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This article features a novel application, based on a 
constraint-logic programming paradigm, for scheduling 
maintenance activities on large distribution networks. 
Examples are included from system tests performed on 
subsets of the distribution network of Empresa National 
Hidroelectrica de1 Ribagorzana (ENHER), a Spanish elec- 
tric company. 

Scheduling Problems and Solutions 

PLANETS helps optimize and coordinate the use of the 
power company’s resources. 

Planning engineers are faced with a complex problem: 
the preparation of the maintenance schedules for the 
distribution network. The design of such a schedule 
involves basically two subproblems. 

q An outage calendar must be elaborated. Given a list 
of maintenance and repair activities to be carried 
out during the coming week, one has to distribute 
these over time, specifying for each one of them at 
what time the affected area will be isolated (to be 
able to work safely in its interior) and when it will 
be reconnected again to the network. During the 
time it is isolated or out of service, it is referred to 
as an outage area. I magine the following scene in the dispatching control 

room of a large electric company. Within the following 
hours, several scheduled maintenance activities are to 

be carried out on the medium-voltage network. To keep 
on supplying energy to some customers that are about 
to be cut off from the distribution system due to these 
activities, a planning engineer requests the dispatching 
of a team of technicians to close tie switch 2378. Soon 
afterwards, however, the engineer realizes that this cost- 
ly displacement of manpower 
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I Optimal reconfiguration plans must be designed. 
One has to decide how the system’s topology has 
to evolve along the calendar to guarantee the conti- 
nuity of energy supply to a maximal number of cus- 
tomers affected by the disconnection of line 
sections, while minimizing the cost to realize the 
necessary topology changes. 

switch 2378 was not opened 
after yesterday’s activities on 

Use of constraint-programming methods simplifies 
a nearby line section. the elaboration of optimal schedules for 

This situation is far from distribution-system maintenance and reconfiguration 
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and coordination of mainte- 
nance tasks and resource dispatching, with the aim of 
guaranteeing service to all customers, forms an essential 
part of the planning engineer’s tasks. Leastcost solutions 
are key. 
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* Institut de Robhtica i Informgtica Industrial, Spain Mathematically speaking, the latter can be classified as 
2 Empresa National Hidroektrica de1 Ribagorzana, S.A., Spain a highly combinatorial NP-complete problem, which makes 

Although we are dealing with two distinct subprob- 
lems, they are not independent at all. To find the solu- 
tion to one of them, one has to take into account the 
solution space of the other, and, hence, it is appropriate 
to tackle both simultaneously as one single global opti- 
mization problem. 



Figure 1. High-level representation of the constraint network 

it a tough candidate to be tackled by classical search and 
optimization methods. In the following, we expose the vari- 
ables involved in it, the constraints that delimit its search 
space, and the cost function we intend minimizing. 

Variables 
Three types of variables are used to characterize a main- 
tenance schedule in an unambiguous way: 

n Temporal job variables represent the start and end 
times of the jobs to be scheduled. They define the 
look of the outage calendar. Their values range 
from 1 to the number of time slots. In the case 
examined later in this article, a 5day week is dis- 

cretized in 15 available start/end 
slots, with three working periods per 
day, in accordance with ENHER’s 
operation policy. 

n Topological variables represent the 
states of all operable switches in the 
network in each time slot of the cal- 
endar. A state can be either open or 
closed. The states of all switches 
define the topological configuration 
of the distribution network and allow 
to formulate any reconfiguration of it. 

m Electric variables are the current 
intensities in all line sections and 
switches in each time slot of the cal- 
endar. They define the flow of current 
through the network along the con- 
sidered calendar. 

Constraints 
Among the three variable types, there are many con- 
straints. They constitute a dense network relating vari- 
ables to many others and forming the basis for effective 
constraint propagation. A high-level representation of 
this network, dividing constraints in various classes, is 
represented in Figure 1. 

n Isolation constraints express the requirement that 
during maintenance, for safety reasons, the work 
area must be electrically isolated from the rest of 
the distribution network. Currents in the area are 
constrained to 0, and surrounding switches must be 
open in the corresponding time slots. These are the 
most important constraints, since they relate (con- 

Consbaiint bgic Programming 
in recent yearss, the application of a~ificial-intelligence techniques to plannirrg uI”1cJ schedul ing prublems has experienced consider- 
able growth, 

In particular, the relatlvety new methodaiogy of constraint logic programming (CLP) has proven tu be quite suitable fur cuping with 
c&Crete, combinatoriul, NP-complete problems, The goal is akhlays the same: to find, tn a diicrete space, a point satisfying a set of 
carWruints. 

