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Abstract—The objective of reconfiguration is to re-route 

power during failure or compromised conditions to improve fight 
through capability and survivability. Rapid algorithms for the 
task may serve the dual purpose of managing power flow under 
dynamic load change. Among the critical constraints of power 
redirection is the line current rating. Reconfiguration algorithms 
serve an equally useful task in system grid design. An exhaustive 
search optimization routine can be used to specify grid layout 
necessary to guarantee 100% performance in the face of single 
and multiple line loss. A genetic optimization routine is employed 
to determine required line rating and switch configuration 
during generator loss to satisfy critical load demands. The 
combination of these tests results in line current rating and 
switch locations necessary for reliable ship operation for the least 
cost. 

 
Index Terms—binary, genetic, optimization, planning, 

reconfiguration. 

I.  INTRODUCTION 
ESEARCHERS characteristically view reconfiguration as 
a method for handling emergency conditions, i.e., a set of 

procedures to mitigate a compromised state during combat or 
component failure. The authors submit that a significant 
benefit is realized by executing a global reconfiguration 
continuously, since it maximizes system resources, resources 
that are necessarily changing dynamically. The 
reconfiguration algorithm must be fast to accomplish the task, 
and it is achieved by replacing distributed electrical loads with 
equivalent dynamic impedances [1]. Subspace optimization 
tools [2] and binary integer optimization algorithms [3] have 
proved useful in solving this system. The subspace approaches 
have the benefit of attacking the problem in smaller portions, 
optimizing a subset of the problem and communicating that 
solution to its neighbors.  

Much of this work might be viewed as having only 
retrograde significance; once the system is constructed, the 
reconfiguration algorithm gives direction about how to change 
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it for optimal performance. In addition, there is a very useful 
function of the reconfiguration algorithm that gives ship 
designers specific instructions on the layout of the electrical 
system a priori. Consider the task of choosing cable sizing; the 
common design approach is to compute the line load and add 
20-50%. In reality, the designer should be asking what the 
cables should look like to guarantee 100% operation to the 
remaining system after reconfiguration. The idea is to increase 
the cable ratings to accommodate power flow rerouting. 
Quantifying the new ratings is not at all intuitive, and using 
the standard 20-50% rule will miss the mark by a significant 
amount in both directions.  

A similar problem arises when a generator is compromised 
and power must be routed from the remaining generators to 
supply critical loads. This task can only be performed under 
the following conditions: 

1. The grid is fully interconnected. The greater the 
interconnection, the greater the possibility of finding 
useful reconfigurations under compromised conditions.  
2. The loads can be approximated in real time and 
replaced with equivalent impedances. 
3.  The loads can be isolated to the exclusion of their feed 
lines. 

This paper concentrates on a way to use reconfiguration to 
predict line ratings throughout a ship, and to specify where 
isolation switches are required.  

II.  SPECIFYING CURRENT RATINGS FOR SINGLE LINE LOSS 
Consider the grid system shown in Fig. 1. Note that each 

trunk line of the grid has switches on either end, the state of 
which are determined by optimization analysis. The parallel 
loads Zp represent a number of tapped parallel loads over the 
length of the trunk line. A reconfiguration algorithm was 
executed sequentially, compromising each of the 24 series 
segments, one at a time. The process can be repeated for a 
multiple line loss. The three red loads have mandatory 
minimal power requirements for all cases. The reconfiguration 
seeks the best switch configuration, rerouting power 
throughout the grid to meet those required minimums. The 
current rating on all lines was recorded for each case, while 
maximizing power flow and minimizing loss to the remainder 
of the system.  
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Rs and Zp are the series transmission resistance and parallel 
load impedance respectively. PRated is the rated power for the 
generators. No restriction is placed on the trunk line series 
current Is. The parallel currents Ip are monitored to ensure that 
a minimum power be available for critical loads, as is the 
maximum power delivered by the generators. An exhaustive 
search is performed over the switch solution space for any one 
line failure. The switch configuration which realizes the 
lowest index and does not violate the two constraint 
conditions is recorded; all series line currents Is΄ for the best 
configuration are also recorded. The procedure is repeated for 
the next line to be compromised, obtaining a set of currents 
Is˝. The series line requirement is the maximum of the two 
vectors Is΄ and Is˝ on a component by component basis. The 
process is repeated sequentially compromising all series lines, 
and keeping the best current after each step as Is΄=max(Is΄, 
abs(Is˝ )).  

