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Abstract

Alliander maintains the low and medium voltage power grid for a large part of the Nether-
lands. It uses a simulation model to predict the impact of an outage in the medium voltage
network. This model contains a Mixed Integer Linear Program to determine the necessary
operations to restore power to customers. This thesis researches how this Mixed Integer
Linear Program can be extended to eliminate some of the heuristic choices within the cur-
rent model. Multiple extensions to the problem have been implemented and tested with
promising results.
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Chapter 1

Introduction

This thesis researches the simulation of outage in the medium voltage network. We will focus on the
restoration of power to the customers. We try to improve the current implementation by removing
some of the heuristic choices in it.

Alliander

The thesis before you is the result of an internship at Qirion, a subsidiary of Alliander. During this
internship I was part of the Energy Consulting team that tackles all kind of data science problems.
They mainly work for Liander, a Distribution System Operator that is also part of Alliander. Liander
is responsible for a large part of the low and medium voltage network in the Netherlands.

The problem I worked on was part of the System Optimization team of Liander. I worked with this
team for 8 months to understand and answer the research question.

Optimal Mix Model

While Alliander can place different types of components into their medium voltage network that
help in case of a power outage, placing these is both labor intensive and expensive. Alliander wants
to know where it should place the new components, so that we improve the network optimally. This
is done using the Optimal Mix Model, which was developed by the System Optimization team.
The model tries millions of different placements of the components and each time rates the newly
created network. This rating is based on the time that customers are without power in case of an
outage and is determined by the Outage Simulation Module. This means that we want the Outage
Simulation to be both as accurate as possible with its rating, while still being fast. Realising both
is a challenge.

Research question

The Outage Simulation Module contains the Switch Planner. This is a Mixed Integer Linear Program
that tells us how we can restore power to certain parts of the network after an outage has occurred.
The module makes some heuristic choices before the Switch Planner is called upon. We want to
determine these heuristic choices in an optimal way. The research question that is the subject of
this thesis becomes:

Can we extend the Switch Planner so that it incorporates some of the heuristic choices made in the
Outage Simulation Module?

If we succeed we have eliminated some of the heuristic choices, since Mixed Integer Linear Programs
can be solved optimally. The goal is also to not significantly increase the running time and ideally,
to improve on the running time.



Chapter overview

The following two chapters discuss the necessary background information for the rest of the thesis.
In we discuss the electrical power grid in the Netherlands and the different components
in the medium voltage network. Furthermore we define the mathematical representation that will
be used throughout the thesis.

briefly discusses the basics of Mixed Integer Linear Programming, which plays an im-
portant role throughout the rest of the thesis.

explains the current implementation that simulates an outage in the medium voltage
network, the Outage Simulation Module. This module determines how power can be restored to all
the customers after an outage in one of the cables of the network. discusses the global
working of this module, while shows all the details of the Switch Planner that is used
within this module. The Switch Planner is a Mixed Integer Linear Program that determines what
operations are needed to restore power to parts of the network.

In we define extensions on the Switch Planner that have been researched and imple-
mented. There are three extensions and one small variation. [Section 5.1l discusses an extension
that improves on the solution when we can’t restore power to every customer. shows
an extension of the Switch Planner that can solve multiple parts of the network together and
defines an improved objective function for the Switch Planners. discusses a small
variation on the Switch Planner discussed in

In we give an answer to our research question and discuss the recommendation for
Alliander based on our results. Lastly we discuss possible further research.



Chapter 2

Power grid and its representation

This section describes the power grid in the Netherlands, with a focus on the medium voltage
network. It is based on [8] and information within Alliander.

We discuss the structure and properties of the medium voltage network and how to restore power
in case of an outage. Here we show the influence of the different secondary components that can
be placed in the network. Lastly we also set the mathematical representation that will be used
throughout this thesis.

2.1 Transport of electricity

The transport of electricity in the Netherlands happens through different networks, the low-, medium
and high voltage networks. This follows from the definition of electric power. Electric power is
defined by the product of current and voltage. More specifically

P=UxI,

where P is the electric power in Watt (W), U is the voltage in Volt (V) and I is the current in
Ampere (A).

During the transport of electric power there will always be losses due to resistance and heat gen-
eration. Their impact depends greatly on the current of the electric power. The loss by heat is
quadratic with respect to the current, which is not the case for voltage. To minimize power loss we
want the current I to be as low as possible because of this. This means that we have to increase
the voltage U to provide enough power. High voltage is however not always practical. It can be
dangerous to transport and our appliances function at a lower voltage.

The transportation of electricity is therefore divided into different networks that each operate at a
certain voltage. The larger distances are done through a network that uses a high voltage. The
closer it gets to the customers, the lower the voltage of the network will become. The networks that
are used in the Netherlands:

Ultra High Voltage UHV 220 kV - 340 kV

High Voltage HV  50kV, 110 kV - 150 kV
Medium Voltage MV 10 kV - 20 kV

Low Voltage LV 400V

The different networks are connected with each other through transformer stations. These reduce
the voltage to make the electricity suitable for the new network.

Definition 2.1.1 (Substation). A station that transforms the power from (ultra) high voltage to
medium voltage is called an HV/MV-substation. Also referred to as substation.



Definition 2.1.2 (Secondary substation). Similarly a station that transforms the power from
medium voltage to low voltage is called a MV/LV-substation. Also referred to as secondary substa-
tion.

Definition 2.1.3 (Distribution line). The connection between two (secondary) substations is called
a distribution line.

Typically the usage of the different networks can be thought of as:

e (U)HV-network: Transport the power from the generation site to substations throughout the
country.

e MV-network: Transport the power from the substation to secondary substations located in
the districts inside a city.

e LV-network: Transport the power from a secondary substation to customers inside the district.

Within the Netherlands these networks are managed by different companies. The (U)HV-network is
serviced by Tennet. Liander is one of the dutch Distribution Service Operators (DSO) that maintains
the MV and LV-networks in the indicated regions of

Ons werkgebied

@ clektriciteit en gas
® clektriciteit

Figure 2.1: Work area of Liander H

Energy transition In the last few years there has been an energy transition. Previously the
energy was generated at one location and distributed through the net. Nowadays there are lots of
windmills and solar parks that feed directly into the network. As a result the power generation is
becoming decentralised.

This puts a lot off stress on the current network, since it wasn’t built with this change in mind. The
result is that new solar fields and windmills can sometimes not be added to the current network,
because of capacity constraint on the cables. This is one of the biggest challenges in the next years
for companies like Liander. They constantly need to improve their network to deal with the higher
demands.



2.2 Reliability of the network

Liander wants to provide power to their customers with as little outage as possible. Ideally this
means that there will never be an outage in the network. However this is not a realistic scenario.
Therefore it is important to be able to quickly restore power in case of an outage. The impact of an
outage is measured in customer minutes lost.

Definition 2.2.1 (Customer Minute Lost). Let C' be the set of all customers in the network. Let
O denote an outage in the network. Each customer ¢ € C will be without power for m,. minutes as
a result. The customer minutes lost of O is now defined as:

CMLo = Z Me
ceC

Example 2.2.1. Suppose that an outage cuts the power to 30 customers. It took 40 minutes for
the first 20 customers to get power again and 50 minutes for the last 10 customers. The customer
minutes lost of this outage is:

CMLo = Zm0:40-20+50-10: 1300
ceC

Outages can have different causes. The most common reason for an outage is a failure in the
connection between two cables. The cables used by Liander are very reliable. But due to the
distances between two secondary substations it is often not possible to use one cable to connect
them. A distribution line between secondary substations therefore consists of multiple cables. The
connection between these cables is the most vulnerable part of the network. This experience is used
to determine the expected CML of a whole network.

Definition 2.2.2 (Expected Customer Minutes Lost). Let E be the set of distribution lines in the
network, f. denote the failure frequency for each e € E, O, the outage that corresponds to a failure
in distribution line e.

The expected customer minutes lost of network now is:

ECML = ) f. - CMLo,
eeFE

To determine the expected customer minutes lost of a network we simulate the customer minutes
lost of an outage in each of its distribution lines and multiply it with the failure frequency of that
line. The failure frequency of each distribution line is determined by a team within Liander.

