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A. The New England 10-Unit 39-Bus Power System

The 10-unit 39-bus New England power system is employed
to verify the effectiveness and reasonableness of the proposed
restorative self-healing strategy. Suppose that the black-start
unit locate at bus 34, and it supplies power to bus 33 where
non-black-start unit locates in the black-start phase, hence
the black-start path are as follows: 34—20—19—33. It is
assumed that the amounts of the important loads (i.e., the
high priority loads) of the nodes are 30 percent of their loads,
respectively. The detailed parameters of the generators and
loads can be found in [3], [5], and [7]. It is assumed that the
restarting time for an non-black-start generator is 15 minutes,
and the times for energizing a transmission line and its another
terminal bus or picking up the load in a bus are 5 minutes.

The first step is to simplify the power system before
the restorative self-healing strategy is employed to restore
the power system after a blackout. The major task in this
step is to combine the vertexes in each black-start path as
a new vertex, i.e., the initial Sgps, and to find out the set
of the unrestored region of the power system. It can be
seen that the nodes 19, 20, 33 and 34 and the transmis-
sion lines between them are merged into the restored region
of the power system which is named as the initial Sggs,
ie., S%,={V10.V20,V33,V34.L34-20.L20—19,.L19-33}. Then,
the power system is simplified as a sparsely connected,
unidirectional and weighted graph. The graph consists of
36 vertexes and 43 edges, and the reactance of each transmis-
sion line is selected to be their weight respectively. It can be
found that the initial candidate restoration path is line Lig_e,
. To
ie., Qepp,={Li9-16}.

After the optimization of the restorative self-healing strat-
egy is carried out, the electrical betweennesses of the candidate
restoration paths at all the time periods are calculated, and the
results of each iteration are shown in Table I. For demonstrat-
ing the meaning of Table I, the second line (i.e., the line of
T7) in Table I is taken as an example. It can be seen that
the optimal restoration path optimized in time period T(i.e.,
the fifth minute) is to restore transmission line 16-24 (i.e.,
Lig_24) because its electrical betweenness is 199.4 which
is maximal among the candidate restoration paths Lje_1s,
Li6—17, Lig—21, and Ljg_24; and the other candidate restora-
tion paths (Lie—21, Lie—17, and Lje—_15,) are considered as
alternative restoration paths because their electrical between-
ness are 191.2, 159.6 and 122.9 respectively which are smaller
than that of Lje¢_o4. Furthermore, in the optimization process,
several redundant restoration paths with larger line charging
capacitors are removed from the set of candidate restoration
paths at different time periods, such as line Ly>_51 in the 5th
iteration, line Lyg_»g in the 15th iteration, line L3_;g in the
18th iteration, lines L.g_g and Lg_7 in the 26th iteration, and
line Li5_14 in the 27th iteration.

It can be seen from Table I that one optimal restoration path
for restorative self-healing strategy can be found out in each
iteration, and several alternative paths are also listed for replac-
ing the optimal restoration path selected if the power system
with the selected path at this time period cannot respect all
the constraints. The duration time for the whole restorative
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TABLE I
OPTIMAL RESTORATION PATHS AND THEIR ELECTRICAL
BETWEENNESSES OBTAINED IN EACH ITERATION FOR
THE NEW ENGLAND POWER SYSTEM

self-healing process of the power system is 165 minutes. It
can be also seen that the electrical betweenness calculated
of optimal path does not decay with the increasing iteration
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Fig. 1. The destination skeleton network in the network reconfiguration of
the New England power system.

TABLE 11
COMPARISONS OF THE OPTIMIZATION RESULTS OBTAINED BY THREE
RESTORATION STRATEGIES FOR NEW ENGLAND POWER SYSTEM

Duration Times Energy Not Supplied
(Minutes) (MWh)
T s
gg;:ﬁi?ﬁ:;ig% 165 2332.05
Restorative Self-healing 165 2238.62

strategy proposed

(i.e., the decreasing scale of the unrestored region of the
power system), which shows that the importance of some
transmission lines changes in the restorative self-healing pro-
cess. Based on the restorative self-healing results in Table I,
the destination skeleton network in the network reconfigura-
tion shown in Fig. 1 can be obtained. It can be seen from
Fig. 1 that most of transmission lines and nodes are restored,
except for 3 nodes without loads (i.e., the nodes Vo, Vi3 and
V14) and 11 transmission lines which consist of the redundant
lines removed by the restorative self-healing strategy, and the
transmission lines connected with the 3 nodes without loads.