The upper trace in Fig. 1 shows the maximum of the 
current obtained for each line, while the lower trace shows the 
normal operation performance. A minimum critical load is 
demanded on the three highlighted loads in Fig. 1. It is 
obvious that some lines serve a critical role in rerouting 
power. The reconfiguration algorithm quantifies that effect, 
dictating the specifications required to guarantee fight through 
capability with a single line failure.  
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Fig. 1 Line rating changes determined from running reconfiguration on a small 
grid.  

III.  SPECIFYING CURRENT RATINGS FOR A DOUBLE LINE LOSS 
The problem grows rapidly as the complexity of the 

compromise increases. With a double line failure and n lines, 
the number of failure pairs is Σ (n-1), or 276 for a 23 switch 
system. Fig. 2 shows the results when an exhaustive search 

optimization is applied to the grid in Fig. 1. As expected 
intuitively, the current that each trunk line must be capable of 
handling increases on every line. But the increase is not as 
expected.  Fig. 3 shows the ratio of the required current 
between the two cases. Having the ability to sustain a two line 
failure and 100% fight through capability places a high 
demand on one segment relatively unused, but most lines 
increase by a modest index less than two. Segment 12 
becomes important for distributing power during a double line 
failure, but not for a single.  
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Fig. 2 Line ratings with two lines compromised.  
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Fig. 3 Ratio of current required on every trunk segment for a one and two line 
failure fight through capability.   

IV.  MAINTAINING CRITICAL LOADS WITH GENERATOR LOSS 
A second planning question is “where should switches be 

placed?” Fig. 1 shows 24 switches placed on either end of 
every transmission segment. The segment has multiple loads it 
handles. If a fault occurs, it is most desirable to isolate only 
the compromised load. If the internal protection of that 
component fails, the next desirable option is to remove both 
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ends of the trunk segment feeding the anomalous load. The 24 
switches are justified for this protection.  

Consider the added complication of reconfiguration with a 
generator loss. The available power generation capability 
becomes less than the system load demand. Slowing of 
remaining generators will be commensurate with 
asynchronous operation unless load is shed quickly. A first 
reaction might be that additional switches are required in line 
with the parallel loads as shown in Fig. 4. For this test system, 
12 additional switches are shown.  
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Fig. 4 Additional switches required to handle the loss of one or more 
generators.  

The exhaustive search for one line loss requires 74 s to run 
on a 3 GHz Pentium IV computer with only 24 switches. 
Since the number of unknowns scales as 2n, this corresponds 
to 16.7 million options. Some are eliminated automatically 
when they isolate key loads. The two line outage requires 10 
hours to run using the direct exhaustive search. The number of 
possibilities for the 36 switch system is 6.87·1010. Are 
switches 25 through 36 necessary? Fig. 5 shows the result of 
reconfiguring the 24 switch system when generator #2’s 
capability is cut in half. The optimization solution feeds two 
of the three critical loads with generator #1, while cutting the 
grids so that generator #2 feeds only three loads. Generator 1 
must be slightly overrated to do this without parallel load 
switches. There is no solution when generator #2 is taken off 
line without the ability to shed load through the additional 
switches in Fig. 4.  

The optimization is so time consuming that other solution 
methods are now required. Before discussing the results of 
generator loss analysis and its implications for grid planning, a 
brief discussion of the optimization found most helpful is in 
order.  