This thesis focuses on the process to determine the different CMLgp,. Therefore w.l.o.g. we will take
fe =1 Ve € E, such that ECML = ) _, CMLo,. Any difference in CMLo, will now be more
noticeable when validating our results. Furthermore, any improvement in the method to determine
CMLp, will also give a more realistic ECML that does use the correct f..

2.3 Representation of the medium voltage network

Outages can occur in both the LV-network and the MV-network. However, the impact of an outage
in the MV-network is much larger compared to one in the LV-network. This thesis will focus on
the outages in the MV-network. Below we discuss the structure of the MV-network, followed by its
mathematical representation.



2.3.1 Medium voltage network

Thus far we have talked about the MV-network as a whole, which might be misleading. In reality we
have the substations that are connected to the (U)HV-network and transform the power to medium
voltage. Each substation powers its own MV-network. A secondary substation is always connected
to one unique substation. All these smaller networks together form the complete MV-network.

We will never consider the complete MV-network as a whole within this thesis. Instead, we will
focus on the smaller networks of secondary substations that are powered by the same substation.
From now on an MV-network will refer to these smaller networks and not the complete network.

We already mentioned that a secondary substation is connected to one unique substation. We may
assume even more. An MV-network is radial.

Definition 2.3.1 (Radial). An MV-network is radial when for each secondary substation there is
precisely one way to get power from the substation.

So for any secondary substation it is always clear through which distributions lines it is connected
with the substation. This gives rise to the definition of a route.

Definition 2.3.2 (Route). A route consists of all the secondary substations that can be reached
through one distribution line connected to the substation.

So each distribution line departing from the substation defines a route. Each secondary substation
in this route gets its power through this distribution line. Within a route there can be multiple
traces.

Definition 2.3.3 (Trace). The (secondary) substations and distribution lines on the path from the
substation to an endpoint of a route together are called a trace.

2.3.2 Mathematical represention

The MV-network as described above can be translated to a simple graph G = (V, E). Here we have

V = {(secondary) substations of the MV-network}
E = {distribution lines of the MV-network}
V 5 5 = the substation of the network.

This graph captures the topology of the network. The property that the network is radial has a
mathematical counterpart.

Theorem 2.3.1. Let G be the corresponding graph to an MV-network. If the MV-network is radial,
then G is acyclic.

Proof. Suppose that G contains a cycle C. Take v € C, such that v € V\{S}. This v exists, since G
is simple and therefore a cycle concists of at least three vertices. There are two possibilities for S:

e S € (' Since both are in C, there are two distinct paths from S to v. Contradicting that the
network is radial.

e S & (C: C contains at least one more vertex other then v. Let u € C, u # v. Let p be the
unique path from S to v. There are two options, namely u € p or u & p.

u € p Since u,v in a cycle, there are two paths between them. We could therefore replace the
connection between u and v in path p with a different solution, contradicting that p is
unique.

u ¢ p There are now two paths to u, since we take p to reach v and then can use the cycle to
get to u in two different ways. This again contradicts the fact that N is radial.
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Since both situations contradict the fact that the network is radial, this possibility is not
possible.

Since both the possibilities lead to a contradiction, we conclude that G is acyclic. O]

Since we assumed all MV-networks to be radial, we may now assume the corresponding graphs to
be acyclic.

Definition 2.3.4 (Tree). A graph G = (V, E) is called a tree when there is a unique path between
any two vertices of the graph

Theorem 2.3.2. The following statements are equivalent for a connected graph G = (V, E)
i) G is a tree
it) G is acyclic
ii1) It holds that |E| = |V| —1
Proof. See Proposition 4.1 and 4.3 of [5] O

From it directly follows that a graph G representing a radial network is a tree. The
following proposition immediately follows from and will be useful later on.

Definition 2.3.5 (Forest). G is a forest when any two vertices are connected by at most one path.

Proposition 2.3.1. Let G = (V, E) be a forest, then the following holds: G has k connected
components < |E|=|V|—k.

The definitions of a route and trace can also be captured mathematically.

Definition 2.3.6 (Route). Each edge that has S as an endpoint defines a route. For ¢/ = (S, u) its
route consists of all vertices v and edges e of the unique path p between S and v, for which €’ in p.

Intuitively one might think of routes as the connected components that remain after removing S
from G.

Definition 2.3.7 (Trace). A trace is the unique path from S to a leaf v € V.

Example 2.3.1 (Basic network). Suppose that we have a network N with two routes containing sec-
ondary substations {A, B,C, D, E, F} and {G, H, I, J} respectively and four traces {A, B,C, D, E},
{A,B,C,D,F}, {G,H,I}, {G, H, J}. The mathematical representation is shown in [Figure 2.2

A 2 B 5 C & D > E

8 10
G H J

Figure 2.2: Representation of a basic MV-network

Note that we denote the substation by @ as shown in

It’s called the basic network, since it doesn’t include any secondary components yet, these will be
discussed later on.
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2.4 Secondary components in the MV-network

Alliander can place secondary components into their network. These help to reduce the customer
minutes lost in case of an outage. Below we will discuss the different components that can be placed
into a network. But first we need to understand what happens in case of an outage.

2.4.1 Malfunctioning distribution line

A malfunctioning distribution line in the MV-network can be compared to a short-circuit in a home.
When an appliance (distribution line) short fuses; the group (route) of the home (network) will be
without power. By trial and error we find the appliance (distribution line) that caused the problem.
We disconnect it from the power and restore power to all other appliances in the group (route).

Notation We will make use of the mathematical representation described above to discuss the net-
works. With this it is important to note the (secondary) substations and vertices are equivalent,
similarly distribution line and edge are equivalent. So a technician can move to vertex A, indicating
that the corresponding secondary substation is visited. Similarly an edge can malfunction, indi-
cating that the corresponding distribution line malfunctioned. The edge that corresponds with the
malfunctioning distribution line is denoted by e, .

The connection between a vertex v and edge e will be denoted by (v, e).

Example 2.4.1 (Restoring power). [Figure 2.3|shows the impact when we have e,, = e3. The whole
route {A, B,C, D, E, F} is without power because of the malfunction.

ot

2 : 4
A B?C D E

6

8 10
G H J

Figure 2.3: Impact when edge e3 malfunctions

To resolve this outage a technician needs to determine the location of the fault by visiting different
vertices. The technician can then determine at which side of the vertices the malfunctioning edge,
em, is located. This is already quite time consuming, since it involves a lot of relocations for the
technician.

When the malfunctioning edge is found it is disconnected from both its endpoints, effectively re-
moving e, from the graph. This again involves some movement of the technician, namely to both
the endpoints of that edge. When this is done, power can be restored from S to vertices A and B.
However vertices C, D, E and F cannot gain power from anywhere else, since there is no possible
path from S to them. Instead we have to make use of a mobile power generator. This takes a lot of
time to set up.

shows the result where all the customers are with power again.

12



8 10

G H J

Figure 2.4: Solution to restore power when edge e3 malfunctions

2.4.2 Secondary components

This section discusses the different secondary components that are placed into the MV-network of
Alliander.

Net openings

It is very undesirable to only be able to resolve an outage using a generator. Therefore routes are
connected to each other by distribution lines as a redundancy. These distribution lines are however
disconnected at one of their endpoints. This way we still have a radial network. The part where we

disconnect the edge from the vertex is called a net opening and is denoted with the symbol: [ . In
case of an outage we can now connect the endpoint with this cable to restore power to (part of) the
route. This will be referred to as closing a net opening. A switching operation refers to either the
creation or closure of a net opening.

In practice, when a substation S stops delivering power to a route because of an outage a net opening
has been made automatically between the substation and the route. So restoring power to the route
comes down to closing that net opening again.

Example 2.4.2. We have added e;; between vertices C' and J. The net opening is located at

,€11)- en we again have ey, = es, this gives us the graph as shown in [Figure 2. ote that
C Wh gain h his gi he graph h in [Figure 2.5 N h
Figure 2.3

we have also indicated the net opening at (S, e1), which wasn’t present in

2 4 5
A2 I l—2 ¢ D&

8 10
G H J

Figure 2.5: Impact when edge e3 malfunctions

We still have no clue which edge is responsible for the outage. However after the technician has

13



found the edge and disconnected it from the route, it is now possible to restore the power to all
customers without help of a generator. Vertices A, B can gain power by closing the net opening at
(S,e1). Vertices C, D, E and F can be restored by closing the net opening at (C, eq1).