CP wus devekzped with the aim of reducing development time and glvtng more flexi~iii‘ty to the applications, whUe preserving the 
m @l%&r?cy crf specStIc implemeMations. This was achieved by embedding ~unslstency techniques inside the classical IagSc pru- 
gru~lr@ Frclmework, Thanks to the nandeterminism of logic programming, the user is freed from the tedious task af developing tree- 
search af~ms, The expresstm of canstruints is straightfurward thanks tic 3 Its relatlunul farm, and Its declarattve semantics make the 
cd0 easy to m CxzMy and eti0nd. 

consist0ncy ’ feehntques us0 constraints in an active way. They are used tu prur e the search space a priuri, by removing values 
fram the domain of a vuriuble that is inc~nslstent with aIt the remaining values It? the domain of another variable, and hence cannot 
appear in any soWon. Busical!y, the search is an iteration of twu steps: 

111: Prapagatlon of eanstrafnts as much as pussible (the reducflun of variable domains based on cunsistency) 
m Assumption of values for some variables. 

untSI the problem is solved, In the second step, two choices have to be made: determining the next variable to be instantiated, and 
choosing a value *urn its remaining domain, 
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strain) variables of all three types at the same time. 
n Consumer constraints constrain currents together 

with temporal variables. Qualitatively, they express 
the fact that we do not ever allow cutting the 
power supply to any consumer, except in cases 
where there really does not exist any possible 
reconfiguration to avoid so. In the latter, exception- 
al case, the current flowing to the consumer may 
be temporarily 0. 

q Switch-behavior constraints are another essential 
class, relating a switch’s state S to its current inten- 
sity Z. They express the two conditional statements: 

If 111 2 0, then S = closed 
If S = open, then I = 0. 

n Continuity constraints, to which current intensi- 
ties in different line sections are subjected, 
express Kirchoff’s law of continuity: the sum of 
all incoming currents in a node must equal the 
sum of all outgoing currents. 

R Radial@ constraints are imposed on operational poli- 
cy. At all times, the distribution network must have a 
radial (tree shaped) topology, i.e., there may not 
exist any closed loop. At least one of the switches in 
a possible loop must be open at any time. 

m Resource constraints. Every maintenance activity on 
the distribution network requires a certain amount 
of resources (vehicles, manpower, etc.). These 
resources are available only in a limited amount, 
which imposes restrictions on the concurrence of 
jobs. At all times, the total available amount of any 
resource must be respected. 

Finally, there are some unary constraints (meaning 
that they consist of or involve a single element or 
component; a constraint on a single variable) reducing 
directly the domains of certain variables: 

q Due-date constraints. All jobs are to be completed 
before their “latest finishing time” and start after 
their “earliest starting time.” 

w User-constrained switching operations. The user can 
enforce the state of switches at any time. 

q Overload and energy-demand constraints. In all 
line sections, a maximally allowed current inten- 
sity is imposed. In lines connected to consumer 
nodes, a time-dependent minimal value can be 
imposed, reflecting the energy-demand profile at 
these nodes. 

Note that the existence of all these classes of con- 
straints prunes the space of possible outage calendars 

Figure 2. View of PLANETS’ interface, main window and editors 

The following two constraint classes involve only job- 
time variables: 

w Precedence constraints. Activities on parts of the 
distribution tree closer to its root are to be per- 
formed before activities on descendant parts of the 
same tree. Additionally, arbitrary priorities might 
be assigned to jobs. 
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and, at the same time, the space of pos- 
sible reconfiguration plans. This fact jus- 
tifies once more the simultaneous 
tackling of the two previously defined 
subproblems. 

