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Abstract—After a power system is subjected to a blackout, par-
allel restoration is an efficient means to speed up the restoration
process. The system sectionalizing strategy consists of determining
the proper splitting points to sectionalize the entire blackout
area into several subsystems, so that parallel restoration can
be carried out within the subsystems. For a large-scale power
system, this system sectionalizing problem is quite complicated
when considering black-start constraints, generation/load balance
constraints, and voltage stability constraints. This paper presents
an ordered binary decision diagram (OBDD) -based system
sectionalizing method, by which the splitting points can be found
quickly. Simulation results on the IEEE 118-bus test systems
show that the method can successfully sectionalize the system
into subsystems satisfying black-start constraints, generation/load
balance constraints, and voltage stability constraints.

Index Terms—Ordered binary decision diagram, parallel
restoration, sectionalizing of subsystems, transmission system
restoration.

1. INTRODUCTION

OWER system restoration involves a broad diversity of
P tasks. Among the numerous complicated factors, restora-
tion of the system to normal operation as quickly as possible is
the primary restoration objective. A centralized black-start ca-
pability could accomplish the cranking task to restore the entire
system with a sequential restoration strategy. However, the time
required to restore a large system by this method may be signifi-
cantly longer. Hence, a parallel restoration method is commonly
used by utilities in system restoration plans [1]. In the case of
widespread blackouts, it is almost always advantageous to sec-
tionalize the affected area into several subsystems to utilize par-
allel restoration of subsystems, and thus reduce restoration du-
ration. Liu et al. suggest generic restoration actions (GRAs)
[2]. These are termed: preparation, system restoration, and load
restoration. The first stage is to partition a system into subsys-
tems and send cranking power to non-black-start generators.
The second and third stages are reintegration of the bulk power
network and minimization of the impact of the outage by grad-
ually picking up load.
The resynchronization of the subsystems is quite time con-
suming due to communication complexities and the lack of mea-
surement data during the early stages of restoration. To bring

Manuscript received March 31, 2010; revised July 09, 2010; accepted August
30, 2010. Date of publication September 30, 2010; date of current version July
22,2011. This work was supported by the Power System Engineering Research
Center. Paper no. TPWRS-00253-2010.

C. Wang and V. Vittal are with the Department of Electrical Engineering, Ari-
zona State University, AZ 85287 USA (e-mail: chong.wang.1 @asu.edu; vijay.
vittal @asu.edu).

K. Sun is with EPRI, Palo Alto, CA 94304 USA (e-mail: ksun@epri.com).

Digital Object Identifier 10.1109/TPWRS.2010.2074216

the entire critical load to service and restore significant load as
quickly as possible before the synchronization of subsystems, a
methodology of sectionalizing strategy is required. This paper
focuses on the optimized strategy for the first stage and intro-
duces a three-step ordered binary decision diagram (OBDD)-
based search procedure, which can assist the system operator,
by providing efficient sectionalizing strategies during restora-
tion. The result can be provided in near real-time and is capable
of handling unexpected system changes during restoration. A
common parallel restoration sequence includes:

1) sectionalizing of power system into subsystems;

2) restoration of each subsystem;

3) synchronization of subsystems.

The determination of the parallel restoration sequence to be
used in restoring a specific system is highly dependent on the
system conditions. An inappropriate sectionalizing strategy can
cause difficulty in synchronization of subsystems or cause re-
stored load to be tripped again. Several criteria require to be
verified before the parallel restoration determination in order to
maintain system security and restoration reliability. These cri-
teria include [1], [3]:

1) each subsystem must have at least one black-start

generator;

2) each subsystem should match generation and load to main-

tain system frequency within prescribed limits;

3) system should have adequate voltage control capabilities

to maintain a suitable voltage profile;
4) each subsystem should be monitored at the system control
center to ensure its internal security.