Note that “disconnected it from the route” is nothing more than putting net openings at both end
points of the edge. The resulting graph now looks like

AQBP304D5E

8 10
G H J

Figure 2.6: Outage resolved after closing two net openings

Fault passage indicator (FPI)

The net opening is useful to reduce the usage of generators. However we also want to decrease the
search time for the malfunctioning edge. The first component that is used to improve this is called a
fault passage indicator. This component is placed at the connection of an edge and vertex, denoted

by ;] It tells us remotely at which side of the component the malfunctioning edge is located.

Example 2.4.3. We have a similar network to before, but this time we have a fault passage indicator
on e4. This is shown in [Figure 2.7

2 : 4 5
AB?C;D‘)E

e S T L

Figure 2.7: Impact when edge e3 malfunctions
The resulting end configuration of the network is the same as However the way that we
got there is quite different. A malfunction in ez now triggers the following actions:

1. Remotely get an update from the fault passage indicators. This information tells us that the
malfunctioning edge must be to the left of C. So e,, € {e1,ez2,e3}.

2. We now know that edges ey, e5 and eg are safe to be used. So we can already provide vertices
C, D, E and F with power.

14



To accomplish this we create a net opening at (C,e3) and close the net opening at (C,e11).

3. Only now we search for the exact malfunctioning edge. Note that the number of edges to be
searched is halved in this setup.

4. Create a net opening at (B, e3).

5. Restore power to vertices A, B through S.
Nowadays fault passage indicators are part of the network, but new ones are not often placed. There
is an improved component compared to the fault passage indicator, called a smart cable guard.
Smart cable guard (SCG)

A smart cable guard consists of two components that are placed on connections between edges and
vertices in the same trace. All the edges that are in the path between the two components are now
monitored by the smart cable guard. When a malfunction occurs, there are two options:

e The edge is monitored by the SCG. The smart cable guard now reports which edge malfunc-
tions. No searching on location is needed anymore.

e The edge is not monitored by the SCG. It now has a similar function as a fault passage
indicator. It tells us on what side of the monitored path the malfunctioning edge is located.

The components of the smart cable guard are indicated by F

Example 2.4.4. represents the same network as previously, with an SCG added at
(A,e2) and (D, ey).

ﬂ 2 B ? C ! D g E

1
G 8 H 0 J

Figure 2.8: Impact when edge e3 malfunctions

The result is again like The steps to get there are however again improved.

1. SCG immediately tells us that the malfunction happened is e3.

2. The technician doesn’t have to determine this location anymore. Instead we can immediately
restore power to the two areas again. Which area gets restored first is often dependent on the
time it requires to perform the necessary actions and the number of customers in each area.

The SCG has eliminated a lot of movement steps for the technician, reducing the minutes before
customers have power again, greatly reducing the expected CML for this network.

15



Smart secondary substation (sSS)

Each opening or closure of a net opening involves a movement to the corresponding vertex by the
technician. This can be reduced by implementing smart secondary substation in the network. These
can open/close net openings based on remote commands, thereby reducing the need for the mechanic
to move around and reducing the time needed to make these switches. These vertices are indicated
by .

In addition smart secondary substations are equipped with a fault passage indicator on all the
connected edges.

Example 2.4.5. shows a network in which we have added a smart secondary station at

vertex C.
2 : 4 5

1
G 5 H 0 J

Figure 2.9: Impact when edge e3 malfunctions

The steps to resolve the outage are analogous to The difference with

is the time needed to execute the steps. Since C' can be controlled remotely, we can create a net
opening at (C, e3) and close the net opening at (C, e11) without any movement. The technician now
only needs to create a net opening at (B, e3) and close the net opening at the substation.

Circuit breaker

Thus far we have only reduced the restoring time. A circuit breaker is used to minimize the affected
area in case of an outage. It acts much like a fuse. Let p be the path from S to the e,,. The circuit
breaker in p that is closest to e,, will be triggered and create a net opening on that spot, therefore
saving part of the route from any outage at all. We denote a circuit breaker with H.

Note that a circuit breaker also helps in minimizing the possible area of the malfunctioning edge.
Any edge that is still functional can never be the malfunctioning edge.

Example 2.4.6. show the situation as we had before, this time with a circuit breaker
at (B 5 63).

shows the situation after the malfunction happens at es. Note that the circuit breaker
has become a net opening. Furthermore vertices A and B never experience any outage.

The final configuration is again like To resolve this outage the technician doesn’t even
have to move! The vertices that are hit by the outage can now all be restored remotely by switching
at vertex C as previously described.

Overview These are all the different components that can be placed in the MV-network of Liander.
The last example is a good example of how the components can work together.

e The circuit breaker minimizes the impact of the malfunction.

16
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Figure 2.10: Network configuration without an outage
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Figure 2.11: Impact when edge e3 malfunctions

e The smart cable guard tells us which edge malfunctions.
e The net opening give us flexibility in the network to restore power.
e The smart secondary substation minimizes the need to move between different vertices.

An overview of all the different secondary components is shown in [Table 2.1

Component Function Notation

net opening flexibility of the network F

circuit breaker protect part of the route |

fault passage indicator fault location detection ;]

smart cable guard fault location detection *
Table 2.1

2.4.3 Representation of secondary components

Thus far we have shown the components graphically. But adding them mathematically to our graph
representation quickly becomes cumbersome. We constantly need to point towards the connection
between vertices and edges.
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Instead we can switch to a different graph representation of the network. With this representation
it becomes easier to represent all the components in the network. Within Alliander a variant on this
notation is used. Below we will briefly discuss this representation. A more detailed description can
be found in [2].

We can translate an MV-network into a rooted tree T' =

(V, E,s) as below O

Vi, = {(secondary) substations in N } sa sg

Ve = {distribution lines of N }
V=V, [ [

E = {connections between (secondary) substations
and distrubution lines} () @D

V' > s = the substation of V

Intuitively we can think of it as the previous representation, Eﬂ
but this time we put an extra vertex at the center of each
edge. This way edges represent the connection between @D

distribution lines and secondary substations. Precisely the
location where secondary components are often placed.

Example 2.4.7. shows the original graph rep-
resentation of the basic network discussed earlier. The same GD

network represented in the new format is shown in
re 2,131

S

Figure 2.13: New representation of our

@ F
\] example basic network
8 10
G H J

Figure 2.12: Original representation of our example basic
network

Representing components

The new representation does a better job at capturing all the different components. Almost all
the secondary components were placed on the connection between a (secondary) substation and a
distribution line. In the new representation, these are just the edges of the graph.

Below we describe for each component how we can indicate a component.

Net openings A net opening comes down to disconnecting a distribution line from a secondary
substation. This is equivalent to the removal of that edge in 7.

Circuit breaker Attribute that can be placed on the corresponding edge.
Fault passage indicator Similar to the circuit breaker, we just place an attribute on the corre-

sponding edge.
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Smart cable guard Represented by a tuple (e1,e2) € E X E, where e; is the start location of the
SCG and e5 the end.

sSS This is an attribute on a vertex v , more specifically on the vertices in V,,.

Definition 2.4.1 (Decorated rooted tree). A network and all of its
components can now be captured in a decorated rooted tree T =
(V,E,s,Ecp, Erpr,Esca, Vsss). Here we have V| E, s as before and

Ecp = {set of edges that represent circuit breakers}

Erpr = {set of edges that represent fault passage indicators}

Escac = {(e1,e2) € E x E : egstart of SCG, ez endpoint of SCG}
Vsss = {set of vertices that represent smart Secondary Substations}

Example 2.4.8. The graph representation of the network of
is given by Note the missing edge between cj

and J because of the net opening.

The attributes of the decorated tree are are denoted by:

ECB = {(B, bC)}

Eppr =10
Esce = {((4,ab), (D, cd))}
Viss = {C}

Figure 2.14: Decorated tree

Mostly use first representation Even though the representation mentioned above is more thor-
ough, we will stick with the representation discussed in The secondary components
discussed above are important to understand the working of the Outage Simulation Module. How-
ever most of this thesis will focus on the Switch Planner inside this module. This Switch Planner
only needs to take into account net openings and none of the other components. The current imple-
mentation uses the representation of and we have stuck with it. Apart from one small
annoyance in there has been no reason to switch to the more complete representation.
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Chapter 3

Linear Programming

Later on we will focus on extending a Mixed Integer Linear Program. This section discusses some
general knowledge about (Mixed Integer) Linear Programming.