Quality of the Adopted Schedule 
Due to the fact that many companies’ 
distribution systems are not yet telecon- 
trolled, and, therefore, teams of person- 
nel almost always have to be dispatched 
to carry out any topological change, the 
companies want to minimize the cost 
associated with these displacements. By 
adequately rearranging the outage cal- 
endar and imposing intelligent network 
reconfigurations, many redundant oper- 
ations can be avoided. The total cost to 
carry out all necessary switching oper- 
ations forms the objective function to 
be minimized. For this purpose, every 
individual switch is labeled with three 
attributes: 

R Nominal state 
w Cost to operate it (to change its state) 

E Cost to leave it out of its nominal state during one 
time unit or time slot. 

Optionally, we might consider the due-date con- 
straints as soft ones, allowing them to be violated in cer- 
tain cases, but assigning an additional cost to any 
delayed completion or early start. These costs can then 
be incorporated in the objective function. 



Constraint logic programming reduces development time 
and makes applications more flexible, while preserving 

the efficiency of specific implementations 

PLANETS Scheduler 
The elaboration of optimal maintenance schedules is 
still, to a large extent, an iterative and manual process, 
for which planning engineers can count on very few 
helpful tools. The solutions proposed by the human 
scheduler are principally based on accumulated experi- 
ence and are far from optimal due to the problem’s 
tremendous combinatorial explosion, which makes it 
very hard to handle even for conventional operations- 
research methods. 

Because of the considerable, inherent constraint-sat- 
isfaction component, we prefer attacking the problem by 
means of more powerful and flexible techniques of con- 
straint (logic) programming (CLP), resulting in a first 
prototype system named Planning Activities on Net- 
works (PLANETS). The system has been successfully 
tested on several subsets of ENHER’s distribution net- 
work. The system optimizes both the outage calendar 
and its corresponding reconfiguration plan. It makes use 
of CLP techniques in the field of distribution-system 
reconfiguration. 

System Architecture. 
The kernel of PLANETS is a constraint-propagation 
engine completely written in CHIP (Constraint Han- 
dling In Prolog), a language which, apart 
from its standard constraint-handling facili- 
ties, offers specialized scheduling con- 
straints and optimization predicates based 
on branch-and-bound and simplex tech- 
niques. The problem constraints outlined 
earlier were modeled in a straightforward 
manner and posted declaratively using 
this language. The actual scheduler (apart 
from the graphical interface) occupies no 
more than 12 pages of Prolog code, a fact 
that illustrates the expressive power of 
this paradigm. 

Although the electric laws that rule the 
behavior of the distribution system are 
already partly embedded in the problem’s 
constraint model (mainly Kirchoff’s law of 
continuity), the system has been interfaced 
to the load-flow C-library DISPOT, developed 
at ENHER, which allows a more accurate sim- 
ulation of the network’s operation, once the 
scheduling process has terminated. This 
makes it possible to obtain precise values for 
the currents and voltages in any time slot of 

the generated maintenance schedule. The connection 
between these two previous modules is established by 
means of the C Language Interface to CHIP (CLIC). 

An up-to-date database provides the necessary infor- 
mation about the network topology as well as the pre 
dieted load for the coming week. 

The graphical user interface (Figures 2 and 3), 
based on X Windows and developed with CHIP’s XGIP 
module, allows the easy selection of those parts of the 
network that are to be considered in the construction 
of the maintenance schedule, as well as the easy intro- 
duction of all data relating to the activities that need to 
be scheduled. Results can be visualized on a Gantt 
chart representing the proposed maintenance sched- 
ule together with a profile diagram showing the 
resource usage over time. Clicking on any point of the 
time axis pops up graphical tree representations of the 
network’s topology scheduled for that specific time 
slot. To maneuver the network from the topology in a 
given slot to the next, the system also provides a 
sequence of switching operations that guarantees a 
fail-safe transition (Figure 4). 

Scheduling Example 
Figure 5 visualizes parts of the results of an example 
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Figure 4. Sequence of fail-safe switching operations 
maneuver between two topologies 

run for a particular case requiring the scheduling of 15 
maintenance and repair activities. The jobs are to be 
carried out during the coming week and will take 
place in three interconnected feeder areas (numbered 
50,51, and 32). 