In an effort to solve the problem taking into account the first
three criteria above, a balanced partition problem (BP problem)-
based approach is considered [4]. The BP problem consists of
determining proper strategies to ensure that the black-start gen-
erator constraint is satisfied, and the generation/load imbalance
is limited. The BP problem has been proven to be NP-complete
[4], i.e., no polynomial-time algorithm can solve it. The search
space for solutions exponentially explodes with the growth in
the number of transmission lines, whose on/off status is de-
scribed by an equal number of Boolean variables. Since the BP
problem contains a large number of Boolean variables corre-
sponding to the transmission lines in a large power system, it is
difficult and time consuming to determine all proper solutions.
The OBDD-based sectionalizing approach can improve the so-
lution efficiency of complex Boolean equations and has been
widely used in the solution of other large partitioning problems
[5], [6]. The OBDD-based methods have been previously ap-
plied in solving power system islanding strategies [7], [8].

This paper will focus on checking steady-state stability of the
subsystems formed. After sectionalizing strategies are obtained
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by the proposed three-step method, transient stability can be
checked by simulations on critical contingencies or line closing
operations [9]. The sectionalizing strategies with all the parallel
restoration constraints satisfied are candidates for the system
dispatcher to consider in parallel restoration. After the search
results are provided by the proposed method, the operator can
select the best strategy based on updated system configuration
and experience. Without loss of generality, only the case of sec-
tionalizing one network into two subsystems is considered in the
following sections. The approach can be extended to the more
general case with more subsystems.

The rest of the paper is organized as follows. Section II
introduces the BP problem and OBDD representation. In
Section III, the approach to determine sectionalizing strategies
in parallel restoration by an OBDD-based three-phase method
is introduced. In Section IV, the method is applied to the
IEEE 118-bus test networks to demonstrate its performance.
Section V provides some concluding remarks. The OBDD
algorithm and power balance error limit estimation method are
provided in the Appendix.

II. BP PROBLEM AND OBDD REPRESENTATION

Not all generating plants are suitable candidates for black-
start units. During the parallel restoration process, all the avail-
able generators can be divided into two categories:

e Black-start generators—which are capable of providing

cranking power to a de-energized power system.

* Non-black-start generators—which are incapable of pro-

viding power to a de-energized power system.

After the entire system is sectionalized into subsystems, each
subsystem must have at least one black-start generator to pro-
vide power to non-black-start generators to carry out subsystem
restoration. This constraint is denoted as a black-start constraint
(BSO).

Each subsystem in the developed parallel restoration scheme
should have the ability to match generation and load to a pre-
scribed tolerance to maintain system frequency. Moreover, if
the available generation level is close to the predicted load level
inside each subsystem, a larger portion of the subsystem can
be restored to facilitate the synchronization of subsystems. This
constraint is denoted as the power balance constraint (PBC).

When the subsystems are being synchronized, some open
lines on the boundary of subsystems may cause system voltage
problems. In the network related aspects, the critical lines that
maintain system voltage stability should not be included on the
sectionalizing boundary in the final sectionalizing strategy. This
constraint is denoted as the voltage stability constraint (VSC).

The following BP problem consists of finding the sectional-
izing strategies that satisfy BSC and PBC constraints identified
above during parallel restoration.

If there are NL branches in the power system, there are
possible branch state combinations to check BSC and PBC con-
straints. Hence, the BP problem of a large-scale power system
is quite time consuming and complicated because a combinato-
rial explosion of its strategy space is unavoidable. Moreover, it
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is necessary to guarantee both correctness and speed in deter-
mining the final sectionalizing strategy to speed up restoration.
The satisfiability of the Boolean expression of the sectionalizing
strategy is developed and solved in Section III below. After the
BP problem is solved, all the transmission lines should be evalu-
ated to make sure no voltage violation occurs during subsystem
synchronization.