Linear Programming is a widely used scheme within optimization theory. It can be viewed as a
model which fits a lot of problems from different areas. Even if a problem does not fit in it exactly,
it can often be relazed to make it fit. Apart from optimization in Mathematics, it is also used in
Economics. So much that the founders of Linear Programming, Leonid Kantorovich and Tjalling
Koopmans, have been awarded the Nobel Prize of Economics in 1975 for their research in this
area.[7]. Below we give a short overview of (Mixed Integer) Linear Programming, based on [3].

Canonical form

Definition 3.0.1 (Linear Program). A Linear Program in canonical form is defined as:

T

min c -z
subject to A-z<b
x>0

where ¢c,x € R", A € R™*™ and b € R™. We call z the decision variable of the linear program,

¢’ - 2 the objective function and we have m constraints that tell us that a;j-x; <b;for 1 <i<m.

It’s called a linear problem, since both the objective functions and constraints are linear with respect
to the decision variable x.

While the above definition might seem a bit restrictive in some sense, in practice we can also handle
cases where e.g., x < 0 or a; ;- x; > b; for some 1 <17 < m.

Solutions to Linear Programs

There exist a lot of solvers that can find the optimal solution of a Linear Program. These all make
use of some of the key properties of linear problems.
Assuming that a linear problem has at least one solution, we have two key properties:

e The objective is a linear function, so it’s both concave and convex. Therefore any local optimum
is also a global optimum.

e The linear constraints together define a convex polyhedron which contains all the possible
feasible solutions.
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From this it can be shown that any optimal solution must be located at any of the corners of the
convex polytope. It has been proven that it can be solved in polynomial time. A common method
is the Simplex Method.

Simplex Globally the Simplex Method works in two phases

Phase 1 Find a starting corner of the polytope
Phase 2 Walk along the edges of the polytope towards a better solution
Theoretically the second phase could end up cycling, making the Simplex Method worst-case expo-

nential. This only happens for specific constructed problems and methods to deal with this exist.
In practice it solves problems efficiently.

3.1 Mixed Integer Linear Programming

A Linear Program assumes all the decision variables to be real numbers. However we might want
some of them to be integers instead. It turns out this increases the difficulty of the problem im-
mensely.

Definition 3.1.1 (Mixed Integer Linear Program). A Mixed Integer Linear Program in canonical
form is defined as:

min oL
subject to A-z<b
x>0
where c € R", A € R™*™ and b € R™. Let I = {1,...,n} = Iz U I, with Iz # () and Iz N Ix = 0.
Z i€l
Then for x;, ¢ € I, it holds that z; € {R Z i IZ' So some of the z; are integers, while others might
? R

be reals.

The only difference is that we restrict some of the decision variables to be integers. The consequences
of this change however are quite big. There no longer exists a polynomial time algorithm to find the
solution, if such a solution exists.

The reason that Mixed Integer Linear Programs cannot be solved polynomially is caused by the
fact that the feasible solutions no longer form a convex polyhedron. Solutions are therefore not
necessarily at the corners of such a polyhedron.

Theorem 3.1.1. Solving a Mized Integer Linear Program is NP-hard

Proof. We make a reduction from the Partition-problem. This problem tries to answer whether
there exists a set Ipat such that for a set S = {s1,...,sn}, $i € Z, we have Ip,y C I ={1,...,n}

; 1 .
with Zielpm i =75 D ier Si-

Let S be such a set, we define 51 = 13", _;s;. We define the (Mixed Integer) Linear Problem:
2

max 0

subject to S T; = S% Viel
x; <1 Viel
x>0
xEeZ"”
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If the problem above finds a solution z*, we can take Ipay = {i : 7 = 1} to divide the set as
intended. If the problem is infeasible, we know it is not possible to divide the s; in a correct manner,
showing that Ip,,; does not exist. We are now capable of solving the Partition-problem.

The translations to and from the Mixed Integer Linear Problem are polynomial. Therefore if we
can solve Mixed Integer Linear Problems polynomially, we could also solve the Partition problem in
polynomial time, contradicting the known fact that this problem is NP-complete.

This shows that solving a Mixed Integer Linear problem is NP-hard. O

Solving MILP

Algorithm [1] shows a typical way of solving a MILP P, where P’ = Relax(P) is the relaxation of P.
It’s equivalent to P but as a linear program, so now all z; € R.

Algorithm 1 Basic branch method to solve an Mixed Integer Linear Program

Input: (Mixed) Integer Linear Program P
Output: Optimal solution x to P

1: Queue = {P'}, sol =

2: while items in Queue do

P is first item in Queue

Remove P from Queue

% = solve(Relax(P))

if there exists an &; such that &; € Z and i € Iz then
Queue = Queue U{P + (z; < |2;])}
Queue = Queue U{P + (x; > [3;])}

else if & best solution so far then

10: sol = &

11: end if

12: end while

13: return sol

© P N>R w

Intuitively we find a solution # to the Linear Program P’. Pick an Z; that should be an integer but
is not. We create two new problems. One where we add the constraint x; < |#;]| and another where
we add x; > [%;]. Repeat until we find the solution to the original MILP.

How the solver branches can be of great influence on the total solving time. Picking the right z; to
set bounds on in each step is not a trivial choice and could be worth investigating. This is however
not the goal of this thesis. We will focus on extensions of Mixed Integer Linear Programs and not
the possible tweaks to a solver.
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Chapter 4

Current implementation for
simulating outages

We now have the prior knowledge to discuss the current implementation for simulating outages.
This is done by the Outage Simulation Module. discusses the workings of this module,
together with some examples. The module makes use of the Switch Planner to determine how power
can be restored to different parts of the network. The Switch Planner is a Mixed Integer Linear
Program that is discussed in detail in The information within this chapter is based on
6]

4.1 QOwutage Simulation Module

We want to be able to determine the expected customer minutes lost of a network. We saw in [Chap-|
that we need to determine the customer minutes lost in case of a failure in every distribution
line. This is possible using the Outage Simulation Module. The module simulates the process of
restoring power to all customers after an outage in case of a failure in one of its distribution lines.
This can then be combined to determine the total expected customer minutes lost of the network,
as we have seen in [Definition 2.2.21

Before we can explain the inner workings of this module, we define two abstractions that capture
the functionality of the discussed secondary components.

Remote observability and remote controllability

The different components in the network need to be taken into account by the module. This is done
using two abstractions that together can capture all the components.

Definition 4.1.1 (Remotely observable). An edge in the network is remotely observable when in
case of an outage the control room remotely gets an update at which side of the edge the outage is
located.

All the components discussed in that help with narrowing the location of the fault can
be translated to this new definition.

e A fault passage indicator is the most basic component that adds remote observability to an
edge. It reports at which side of the component the outage is located.

e A smart cable guard does more. For edges outside its monitored segment it behaves just like
a fault passage indicator. However for edges inside this segment it tells exactly which edge is
the cause of the outage. This is the same as assuming remote observability on each edge of
the segment.
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e A circuit breaker is not remotely observable by itself, but it does induce remote observability
on the edge. The control room can remotely determine which customers still have power.
This can be used to determine which circuit breaker was activated and at which side of the
component the failure is located.

The second abstraction is related to performing switching operations remotely.

Definition 4.1.2 (Remotely controllable). An edge is remotely controllable when the control room
can perform switching operations remotely on it.

Edges connected to a smart (secondary) substation are precisely the edges that are remotely con-
trollable.

4.1.1 Overview

As mentioned above, the goal of the Outage Simulation Module is to determine the customer minutes
lost of an outage. For this we need to determine how to restore power to the affected customers as
quickly as possible.

The module creates an ordered list of switching operations that restores power to the customers.
This is then combined with default times for each operation. The list is generated using different
steps within the module, as shown in Some output of the Outage Simulation Module to
example networks is given in

Input
Net topology
and malfunc-
tioning edge

L Restore using remote observability
Step O Step 1 Step 2 Step 3 Step 4
Restore power
i ) p ) Restore power Find malfunc- . .
Determine to customers . Restore power
] . to customers tioning edge and .
customers that using remote . to customers
. i using remote restore power .
experience outage controllability o using generators
o observability to customers
and observability

Any customer Any customer Any customer Any customer
without power? without power? without power? without power?
=} =} =} =}
= = = =
v
)
> STOP

Figure 4.1: Flowchart of the Outage Simulation Module

Input

The input for the module consists of a graph G = (V, F) that contains the net topology and the
edge e,, € FE that malfunctions.