For comparisons, the optimization results obtained by the
traditional restoration strategies [14], [22], [23], which did not
take the relative importance and restoration priority of the
important loads to be restored, or the distribution of the nodes
to be restored (i.e., every edge with equal weight, or electrical
susceptance as the weight) into consideration, are presented
in Table II. In this paper, the strategy with equal line weight,
and that in which electrical susceptance of each line is set
as the weight are taken for comparisons. The optimal restora-
tion paths for both the traditional restoration strategies are
as follows: S — 16 - 21 — 22 — 35 — 23 — 36 —
17 —->27—-26—>25—->37T—-2—->1— 39 - 29 —

T T T T T T T T

= Restorative self-healing strategy proposed
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Fig. 2. Comparisons of power losses of the important loads at different time
periods for the New England power system.

38 >30 >3 >4 —>5—>6—>31 > 11 - 10 —»
32 >8> 15— 24 - 7 - 28 — 18 — 12. The dura-
tion time is 165 minutes, which is same to that optimized by
the proposed restorative self-healing strategy. Furthermore, the
generator start-up strategy which takes maximum generation
capability as the optimization objective objective in [5] is also
performed for comparisons. The strategy in [5] considers the
optimal startup of the generators, but the restoration of load
nodes is ignored. So, the load nodes are restored according to
the amounts of the load in each node after all the nodes of
the generators are restored for considering the comparability
with the restorative self-healing strategy proposed. The opti-
mal restoration paths for this maximum generation capability
strategy are as follows: S — 16 — 21 — 22 — 35 — 23 —
36 > 17— 27— 26> 29 - 38 - 25 - 37 - 2 —
1-39—-30—-3-4->5—->6—->31—-11 - 10—
3258 —> 15— 21 - 7 — 28 — 18 — 12. The duration
time is also 165 minutes. Table III shows that the comparison
of the optimization results obtained by the traditional restora-
tion strategy, maximum generation capability strategy and the
proposed restorative self-healing strategy. The power losses of
the important loads at different time periods, which optimized
by the traditional restoration strategies, maximum generation
capability strategy and the proposed restorative self-healing
strategy, are plotted in Fig. 2. It can be obtained that the
energy not supplied of the important loads optimized by tra-
ditional restoration strategies is 2301.09MWh, and that by the
proposed restorative self-healing strategy and maximum gener-
ation capability strategy are 2238.62MWh and 2332.05MWh.
As a result, the energy not supplied of the important loads can
be reduced by 62.47MWh (2.71% comparing with traditional
restoration strategies) and 93.43MWh (4.01% comparing with
maximum generation capability) after the proposed restorative
self-healing strategy are employed in the network reconfigura-
tion of the power system. The average computation times for
optimizing every step of restoration paths of the traditional
restoration strategies, maximum generation capability strategy
and the proposed restorative self-healing strategy are 0.33s,
0.02s and 0.33s, respectively. Though the average computation



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

——— Connected line

@®  Nodes with loads

= Plant O  Nodes without loads

— — — Disconnected line

Fig. 3. The destination skeleton network for a part of the Guangdong power
grid in China.

time of the proposed strategy is not better than the other
strategies, it is far less than the time period (5 minutes)
of one restoration step, so it is enough for obtaining the
next restoration step and can be employed in the restorative
self-healing.

Finally, the sensitivity on the proportion of the impor-
tant loads is performed for checking the solution stability
of the restorative self-healing algorithm. It can be obtained
that the proportions for keeping optimal restoration paths
unchanged are from 22% to 35%, which means that the
same result is obtained with a certain proportion range of the
important loads.