The BP problem can be analytically stated as follows,
given an undirected, connected and node-weighted graph
G(V,E, W), two subsets Vg, Vgs of V and a positive con-
stant d, search for a subset E¢ to split G into two connected
sub-graphs G4 (V1, E1,W1) and Go(Va, E2, W) such that
Vea C V1,Vgs C V5 (BSC) and the following constraint
(PBC) are satisfied:

oWl <d, | Wy <d 6
v; EVY v; €Va
where
V ={vy,...,v,} node set;
d allowable power balance error tolerance;
E branch set;
W ={wy,...,w,} weight set.

w; can be calculated by the following equation:

W; =S, — St )

where S’(i; is the injected complex generator power and Si is
the complex load power at bus :. In this paper, the restoration
paths inside the subsystems are not considered. Reactive power
imbalance is highly related with energizing sequence. In the ac-
tual power network, the unbalanced reactive power can be com-
pensated by local reactive power compensators, and the real
power balance and real power flow are more important during
restoration. So only the real power balance is considered, and
the weight of node ¢ in the power network is defined in (3):

W; =P, — P;. 3)

III. OBDD-BASED THREE-PHASE SECTIONALIZING STRATEGY

In this section, the Boolean expression of BSC and PBC is
first developed. An OBDD-based three-step search method is
then introduced to solve the BP problem and maintain system
voltage stability in power system parallel restoration. The three
phases are described as follows.

A. Step-1: Initialize OBDD Model Based on
System Information

To create an OBDD for a power system, every branch in the
system can be seen as a Boolean variable, with respect to “0” or
“1”. The branch with number “0” means this branch is open in
the final sectionalizing strategy, and a branch with number “1”
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Fig. 1. Four-bus power system with two black-start units.

Fig.2. Unreduced binary decision diagram for BSC in four-bus power system.

means it is closed in the final sectionalizing strategy. So each
root node in the binary decision diagram represents one binary
combination of all the branch states, which can be tracked by a
bottom-up process.

All branches are then included in the binary decision diagram.
For the different system constraints, if one binary combination
of all the branch states satisfies all the constraints, then that root
node will connect to the terminal node “1”. If any constraint
violation occurs, then that root node will connect to the terminal
node “0”. Using this logic, the binary decision diagram can be
constructed with any branch order. For a specific power system,
there is more than one OBDD with respect to different branch
orders, but there is only one set of feasible solutions satisfying
a given Boolean expression. For example, a four-bus system is
shown in Fig. 1. Itis assumed that both generators are black-start
generators. To satisfy the BSC, two possible solutions are given:
1) 1, x5 are closed and x9, x4 are open; 2) x1, x3 are open and
T9, x4 are closed. For these sets of possible solutions, the binary
decision diagram is shown in Fig. 2.

When performing system restoration, operators need near
real-time system information in order to make decisions under
changing system conditions. Some information is extremely
important in parallel restoration. These system conditions
include:

* black-start capability;

e interconnection assistance;

* non-black-start plants status;

¢ gstatus of transmission lines and breakers;

» predicted generation and load level inside each subsystem.

After the information is sent to the transmission operations
center (TOC), the OBDD parameters are initialized. The black-
start unit and critical load are confirmed. The system load is
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assumed to be about 40% of the total available generator rat-
ings. The binary variables corresponding to the lines with cer-
tain open or closed status are assigned values of “0” or “1”.
System operators can also set the Boolean value based on their
experience or special concern. This may eliminate some paths
of the OBDD representing a feasible operation. The allowable
power balance error tolerance d is also chosen by the TOC. Then
the binary decision diagram is maximally reduced by applying
the two reduction rules in OBDD. (These reduction rules are de-
scribed in the Appendix.)

The feasible sectionalizing strategy can then be searched in
the OBDD. The procedure to build the Boolean expression in-
cluding both BSC and PBC is introduced in Step-2.