Step 0

A circuit breaker inside a route can protect parts of this route in case of failure. When an outage
occurs a circuit breaker is automatically triggered and only a part of the route experiences outage.
In the worst case the circuit breaker at the substation is triggered and the whole route is without
power.
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This step determines which circuit breaker would be triggered in the real world scenario. This gives
us an overview of all the customers that are without power.

Restore using remote observability

The previous step gives us information on the customers that are without power. Next we can use
remote observability to determine the possible location of the fault. When an edge fails, we can
expect certain components to be triggered. Based on which components are actually triggered, the
control room can limit the possible locations of the malfunctioning edge. This also gives us certain
parts of the network that are without power but cannot possibly be the cause of the outage. Each
connected component that is certainly not the cause of the outage is called a subnet.

Restoring power to these subnets is the focus of Step 1 and Step 2. The subnet first needs to be
isolated from the malfunctioning edge before we can restore power to the subnet. To do this, we
place a net opening between the possible fault location and the vertex that is closest to it. Next we
try to restore power to the subnet.

Step 1 First we try to restore power without any movement from the technician. This means that
we are only allowed to switch edges that are remote controllable. This includes the net opening that
is needed to isolate the subnet.

To determine what switching operations to perform, we create a Mixed Integer Linear Program for
the subnet. The details on this translation are described in If the Mixed Integer Linear
Program finds a solution we can restore power to all the customers in the subnet while adhering to
the capacities of all the distribution lines.

Step 2 The switches made in Step 1 are all done remotely, so these will always be completed
before the technician arrives at a secondary substation of the network. Therefore we continue with
the result of the previous step and determine the remaining subnets.

Finding the switching operations to restore power to the subnet goes analogously to Step 1. The
only difference is that we allow the Mixed Integer Linear Program to switch all the edges, instead
of just the remotely controllable ones.

Step 3

If this step is used, then the exact location of the malfunctioning edge is not yet known by remote
observability. We start with finding out which edge is responsible for the outage. For this we simulate
the binary search that would occur in the real world scenario.

Once we have found the malfunction edge, the remaining subnets are restored analogously to before.

Step 4

Unfortunately, it is not always possible to provide all the customers with power again using the
method above. The subnets that are without power after Step 3 are restored using estimates. There
are two options for each subnet.

e The subnet cannot possibly be connected to a power source, since there is no connected net
opening. In this case we need a mobile power generator, as we have seen in |Figure 2.4} This is
very time consuming, we assume that it takes 180 minutes to restore power to the customers.

e There are possibilities to feed the subnet using net openings, but because of capacity constraints
we could not feed this subnet in Step 1, 2 or 3. In this case we assume it takes 4 extra switching
operations to restore power to the remaining customers.
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Any customers without power?

At the end of each Step the module checks whether we restored power to all the customers. When
this is the case, we can stop and determine the customer minutes lost of the outage.

A typical example where we skip Step 3 and 4 is when the malfunctioning section is monitored by
a smart cable guard. The exact location is already known, therefore all customers often have power
after Step 2.

Stop

Power is restored to all customers in the network.

4.1.2 Determining customer minutes lost of an outage

Given the switching operations, it is now possible to determine the customer minutes lost of the
outage. Each movement of the technician takes a certain time. So after each switching operation it
is clear which customers have power again and how much time it took. Combining this for all the
customers in the affected area, gives us the customer minutes lost.

Example

In we already discussed some solutions to outages. We will repeat some of these again,
this time using the Outage Simulation Module. Below we see an overview of the output of the Outage
Simulation Module, This can be translated to the customers minutes lost, using the following dummy
values.

Action Time (in minutes)
The switching operation at the first location 40

Other switching operations by technician at a location 10

The very first switching operation is remotely controlled 10

Other remotely controlled switching operations 0

Binary search 20
Provide power using mobile power generator 180

We assume each vertex to have 1 customer.

Notation close (v,e) denotes the closure of a net opening at this location. Similarly open (v,e)
denotes the creation of a net opening.

Basic network

(a) Situation (b) Solution

Figure 4.2: Outage because of edge e3 in an empty network
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shows the result given by the Outage Simulation Module. Note that we have no remote
observability in this network.

Step | Action Cumulative time Restored vertices Vertices without power
0 Circuit breaker (5, e;) 0 A, B,C,D,E,F
3 Binary search 40 + Qq] A/ B,C,D,E,F
3 Open (B, e3) 70 A,B,C,D,E,F
3 Close (S, e1) 80 A, B C,D,E,F
4 Open (C, e3) 90 C,D,E,F
4 Place generator (C,gen) 270 C,D,E,F

Table 4.1: Output of the outage simulation module for [Figure 4.2

The customer minutes lost of the outage now becomes

CMLo,, =2-80+4-270
= 1240.

Fault passage indicator and net opening in network

The network in adds remote observability by a fault passage indicator. Notice that we
now make use of Step 2 of the Outage Simulation Module. Furthermore there is a net opening
between C' and J. This way, we no longer use Step 4.

Figure 4.3: Outage because of edge es in an network with a Fault passage indicator

Step | Action Cumulative time Restored vertices Vertices without power
0 Circuit breaker (S,e;) 0 A B,C,D,EF
2 Open (C, e3) 40 A B,C,D,E,F
2 Close (C,e11) 50 C,D,E,F A, B
3 Binary search 70 A, B
3 Open (B, e3) 80 A, B
3 Close (S, e1) 90 A, B

Table 4.2: Output of the outage simulation module for [Figure 4.3

The customer minutes lost of the outage now becomes

CMLo,, =4-50+2-90
= 380.

IThe technician needs to visit vertices to perform the binary search. Reaching the first vertex takes 40 minutes,
from that point onward it takes 20 minutes to perform the actual binary search.
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Smart cable guard, smart secondary substation and circuit breaker in network

The network in shows a network with a lot of components. We have a circuit breaker,
smart cable guard and smart secondary substation. The circuit breaker protects part of the route,
while the smart cable guard directly determines the correct e,,. We see that all customers are with
power again after Step 1, skipping the other steps of the Outage Simulation Module.

Figure 4.4: Outage because of edge e3 in well monitored network

Step ‘ Action Cumulative time Restored vertices Vertices without power
0 Circuit breaker (C,e3) 0 C,D,E,F
1 Open (C, e3) 10 C,D,E,F
1 Close (C,e11) 10 C,D,E,F

Table 4.3: Output of the outage simulation module for |[Figure 4.4

The customer minutes lost of the outage now becomes

CMLo,, =4-10
= 40.

4.2 Switch Planner

In the examples we have seen so far, determining how to restore power was straightforward. There
was one option to restore a subnet and we always assumed it could feed the extra vertices. This is
not always the case. It is sometimes necessary to split a subnet and use multiple net openings to
feed each remaining part because of capacity constraints.

This is where the Switch Planner comes into play. It is a Mixed Integer Linear Program for which
the solution tells us how to feed the subnet again. We have already seen that Mixed Integer Linear
Problems are NP-hard. We first take a look at the complexity of the problem to justify the use of
this method. After that we discuss how the translations works.

Complexity of the problem

The problem of feeding power to the whole subnet should be hard, otherwise using a Mixed Integer
Linear Program to solve it might be overkill. We should then instead find other algorithms to solve
it. From [9] we see that the problem is actually NP-hard by reduction from the Partition-problem.
With this knowledge the usage of a Mixed Integer Linear Program fits nicely. Now we only need to
worry about the translation of the problem. After that the available solvers will find the optimal
solutions.

Translating the problem however is not trivial. A graph contains all kind of correlations that cannot

be captured by linear constraints. This can be circumvented by precomputing some data for the
constraints.
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4.2.1 Data preparation

When we want to feed a subnet N again, We define the following variables that will be useful later
on. Here G = (V, E) represents the MV-network. Example values of the defined variables are
discussed at the end of this section.

