the literature.
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