B. Step-2: Building OBDD and Solving BP Problem

Before the Boolean expressions of BSC and PBC are pre-
sented, the concept of the adjacency matrix of an N-node net-
work G(V, E, W) is introduced. The elements Ag,, and Ag,
of the adjacency matrix Aq are the same Boolean variable, de-
noted by b;;. If there is anedge e;; € F, Ag,, = Ag,, = bij =
1; otherwise, Ag,;, = Ag,, = 0. For example, the Ag of the
four-bus power system shown in Fig. 1 is given by (4):

0 b1o 0 b1a
b12 0 b23 0

0 b23 0 b34
b14 0 b34 0

Ag = “

It is easy to draw the following conclusions from Boolean
matrix theory:

LT AL AL @ AL ®)
where L is the longest path in G(V, E,W) in terms of the
number of branches between two arbitrary nodes in the net-
work. [ is identity matrix (1 on the diagonal and O elsewhere)
which has the same dimension as Ag, and Ag is the matrix Ag
raised to the ¢th power. The symbol “@” here represents the
“OR” operation on each element of the matrices. Then Af, can
determine the connection of any arbitrary pair of nodes inside
the network. If A*Gl_j = 1, there must exist a connection path
between bus ¢ and bus j.

For example, considering the four-bus power system, L. = 3
and all the paths from v; to v4 in Fig. 1 can be obtained by (6):

AL, =b1a ® bio @ baz ® bay (6)

where b14 and b1o ® baz ® bz correspond with paths eq4 and
e12e23e34. If the system is sectionalized into two subsystems by
opening branch e;5 and e3y4, AEM = by4 = 1 by setting b1 =
bs4 = 0. This represents that bus 1 and bus 4 are connected in
the above sectionalizing strategy.

Then the Boolean expression of BSC and PBC can be built
from Af,. For the convenience of expression, two sets of gen-
erator groups are defined as V' and V& There is at least one
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black-start generator in each group. Three sets of serial numbers
of the nodes in the network are defined:

Ly ={ilv; eV}, Is ={jlv; € V§'}
and Ig=14UI;g. @)

I contains the serial numbers of all generator nodes. Select
any two arbitrary elements ¢4 € [4 and is € Ig. Then, BSC
can be expressed as

& ® ®
BSC = H Agi,i,A ® H Agj,is ® H (A*Gk.iA @A*les)
1€l j€ls k&l
()

where “@” represents the “EXCLUSIVE-OR” operation. The
first two product terms guarantee that all the generators inside
each subsystem are connected to each other. The third product
term guarantees that each load bus connects to only one black-
start generator. Obviously, BSC is a Boolean function of all
bij’s.

Then the PBC can be expressed as

®
PBC = [[ (J4s. xW|<d) ©)
i=1-N
where Ay, | is the ith row of AZ and W = [ws, ..., w,]" is the

real power weight vector of /V nodes, which has been introduced
in Section II-A. A% | X W is the real power balance error in the
subsystem that contains node number ¢ in the network. There-
fore, the product guarantees that the real power balance in each
subsystem is smaller than the power balance error tolerance d.
The Appendix lists the power balance error tolerance d estima-
tion method.

Variable orderings of b;; are selected based on the node
weights. The branch with the larger sum of the two ending
nodes weights of that branch has a higher order. This ordering
is more efficient than the random orderings. Then the OBDDs
of BSC and PBC can be developed and simplified using the
OBDD software packages. Finally, the OBDD of the BP
problem is obtained by applying operation “AND” on BSC and
PBC expressions:

BP = BSC ® PBC. (10)

C. Step-3: Identifying Voltage Critical Tie-Lines

During the synchronization of the subsystems, the open
boundary tie-lines can be considered as outaged lines before
they are closed. To identify critical lines that cannot lie at the
sectionalizing boundary, N — 1 voltage stability analysis is
conducted for all line outages in the system. The most severe
outages are selected using the contingency screening method
available in VSAT [10].