E,, = {e € E : e a net opening connected to subnet N}
E,=E,,U{e€ E:eaclosed edge in subnet N }

E,; = {e € E\E; : e part of a path that can feed the subnet}
E,, ={e € E; : e is operable}

VN ={v €V :vin subnet N }

Vo 2 vy = vertex closest, in number of edges, to the malfunctioning edge

A net opening is connected to the subnet N when closing the net opening would result in a closed
path from the substation to the subnet. Furthermore, any edge in F; is operable in Step 2 and Step
3 of the Outage Simulation Module, however within Step 1 only the edges connected to a remote
controllable vertex are operable.

We also have two functions that give information on the edges and vertices. Using the rescap function
we define another variable.

load :V — R, load(v) = electricity load of vertex v
rescap :F — R, rescap(e) = residual capacity for edge e
f =max(1000, 1000 - mab)jc(rescap(e)))
ec

The residual capacity of an edge e is equal to the maximum capacity of that edge minus the capacity
that is already in use in the current configuration. Why we use the definition of f will become clear
later on, it is important to remember that f > 0 and always larger than the residual capacity at any
edge.

Lastly we need to precompute all the paths that can possibly feed a vertex in the subnet.

v 5 v Lo {e € E; : e in path from no to v, including no}U
no € JUE : pa = ) :
" N Pl {e € Ey : e in path from substation to no}

This path is used to define the following function.

1 if e € path”?
a:Ex E,, x Vy —{0,1} ale,no,v) = ne p'a v
0 otherwise

Decision variables

The above variables and sets are all fixed and are used to formulate the constraints. To come to a
solution the Mixed Integer Linear Program will have the following decision variables.
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Ve€ Eop: Ce= {1 if edge e is closed

0 if edge e a net opening

1 if vertex v is powered by a path that contains no

Yno € Epo,v € Vy 1 pp° =
e N: Py {O otherwise

S. = the extra electrical strain on e in the result

p = residual capacity at the net opening that isolates the subnet from e,,

An edge is closed when it does not contain a net opening at any of its endpoints. Why we need p
as a decision variable will become clear by constraint F' and |Section 4.2.7

How these decision problems capture the whole problem should become clear later on. First we
define all the variables for a small example subnet.
Example

We have slightly expanded our example network thusfar, as shown in The subnet we
want to restore power to is highlighted and consists of vertices C, D, E, F.

2 ! ! 4- 1 ! 1
B== ct-tip -t E ]
. Y T~
10 6
s
@) I 12 P F 14
> 9
8 11 N 13
G H LT K

Figure 4.5: Malfunction in edge es.

Values

Note that the the Switch Planner is used by three different steps. Most variables stay the same
independent of the step, however E,, will be different depending on the step.

The variables become

E={e;...e14} Vn ={C,D,E,F}
E,, ={e12,e14} vg =C

Ei ={e4,e5,€6,€12, €14}

Ey ={e7,es,€11,€13}

{612} if Step =1
Ey, = .
Ey otherwise
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The precomputed data looks like

path??* = {e7, e, e11,e12} U {ea}
path}* = {e7, es, €11, €13, €14} U {e5}

If we took the current situation as the result of the Mixed Integer Linear Program, then the values
of the decision variables ¢, and p;® become.

Cery = Cepy = 0,Ce, = Cey = Cey =1

Vno € Enp,v € Vy: pp° =0

A possible solution and the corresponding values for the example graph in[Figure 4.5 will be discussed
in [Section 4.2.6!

4.2.2 Mixed Integer Linear Program

The Mixed Integer Linear Program that determines what switching operations to perform is defined
below. Recall that we minimize over the possible values of the decision variables as defined in

Section 2271

Objective function (See [Section 4.2.3))
min Z Ce — Z Ce

e€ln, €EEOP\E710

Constraints (See [Section 4.2.4))

Ref | Constraint Description

A Z (1—ce)=|Epo| =1 Number of edges
ecE,,

no . no
B Ve € path, Py = Ce o ZUEi:/N » Set pl° correctly
S e < fpathl| — 1

e€pathy®

C Z Pyl =1 Vv € Vx Each vertex gets
no€En, power by exactly

one path
D | S = Z Z load(v) - p° - a(e, no,v) Ve € EyUE>  Set S, correctly
vEVN no€kE,,
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E Se < rescap(e) Ve € E1UFEy Edges stay within
their capacity

F p <rescap(e) — S. + f - <1 — Z a(e, no, vp) pﬁf) Ve € F1UFEy  Upper bound on
the residual ca-
pacity at vg

no€kE,,

4.2.3 Objective function

The Switch Planner wants to know how to provide all the customers in the subnet with power with
as little customers minutes lost as possible. This goal needs to be translated into a linear objective.
We will see that one of the constraints forces the whole subnet to have power. So the objective has
to pick the solution that does this with the minimal customers minutes lost.

As we have already seen, each switching operation at a new location costs time, since the technician
has to move. Minimizing the number of switching operations that are needed to restore power
therefore seems to be a good measure on the customer minutes lost of a solution.

This is exactly what the objective does

min E Ce — g Ce,
e€Ey, eeEop\Eno
since we have

e For e € E,, there are two options for the resulting value c..

ce = 0 Nothing is changed, since e is still a net opening. It does not affect the value of the
objective at all.

¢ce =1 The net opening has been closed. This is a switching operation and adds 1 to the
objective value.

Each net opening that is closed adds 1 to the objective, but zero when not switched. So if any
net opening is closed without it being necessary for the constraints, then the objective value
can be improved on by not closing that net opening.

e Similarly for all e that are not a net opening, we again have two possibilities.

ce =1 The edge is still closed. Therefore the objective value is lowered by one.

¢e = 0 The edge has now become a net opening, resulting in subtracting zero from the objective
value.

We see that when not switched the objective value will improve by 1, whereas switching will
not change it. Analogous to above, any unnecessary switch will be removed from a solution

From above we can conclude that the objective function indeed tries to minimize the number of
switches on any solution that fulfills the constraints.
4.2.4 Constraints
The constraints of the Mixed Integer Linear Program can be grouped into three different groups.
e Radial network - Constraint A, B, C,
e No overload on distribution lines - Constraints D, F,

e Upper bound residual capacity at isolation - Constraint F'.
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Radial network

The first constraints make sure that the network connected to the substation is radial and now
contains the subnet. Note that the graph G = (V, E) that represents the network configuration
after an outage is a forest with 2 trees. One tree contains all the vertices that do not experience
any outage. The second tree contains all the vertices that were affected. From [Proposition 2.3.1|
we know that if the number of vertices, edges and connected components stay the same, then the
two resulting connected components are both trees. The number of vertices automatically stays the
same. Constraint A makes sure that the number of edges stays the same, while constraint B and C
make sure that the number of connected components stays equal.

Constraint A) Number of edges

This constraint makes sure that the result still has the same number of closed edges compared to the
original situation. This is the case when the number of net openings in the result, ) . Eop(l — Ce),

is the same as the original number of net openings, |E,,|.

Note that we already isolated the subnet from e,, by placing a net opening in the Outage Simulation
Module. This net opening is not included in any of our sets, such as E,,. Therefore the number of
new net openings must be one less than |E,,,| to keep the total number edges the same. This results
in the constraint:

> (1=c) =|Eno| —1

ecEyp

Constraint for the example subnet

Z Ce =2

e€Eyp

Constraint B) p!’> =1 if and only if the whole path via no to v is closed

This constraint makes sure that we set p}° correctly. Remember the definition:

1 if the path that feeds v contains no
Vno € Eno,v € Vi : o =
"o NP { 0 otherwise

This means p7° = 1 iff all the edges in path]° are closed, since there is no other path possible that
feeds v with no in it. But this is the same as stating

Yno € Epo,v € Vy @ pp°= min c.,
e€path}?
since ¢, is binary.

Unfortunately most solvers don’t allow min as a constraint, we therefore translate it into a standard
linear constraint.

We require pl° to be at most the value of each c.. Therefore if any of the c. = 0, then p;° = 0.