Assuming the dispatching center has previously evalu- 
ated the costs related to the operation of all switches, as 
well as the penalties corresponding to the violation of due 
dates, the planning engineers have to supply the system 
with the data related to the list of activities to be sched- 
uled. For each activity, one needs to specify the line sec- 
tions to be isolated, the amount of resources required (of 
diverse types), and, optionally, the job’s priority, earliest 
starting time (EST) and latest finishing time (LFT). The 
user can choose between expressing the EST and LFT 
either as hard or soft constraints. 

Figure 5. The optimal schedule is represented by means of ca) a Gantt chart. Topological 
changes, during the second time slot, proposed by the system to perform maintenance 
activities on (b) line section 3321 (emergency job) and cc) line section 3443 of feeder 50. 
(The simultaneous maintenance job on line section 1567 of feeder 32 is not shown.) 

Outage Calendar 
Figure 5a displays the opti- 
mal outage calendar pro- 
posed by the PLANETS 
system. The time axis is 
discretized in 15 relevant 
time slots. Jobs are repre- 
sented by horizontal bars. 
The small triangles at both 
sides of the bars denote 
the EST and LFI’. 

Reconfiguration Plan 
Figure 5 (b and c) shows 
the necessary topological 
reconfigurations proposed 
by the system to maintain 
power supply to all con- 
sumers situated in portions 
downstream of the zones 
under maintenance. Nodes 
at zero voltage and line sec- 
tions carrying no current 
are painted white. 

Only a small subset of 
the distribution network 
under consideration is 
shown in this figure. One 
can imagine a transformer 
at the root of both trees 
connecting the high-volt- 
age transmission network 
to the medium-voltage dis- 
tribution network. Con- 
sumers are situated at 
leaves of the trees and are 
depicted as boxes. 

Switches connecting 
two parts of the same tree 
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.re called internal tie switches. If they connect two dis- 
tinct trees, they are called external tie switches. 

Figure 5b represents the proposed solution to per- 
form the emergency job on line section 3321. Urgent 
repair activities like this one are due to unforeseen, 
sudden failures and are scheduled with top priority. As 
can be seen, in order to de-energize line section 3321, 
all nearest surrounding switches are opened. In this 
particular case, the latter results in the temporary cut- 
off of two consumer nodes because there are no 

. switches available to connect them to neighboring 
energized lines. However, the major part of the down- 
stream subtree has successfully been recovered 
thanks to the closing of an internal tie switch. Note 
that there are two other switches (those connecting 
with neighboring feeders 43 and 51) that could have 
been chosen to be closed for this same purpose. How- 
ever, as a result of the optimization process, the system 
has opted for the internal tie switch, due to the lower 
cost associated with it. 

Bear in mind that the proposed solution for a particu- 
lar outage always takes into account (and is influenced 
by) all other simultaneous, past or future jobs. This is a 
consequence of the connectivity of the constraint net- 
work in topological, electric, and temporal dimensions. 

Figure 5c shows the topology adopted to energize the 
area downstream of line section 3433. In this case, the 
affected subtree will be fed from a different transformer 
in the neighboring feeder 51. 

There are many other cases in which the recovery of 
a subtree is not solved by the mere closing of one single 
tie switch. For example, if the subtree is too big and con- 
tains a high load of consumers, it is possible that, when 
trying to transfer many of these to a neighboring ener- 
gized area, the current-intensity limits on certain line 
sections are exceeded. In such cases, the proposed solu- 
tions are more sophisticated than the ones outlined in 
Figure 5, and imply the division of the subtree in differ- 
ent partitions and the load transfer of each one of these 
to a different neighboring feeder. 

Computational Cost 
The scheduling example involved a subset of the 
ENHER distribution network containing about 2,400 
line sections and 800 operable switches. Executed on a 
Sun SuperSparc 20 workstation running Solaris 5.5.1, 
the PLANETS scheduler required about 2 minutes of 
CPU time to produce an optimal schedule together 
with the corresponding topology reconfigurations. The 
major part of this time (about 70 percent) is spent on 
the construction of the underlying constraint network. 
The computational cost of the latter is almost linear 
with the size of the network. In the example case, the 
network comprises a total amount of 25,000 domain 
variables and a comparable amount of constraints 
between them. 
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