B. Part of the Guangdong Power System

A part of the Guangdong power grid in China as
shown in Fig. 3 is also employed to verify the effec-
tiveness of the proposed strategy. It consists of 22 gen-
erators, 66 nodes and 95 transmission lines. The black-
start units locate at bus XNP, and it supplies power
to bus KY where non-black-start units HYP and GBP
locates in the black-start phase, hence the black-start
path are as follows: XNP—ZC—KY—HYP&GBP. Thus,
the nodes XNP, ZC, KY, HYP and GBP are merged
into the restored region of the power system which is
named as the initial Sggg, i.e., S%Bsz{VXNp,Vzc,VKy,
Vuyp,Veer.Lxnp-zc.Lzcky.Lxy-Hyp.Lky.GBp }. The amounts
of the important loads (i.e., the high priority loads) of
the nodes are 10 percent of their loads, respectively.
Then, the power system is simplified as a sparsely con-
nected, unidirectional and weighted graph. The graph con-
sists of 62 vertexes and 91 edges, and the reactance
of each transmission line is selected to be their weight
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TABLE III
COMPARISONS OF THE OPTIMIZATION RESULTS OBTAINED BY THREE
RESTORATION STRATEGIES FOR GUANGDONG POWER SYSTEM

Duration Times Energy Not Supplied
(Minutes) (MWh)
T s
ity ey [ 20 17126
Restorative Self-healing 260 1208.7

strategy proposed

respectively. It can be found that the set of the ini-
tial candidate restoration paths QQ{PS ={Lxnp-BJ.LzCLC,
Lzc-xt.Lzctx,.Lxy-HC.LKY-GQ.LKY-HPAP,.LKY-Bs} When the
redundant restoration line Lzc.py is removed. Then, the pro-
posed restorative self-healing strategy is applied to the simpli-
fied power system, and the optimization results are shown in
Fig. 3. In Fig. 3, the numbers which is close to each trans-
mission line and with blue color are the optimal sequence of
restoration paths optimized. The red dotted lines are the trans-
mission lines which consist of the redundant lines removed by
the restorative self-healing strategy, and the transmission lines
connected with the nodes without loads.

Table III and Fig. 4 show that the comparison of the opti-
mization results obtained by the traditional restoration strate-
gies, maximum generation capability strategy and the proposed
restorative self-healing strategy. It can be seen from Table III
that the restoration duration time optimized by the traditional
one, which is 255 minutes, is less than that optimized by
the proposed one and maximum generation capability strategy,
which are 260 minutes. However, the energy not supplied of
the important loads optimized by the proposed restorative self-
healing strategy is 1208.7MWh, which is far less than that by
the traditional restoration strategies and maximum generation
capability strategy. As a result, the energy not supplied of the
important loads can be reduced by 417.5MWh (25.7% com-
paring with traditional restoration strategies) and 503.9MWh
(29.4% comparing with traditional restoration strategies) after
the proposed restorative self-healing strategy are employed
in the network reconfiguration of the power system, though
its restoration duration time is slightly more than the tra-
ditional one. The average computation times for optimizing
every step of restoration paths by the traditional restoration
strategies, maximum generation capability strategy and the
proposed restorative self-healing strategy are 15.92s, 1.10s
and 15.59s, respectively. It can be seen that average compu-
tation time of the proposed strategy is slightly less than that
of traditional ones. Though the average computation time of
the proposed strategy is not better than maximum generation
capability strategy, it is far less than the time period (5 min-
utes) of one restoration step, so it is enough for obtained the
next restoration step and can be employed in the restorative
self-healing.

Finally, the sensitivity on the proportion of the important
loads is performed for checking the solution stability of the
algorithm. It can be obtained that the proportions for keeping
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Fig. 4. Comparisons of power losses of the important loads at different time
periods for Guangdong power system.

optimal restoration paths unchanged are from 9% to 20%,
which means that the same result is obtained with a certain
proportion range of the important loads.

V. CONCLUSION

The restorative self-healing of transmission systems is first
presented. Then, the electrical betweenness, which can reflect
not only the relative importance and restoration priority of the
non-black-start generators to be restarted and the important
loads to be restored, but also the distribution of the nodes to
be restored, is defined based on the complex network theory.
Based on the presented electrical betweenness, a restorative
self-healing optimization model and strategy are proposed for
determining the optimal restoration path and the destination
skeleton network of power systems. Finally, the New England
10-unit 39-bus system and a part of the actual Guangdong
power system in China are employed to illustrate the feature of
the proposed strategy. The numerical examples show that the
energy not supplied of the important loads can be reduced by
using the proposed restorative self-healing strategy when com-
paring to the traditional restoration strategies and maximum
generation capability strategy.
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