Ve € path)? :  pl° < ¢,
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Secondly we need that if all the ¢, = 1, then p}° =1 as well. This is forced by

S co—pl? < path?] - 1
e€path}®

Namely if all cc = 1, then 3° o ce = [pathy?|. Forcing py® = 1 to fulfill the constraint. If

however at least one ¢, = 0, then |path;°| — > > 1, allowing p2° to be zero.

ecpath}® Ce

Constraint for the example subnet

€12 €12 €12
pD Sc€7 pD SCES pD Sceu

(&)
€12 €12 Cey + Cer + Ces + Ceqy + Ceyn — po S 4
Pp” XCeyy Pp” SCey

€14

Pp

€14

Pp

€14 €14
<ce, Ppt SCeg Pp

€14 €14
Sc€13 Pp S0614 Pp

SCEH + + + + + _ €14 < 5
<c Ces Cer Cesg Ceqq Ceys Ceqy pD —
—%€x5

Constraint C) Every vertex is powered

Now that all the pl° are set correctly, we force the number of connected components to stay the
same. The component containing the affected customers will shrink, but always stay connected.
This constraint therefore focuses on the fact that the remaining vertices should all be connected.

The new graph is connected when there is at least one path to each vertex v € V. This would give

the constraint

YoeVy: > pre>1

no€k,,
However we can be even more precise.

Proposition 4.2.1. When we take constraints A, B, C' into account, it is not possible for anyv € Vy
to have ), ,cp. Py > 1.

Proof. The number of edges stays the same because of constraint A, as do the number of vertices.
Using constraints B and C' we force that there are two connected components. But |[Proposition 2.3.1|
now states that both components must be trees. Therefore contradicting that any vertex is connected
to the substation with two different paths. O

So the final constraint becomes:

VoeVy: > pre=1

no€k,,

Note that in this new form, constraint A has become redundant. There is precisely one path from
the substation to each vertex. This is equal to stating that the graph is a tree by
and forcing the number of edges to stay the same.

Constraint for the example subnet

pp° +ppt =

No overload on distribution lines

The next two constraints make sure that no distribution line gets overloaded.
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Constraint D) Determine extra strain on each edge

The extra strain on a edge e is determined by the vertices V' that get their power through edge e.
So the load of a vertex v € Viy should only be added to S, if e is in the path from the substation to
v and that path is actually used to feed v. This becomes

Vee BEtUEy: S, = Z Z load(v) - p? - a(e, no, v).

veEVN no€E,,

Constraint for the example subnet

Sy = load(D) - pp? + load(E) - pp? + load(F) - pj?
+load(C) - pat

Constraint E) Extra strain should be possible

For each edge e the extra strain should never be larger than the residual capacity of that edge. This
way we are sure not to overload any of the edges.

Ve € EyUEy: S, <rescap(e)

Upper bound residual capacity at isolation

Finally we want to determine the residual capacity at vg. Why this is needed will become clear
when we discuss improvements on the objective function of the Mixed Integer Linear Program in

Section 4.2.7

Constraint F) Residual capacity at isolation

Let P be the path that feeds vy in the end. Then

p = min (rescap(e) — Se)

However at the start it is not clear which path will feed vg. To circumvent this problem we put an
upper bound on p for each e € E. The edges e that are not used to actually feed vy get a large con-
stant added to it that is larger than any residual capacity. This way that value doesn’t influence the
upper bound of p, since the ones that do actually feed vy do no get this constant added. Therefore
these values will always define the actual upper bound on p.

The large constant we choose is f = max(1000, 1000 - max.cg(rescap(e))) and the constraint now
becomes

Vee E1UEy:  p<rescap(e) — Se + f - (1 - Z a(e,no,vg) pZ}(‘]’) .

no€kE,,

We only add f to the upper bound if none of the pl}° = 1. Which means that the edge is not used
to feed vg. The constraint therefore behaves exactly as described above.

35



Constraint for the example subnet
Edge e4 is only used to feed vy when power is restored through net opening at e4.

p <rescap(es) — Se, + f - (1 —pg*)

The above shows that when we use ej4 to restore power to vy, then p < rescap(eq) — S, since

pa* = 1. However, if power is restored using eio, then we have p < rescap(es) — Se, + f.

Edge e1; will always be part of a path that feeds vy, since by constraint C' we have p? + pa* = 1.

p <rescap(ei1) — Se,, + f - (1 —pa® —pg*)

4.2.5 Translating the output of the Switch Planner

The goal of the Switch Planner is to determine what switching operations should be performed to
restore power to a subnet. The solution of the Switch Planner sets values for ¢, such that all the
customers in Vy have power again.

The switching operations can be extracted from the results as follow

NOnew = {€ € E1\Eno : ce =0}
NOclosed = {6 S Eno L Ce = 1}

The set nopew tells us which edges have become net openings, similarly n0cjoseq tells us which net
openings should be closed. These are the switching operations that will be performed.

Note that we do not specify at what vertex the new net openings should be positioned, this is
determined by the Outage Simulation Module.

4.2.6 Solutions for the example network

Now that we have defined the Mixed Integer Linear Program we can take a look at the possible
solutions of the Switch Planner. In this situation we are in Step 2 of the Outage Simulation Module,
so all the edges in F are operable.

shows the four different solutions that at least fulfill constraints A, B and C.
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(a) Problem to solve

(d) Solution number 3

(e) Solution number 4

Figure 4.6: The example problem and all the possible solutions

The objective value of these solution can be computed and comes down to:

The values for

E,. :
Ceyy = 1,60, =0
E1 :
Cey = Cog = Ceg =1
Objective :
Ceyp t Ceyy — Cey — Cey — Ceg =

-2

The values for

E,. :
Ceyy = 0,¢c,, =1
E1 :
Cey = Cog = Ceg =1
Objective :
Cers T Ceyy — Ceg = —2

— Cey — Cey
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The values for The values for

Eno : Eno :
Ceyy = 1,60, =1 Ceyy = 1,cep, =1
El : El :
Cey =0,Ce =Ce =1 Ces = 0,Cep, =Ce =1
Objective : Objective :
Ce1p + Cery = Cey = Ces = Ceg = 0 Ce1p + Cery = Cey = Ces = Ceg = 0

We see that there are two optimal solutions, namely [Figure 4.6b|and [Figure 4.6c| These indeed need
two switching operations, while the other two solutions need four switching operations.

It is however still possible that the Switch Planner outputs either [Figure 4.6d| or [Figure 4.6el This
can happen because of constraints D, E. If edge e15 and either eq3 or e14 have a low residual capacity,
then putting the complete subnet over one of these might be too much. But splitting the load over
both options could fit.

This is exactly what we want. If it is possible to switch with two switching operations it will give us
this option. However if this is not allowed by the constraints, we might get a solution that contains
more switching operations than expected at first.

Even though [Figure 4.6b| and [Figure 4.6c have the same number of switching operations, we might
prefer one over the other. In this case we would prefer since one of the switching
operations can be performed remotely. If we want this distinction by the Switch Planner the objective
function needs to be modified. Possible suboptimizations, inlcuding this one, are discussed below.

4.2.7 Improvements on the objective function

There are two improvements built-in to the Switch Planner. One of them we already mentioned: we
want to prefer remote switches where possible. The second explains the need of constraint F. We
also discuss when each of these optimizations is used in the Outage Simulation Module.

Prefer remote switches

We want to adjust the objective function so that it prefers remote switches where possible. Let
E,.={e € E,, : e remotely controllable }.

Since remote switches do not have any influence on the movement of the technician, these can been
seen as free. As a result we do not want to count these c. as a switch operations in our objective.
This is achieved by changing the objective from

min E Ce — g Ce

e€En, e€Eop\Eno
to
min g Ce — E Ce.-
€€Eno\Erc e€Eop\(EnoUEr:)

This way, any non-remote switch will always worsen the objective as we discussed before, however
a remote switch will not affect the objective at all. Indeed, when we go back to the example we see
that the values of the objective now differ and prefer the solution that switches remotely.

38



The values for The values for

Eno : Eno :
Cery = 1,Cery =0 Cery = 0, Cepy = 1
E1 : E1 :
Cey = Cey = Ceg = 1 Cey = Cey = Ceg = 1
Objective : Objective :
Cery = Cey = Ces = Ceg = -3 Cery = Cey = Ces = Ceg = -2

Maximize residual capacity at isolation

We have a constraint that determines the residual capacity at vy, the vertex from which we isolated
the subnet from the outage. This constraint should be used in combination with an adjustment to
the objective function as we will see later on. But first we discuss why we want to take the residual
capacity into account.