A.  Genetic Algorithm and Pattern Search Optimization 
Binary optimization problems are especially difficult since 

no gradient information is available for the search. Two direct 
(no gradient) optimization procedures were investigated, 
pattern search [4] [5] and genetic algorithm [6]. Both have in 
common the integration of sub-patterns to find the global 

minima. The former attempts this by building an n 
dimensional grid which grows and then shrinks as the 
algorithm advances. The algorithm investigates the 
optimization index about a point in n different directions; the 
magnitude of these search vectors changes as the algorithm 
progresses. This algorithm proved to be less effective than the 
genetic algorithm.  
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Fig. 5 Results of optimizing a system when generator 2’s capability is cut in 
half.  

The genetic algorithm is a more mature search tool. It 
begins with multiple starting guesses, referred to as the 
population. New solutions called children are constructed by 
intermixing subsets of these starting guesses. In addition to 
intermixing, a subpopulation of the children’s solution set is 
randomly varied. This perturbation is called mutation. The 
mutation rate, i.e., the frequency for which random changes 
are introduced, decreases as the algorithm progresses. Each 
new solution set is called a generation. The number of 
generations greatly affects the speed of the algorithm.  

Constraints are imposed by using penalty functions. The 
condition in (1) is written as 
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In this form the constraints are logical functions. Every 

load current that is less than the minimum adds a one to the 
index. Every generator that exceeds its rating also adds a one 
to the index. Notice that resistive dissipation minus useful 
power is normalized so that the constraints become 
consequential. Fig. 6 shows how the computation time and the 
solution error change with the number of generations, 
assuming an initial population of 20 for the grid in Fig. 1. The 
solution switch set is compared to that achieved by the 
exhaustive search algorithm. Excellent results are obtained in 
2% of the time required by the exhaustive search at 60 
generations. The error is predicted by comparing the index 
achieved to the best possible. The ordinate in the lower graph 
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represents the ratio of time required by the genetic algorithm 
to that required in the exhaustive search.  
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Fig. 6  Genetic algorithm optimization as a function of the number of 
generations.  

Note that the time ratio does not grow linearly with 
generation count. This happens because a stall limit is built 
into the algorithm. The algorithm stops when further progress 
is not achieved after an established time (20 s). The results do 
not show an asymptotic decrease with generation count 
because of the random nature of the search. The Monte Carlo 
aspect of the algorithm results in some solution variation.  

B.  Optimization Results with Generator Loss 
Having the additional ability to isolate loads yields the 

greatest flexibility for reconfiguration, but the system 
becomes more expensive to construct and maintain. The 
impedance Zp represents all the loads in a trunk segment 
including parasitic capacitance to ground. In most cases, the 
one switch shown for each parallel load would likely be 
implemented with multiple switches because of proximity. 
Only a few parallel switches are required to handle generator 
failures.  

The solution shown in Fig. 7 shows what the genetic 
algorithm determines as optimal configurations for the test 
grid when generators 1 and 2 fail. In keeping with intuition, 
the critical loads are separated from the remaining grid in each 
case, i.e., smaller islands are formed which the limited 
generation capability can handle. Of more interest is the 
shedding of load within the smaller surfaced island. This 
analysis suggests that it is necessary to place parallel load 
switches on only two locations to handle either generator 
failure, i.e., on loads 30 and 35. Commensurate with these 
solutions are line currents which exceed normal steady state 
values. 
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(b) Switch configuration when 
Generator 2 (upper right) fails
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Fig. 7 Optimized switch configuration to meet critical loads when generators 
fail. 

V.  CONCLUSIONS 
Reconfiguration algorithms are a critical key to intelligent 

planning in electric ship design. They allow the planner to 
quantitatively address questions such as “What is the correct 
current capacity for the distribution feeders enabling 100% 
fight through operability?” It also addresses questions about 
where switches should be placed to ensure continued power 
delivery to critical loads during generator failure. The size of 
these optimization problems becomes unmanageable quickly 
with direct search methods. Genetic and pattern search 
techniques which mix and match groups of useful switch 
orders prove effective for obtaining an answer quickly, albeit 
not necessarily the best answer. Reconfiguration testing 
quantifies the line carrying ability systematically. Once 
designed, the reconfiguration will also indicate how load 
current should be redirected to take advantage of lower 
impedance feeders.   
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