The contingency screening feature in VSAT is designed to
identify the critical contingencies. The screening of critical line
contingencies classifies the contingencies based on their voltage
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Fig. 3. Parallel restoration strategies searching method flow chart.

stability margin. The voltage stability margin of each contin-
gency is defined as the difference between the pre-contingency
transfer at the initial operating point and the last point where the
post-contingency solution exists [10].

In this phase, all the sectionalizing strategies from Step-2 are
evaluated based on their voltage stability performance. The can-
didate strategies with critical lines on the boundary will be elim-
inated. Moreover, the voltage stability margin of each contin-
gency inside the subsystems can be obtained as needed.

Fig. 3 shows the flow chart of the proposed three-step OBDD-
based search procedure.

IV. SIMULATION RESULTS

In this section, the standard IEEE 118-bus data are used to
verify the proposed method. There are 186 branches in the net-
work. To accelerate the search, a network simplification method
introduced in [8] can be used. In this paper, the network simpli-
fication is not considered and the original network is used. The
generation/load mismatch limit is chosen as d = 150 MW. The
real-power generator data are shown in Table I. Several assump-
tions are made before the BP problem is solved using the OBDD
algorithm. Bus 31 and bus 87 are assumed as black-start genera-
tors and the cranking groups are given in Table II. The selection
of the cranking groups is based on the generators synchroniza-
tion groups in contingency analysis when their synchronization
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TABLE I
GENERATOR DATA OF IEEE 118-BUS SYSTEM
Bus No. Ps MW) Bus No. Ps (MW) Bus No. Ps MW)

10 180.00 54 19.20 87 1.60
12 34.00 59 62.00 89 242.80
25 88.00 61 64.00 100 100.80
26 125.60 65 156.40 103 16.00
31 2.80 66 156.80 111 14.40
46 7.60 69 206.40
49 41.60 80 190.80

TABLE II

GENERATOR CRANKING GROUPS OF IEEE 118-BUS SYSTEM

Total real power

Group No. Node Serial Numbers gencration (MW)
1 31, 10, 12, 25, 26 431
5 87, 46, 49, 54, 59, 61, 65, 66, 1274

69, 80, 89, 100, 103, 111

is lost [7]. The generation level is reduced to about 40% of gen-
eration ratings with the entire critical load in service.

There are 211 possible sectionalizing strategies. The results
for the critical contingency screening based on voltage perfor-
mance are shown in Table III based on the maximum power

TABLE III
VOLTAGE STABILITY SCREENING ON IEEE 118- BUS SYSTEM
Renk e | Nmber | number | 7
1 Line 8 9 1
2 Line 9 10 1
3 Line 38 65 1
4 Line 8 5 1
5 Line 38 37 1

transfer level. After eliminating the candidate strategies which
contain these voltage stability vulnerable lines, there are 137
strategies that satisfy BSC, PBC, and VSC. Fig. 4 shows one
possible system sectionalizing strategy. Six lines are open in the
sectionalizing strategy; they are

{615,337 €19,34, €30,38 €69,70, €70,74 e70,75}-

Simulation results reveal that for a graph with a manageable
number of Boolean variables, the BP problem can be solved in
a short time. The method can be efficiently used to search for
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power system parallel restoration sectionalizing strategies. In
fact, a large power system may have more than two black-start
units. The proposed method can be user defined and facilitate
further sectionalizing.

The BuDDy package (v2.0) [11], which supports all standard
OBDD operations and especially many highly efficient OBDD
vector operations, is selected to develop a program in C++ lan-
guage on a PC (Core2 6700-2.66G CPU and 2.0GB DDRAM).
The package has evolved from a simple introduction to OBDDs
to all the standard OBDD operations.

With the black-start constraint and generation/load constraint
checking, the total search time on a 186-branch system is less
than 3 min.

These results reveal that the checking module found two solu-
tions for the BP problem. In the actual case, once it is determined
that parallel restoration is feasible for the system, the operators
only need to consider the selected candidate strategies instead
of all 2186 strategies. This is a very big saving in time. The op-
erators’ final decision will be made with consideration of the
current state of system and availability of alternative generators
and lines. If none of the sectionalizing strategies are suitable for
the current system status, the operator can change the genera-
tion cranking group or relieve power balance error tolerance for
further searching.

It should be noted that the generators’ cranking group can
be different. To maximize the generation capability, all the
non-black-start generators are considered available during the
restoration. The problem of optimizing generation capability
during the restoration is complex and involves a large number of
combinatorial choices [12]. A number of constraints have to be
verified before initiating the cranking process. The constraints
mainly include voltage and frequency transient, voltage drop,
and protective relay actions[13]. Hence, the black-start and
non-black-start generators start-up sequence should be adjusted
depending on real-time generator status. Moreover, from the
network topology, it is observed that arbitrary generator groups
cannot guarantee that there is a sectionalizing strategy. In
the actual case, the operators have to evaluate the generator
groups considering these constraints and cranking sequence.
If the system does not have enough generation capability in
each subsystem, the load level in the subsystems should be
reduced. Before all the generating units are restored or the
subsystems are synchronized, operators should maintain the
generation/load balance in the subsystems.

V. CONCLUSIONS

This paper presents an efficient approach to search for system
sectionalizing strategies using the OBDD-based technology.
The proposed method decomposes the splitting search process
into three parts: 1) determination of branch status and ordering
in OBDD, 2) finding the boundary of the subsystems under
the black-start constraint and constraint of minimizing the
generation/load imbalance error, and 3) evaluation of system
voltage stability during parallel restoration.

The proposed approach will sectionalize the system into
suitable islands or subsystems that would facilitate parallel
restoration. Then a sequential restoration would accomplish
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the restoration in each subsystem. After the subsystems are
restored, the tie-lines could be energized to synchronize sub-
systems. The method was tested on the IEEE 118-bus test
networks. The results indicate that method is effective during
the early stages of the restoration as they provide guidance to
the operators on how parallel restoration could be performed.

The method focuses on the first stage of the restoration. It
gives the system operators direct guidance with respect to sec-
tionalizing strategy and generator cranking groups. The results
can be provided in real time after system condition change. This
three-step method may not be the final sectionalizing strategy.
In addition, there is no need to stick to the rigid boundary of
the subsystems. The OBDD variable values can be updated with
the unpredicted system condition changes or specified by oper-
ators. This paper provides a search method that augments the
operators’ capabilities. The constraints can also be updated and
checked with operator choices after OBDD searching.

APPENDIX A
BP PROBLEM AND OBDD REPRESENTATION

It has been proved that the problem of determining satisfia-
bility of Boolean expressions is NP-complete [14]. This check of
satisfiability involves the determination of whether the Boolean
expression has value “0” or “1”. An OBDD [15] is a directed
acyclic graph (DAG) representation of a Boolean expression and
is commonly used to determine satisfiability of Boolean expres-
sions. The time complexity of checking the satisfiability of a
Boolean function f(z1,...,2,) is O(n). Once the OBDD of a
function is built, its satisfiability can be verified in polynomial
time. But the choice of variable ordering of =1, ..., z, cannot
be solved in polynomial time and has significant impact on the
size of the OBDD. Once the variable ordering has been chosen
carefully, different kinds of logic operations can be performed
efficiently on the OBDD.

Fig. 5 shows an OBDD (the reduction rules have not been
applied), representing the function f(z1,22,23) = 21 ® 2 ®
x3, where the symbol “®” represents the “AND” operation, and
the symbol “®” represents the “OR” operation. In the OBDD,
a variable z; with a “False” value (having value “0”) is denoted
by a dashed line and the variable x; with a “True” value (having
value “1”) is denoted by a solid line. Once all possible values
of a variable have been addressed, the OBDD progresses to the
next level at which the states of the next variable are addressed.
As can be seen from Fig. 5, the complete OBDD is complex and
can be reduced by applying the following two reduction rules
[15], [16]:

1) merging rule—two isomorphic subgraphs should be
merged. As shown in Fig. 6(a), v; and v2 connect to the
same nodes and they both either have value “0” or “1”.
Then v; and we should be merged into a new node vs.
All nodes that point to v; or v are connected to vs after
reduction.

2) deletion rule—a node whose two branches point to the
same node should be deleted. As shown in Fig. 6(b),
both branches of v4 point to the same node irrespective
of whether v4 has value “0” or “1”. Then v, should be
deleted. All nodes pointing to vy in the upper level are
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Fig. 5. Binary decision diagram representing the function f(zy,x2,23) =
T @ X2 D X3,

(b)

Fig. 6. OBDD reduction rules. (a) Merging rule. (b) Deletion rule.

directly connected to the node that v4 pointed to before in
the lower level.

Applying these rules for reduction, Fig. 7 shows the reduced
OBDD, from which it is straightforward to get the solution to the
satisfiability of Boolean expressions problem depicted in Fig. 7.

There are three paths, associated with five possible solutions,
and the three paths are marked using arrows in Fig. 7. The re-
sult corresponding to each path is shown in Table IV. In the
table, an “X” associated with a variable means that irrespective
of whether the variable z; is “True” or “False” in that path, the
OBDD checking result will remain the same.

APPENDIX B
POWER BALANCE ERROR ESTIMATION

To find an estimate of d, a reduced model of a reheat unit
for frequency decline analysis [17], [18] is used. According to
the North East Power Coordinating Council (NPCC) standard,
the automatic under-frequency load shedding (UFLS) should be
deployed immediately if system frequency drops to 57 Hz [19].

Typical system data are used to compute the minimum power
balance error that can drive the system to the frequency of 57
Hz for each subsystem restored in parallel. This gives the power
balance error tolerance. For a typical reheat turbine model ne-

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 26, NO. 3, AUGUST 2011

Fig. 7. Reduced ordered binary decision diagram representing the function
flar, 22, 23) = 21 © @2 © 5.

TABLE IV
RESULT oF OBDD REDUCTION

Path X7 X2 X3
1 1 1 X
2 0 X 1
3 1 0 1

glecting all smaller time constants, the speed deviation can be
expressed as

RO2 (L+TrS)Py
Aw_(#HL+Km>(52+%¥AS+Q%> an
where
DR+ K,
2 _ m
= SR, (12)
2HR+ (DR + K,,.fu)Tr
= Qn. 1
A ( 2DR + Ko) (13)

Here K, is a mechanical power gain factor. A typical value of
0.95 is used.

H inertia constant in seconds, typically 4.0 s;
fu high-pressure power fraction, typically 0.3;
D damping factor, typically 1.0;

Tr reheat time constant, seconds, typically 8.0 s;
R fraction of the reheat turbine, typically 0.059;
Py power balance error, in per unit’

P,y real power in entire system;

Pyupsys real power in subsystem.

Usually P; is in the form of a step function. The time domain
solution for the speed deviation can be directly obtained from
(11) as follows:

Pd :PStepu(t)
RP,,

A — S 81)

s <DR+K@

(14)

) (1 + ae= " sin(w,t + ¢)) (15)
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Fig. 8. Frequency response to different power balance error value.
where

1-— 2TR)\wn + Téw%

0= et (16)
W :wnm (17)

¢ =¢1— P2 (18)
h1 = tan~* <%) (19)
¢y = tan™? vi-2 (20)

-

Using this reduced model and normalizing, the lowest
system average frequency for this disturbance is obtained as
57 Hz when Py = 0.11P,y,. So, 0.11 P,y is chosen as the
power balance error limit in each subsystem. A lower d value
is selected to improve system frequency response during load
restoration procedure based on system conditions. The system
frequency deviation for different values of power balance error
is shown in Fig. 8.
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