We already discussed that it can happen in Step 1 and Step 2 of the OSM, that e,, is not yet known.
Using remote controllability we can still restore power to subnets. When e, is known in Step 3,
it can be necessary to feed some vertices using a subnet we fed in Step 1 or 2. This will always
happen through the vy of that subnet, which means that we want as much residual capacity at vg
as possible. This way we are able to restore power to as many customers as possible.
is a small example which shows the influence of the residual capacity at vg.

Example 4.2.1. is an example that shows the usefulness of the constraint. When we
are in Step 2 of the Outage Simulation Module we know that e,, € {e1,e2,e3}. This means that
we can restore power to subnet N = {D, E'}. We have two options to restore power, as shown in
|[Figure 4.7b| an [Figure 4.7c|

(a) Malfunction in eq, restore power (b) Residual capacity at (D,es) is

to subnet N = {D} 10 (c) Residual capacity at (D, e4) is 1

Figure 4.7

Thus far the objective value of the Switch Planner would be the same for both situations, we do
however prefer When the exact location of e,, is known in Step 3, we want to restore
power to subnet N’ = {A, B,C}. With we have more residual capacity left and we can
probably feed the whole subnet. This is not the case with the solution shown in

We already defined the constraint that determines the residual capacity at vg. All that is left is to
adjust the objective value so that it takes p into account. We do however only want to take p into
account between solutions that have the same number of switching operations.

Theorem 4.2.1. The objective

min {f~ e Y e —p},

e€En, e€Eqp\Eno

first optimizes on the number of switching operations and only then on the residual capacity.
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Proof. We have already seen that min Y e B,, Ce — Y ec Eop\ En Ce optimizes on the number of
switching operations. It is also clear that for two solutions with the same number of operations, we
will select the one with the largest p. All that is left to show, is that p will never cause us to select
a solution that uses more switching operations than needed.

Let n be the minimal number of switching operations required for a solution and m > n. Let
N = Npo + Nop and M = My, + Mop. Where ny,, my, denote the number of closed net openings and
Nop, Mop the number of new net openings.

In the worst case with n switching operations we have that p, = 0. The best case with m
switching operations has p = max.cp (rescap(e) — Se). Remember that f = max(1000,1000 -
max.cg(rescap(e))), and that E,,, E,, are identical in both situations. This gives us

0bjm = f - Z Ce — Z Ce | = Pm

e€Ey, e€Eqp\Eno

= f(Mno — (|Eop\Enol — mop)) — pm

= f(Mno + Mop — |Eop\Enol) — max (rescap(e) — Se)
> f(m - |Eop\Eno|) - f

= f((m = 1) = [Eop\ Eno|)

> f(n = [Eop\Enol)

= f(nno — (|Eop\Eno| — 10p)) — 0

=f- Zce_ Z Ce | = Pn

ecE,, e€Eop\Eno
= objn
Showing that obj,, > obj, as needed. O

Example 4.2.2. For the example above we indeed see that p now makes us prefer the correct
solution.

[Fligure 4.70: f - (2 = [Eop\Enol) — 10
[Fligure 4.7d: f - (2 = |Eop\ Enol) — 1

Usage of the Switch Planner within the Outage Simulation Module

The optimizations above are actively used within the Outage Simulation Module. The optimization
over remote controllable edges is used within Step 2 and 3 of the module. It is not used in Step 1,
since any of the switching operations will be remote controllable. If these were all set to zero, we
would no longer optimize on the number of switching operations.

As discussed the optimization over residual capacity is used by Step 1 and 2 of the Outage Simulation
Module. In Step 3 we already know the location, so we no longer need residual capacity to power
an extra vertex.
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Chapter 5

Extending the Switch Planner

In the following sections we discuss the three main extensions that have been researched during this
thesis. The first two replace the current implementation of the Switch Planner and remove heuristic
choices within the Outage Simulation Module. The third extension will improve on the currently
used objective function by the Switch Planner. Lastly we will discuss a variation on one of the newly
defined Switch Planners.

5.1 Customer Switch Planner

This extension of the Switch Planner focuses on letting the Switch Planner decide how to isolate
the subnet from the malfunctioning edge and which customers end up with power. In most cases,
this will be at the location we originally put a net opening and provide power to all the customers.
However, when we can’t feed the whole subnet some heuristic choices are made by the Outage
Simulation Module.

This section discusses the heuristic choice that will be removed by the extension, followed by the
implementation, results and an elaborate example. We will refer to this extension of the Switch
Planner as the Customer Switch Planner.

5.1.1 Heuristic choice: which customers do not get power?

With the current implementation of the Switch Planner, it is possible that the problem is infeasible.
This happens when we can’t feed all the vertices in the subnet while staying within the capacities
of all the edges.

When this happens, we need to redefine our problem. Since we can’t increase the capacity of the
edges, we instead choose to not feed all the customers in the subnet. The Outage Simulation Module
removes vg from the subnet and tries again for the remaining subnet(s). This is repeated for each
subnet, until the Switch Planner becomes feasible again.

The removed vertices are not fed in this step of the Outage Simulation Module. With the Customer
Switch Planner we want to remove the heuristic choice described above of which vertices can be
fed. We want the Switch Planner to decide the optimal switching operations that provide power to
as many customers of the subnet as possible. An outage where this choice has a lot of impact is

discussed in [Example 5.1.2

5.1.2 Mixed Integer Linear Program

Below we have defined the Customer Switch Planner. Compared to before we see changes to the
objective funtion, constraints A and C' and the addition of the extra constraint B’. These changes
will all be discussed below.
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Objective function

min { —F. ( Z Z Py cust(v))

veEVN no€E,,

+ Y = > e }

e€En, e€Eop\Eno
Constraints
Ref | Constraint Description
A Z (1 —ce) = |Enol Number of edges
eEEop
no . no <
B Ve € path, Po= = Ce o ZUEEMVN > Set pl° correctly
Y ce—py’ < |pathy’] 1
e€path]?
h, : <
B’ e & o, T = G Vv € Vy  Set mp, correctly
Z Ce —mp, < |mpath,|—1
e€mpath,,
C mp, + Z Py’ <1 Vv € Vi Vertex should not
n0€En, have power and
be connected to
the outage
D | S = Z Z load(v) - pi,° - a(e, no, v) Ve € EyUE>  Set S correctly
vEVN no€E,,
E Se < rescap(e) Ve € F1UFEy  Edges stay within
their capacity
F p <rescap(e) — Sc + f (1 — Z a(e, no,vg) pﬁ(?) Ve € F1UFEy  Upper bound on
no€E,, the residual ca-
pacity at vg
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5.1.3 Data preperation

Before we can explain all the changes to the Switch Planner, we first need to define some extra data.
The objective will need to take the number of customers into account. This is possible using the
function

cust :Vy — Z, cust(v) = number of customers powered by vertex v.

It turns out that we need to precompute some additional paths in the graph, namely the paths from
the malfunctioning edge, e,,, to all the vertices of the subnet. Note that this path is unique, since
the graph is a tree.

Vv € Vy :  mpath, = {the unique path from e,, to v}

The above path is used to set the value of the new decision variable mp, correctly

1 if there is closed path from e,, to v

YoeVy: mp, =
N P {O otherwise

5.1.4 Objective function

With the original Switch Planner the constraints of the problem ensured that customers would get
power again, therefore the objective function aimed to minimize the number of switching opera-
tions. With the Customer Switch Planner, we want the MILP to decide how to isolate the subnet
and which customers end up with power again, such that this is done in the optimal way. The
objective function has to be adapted for this.

Counting the number of customers with power again comes down to checking whether a vertex v is
powered, > cp  py° =1, and the number of customers it has, cust(v). So the objective

min -1 Z Z pu? - cust(v)

vEVy no€En,

will try to power as many customers as possible, since every customer with power will lower the
objective value.

Sometimes multiple solutions can provide power to the same number of customers. We again want
to select the solution with the fewest switching operations. We can apply the same method discussed
in to follow this order of optimizations. We had to take f > p for it to work previously.
Similarly we now need an F' > " cp ce = > .cp, \E,, Ce- There are at most |E,p| switching

operations, so we can take F' = 2]E0p|.
The objective function

min { —F. ( Z Z P cust(v))

veEVN no€E,,
PR
e€En, e€Eop\Eno

will behave exactly as intended. Any extra customer saved will decrease the objective value by such
an amount that a solution with fewer customers saved can never outperform it because it has fewer
switching operations.
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5.1.5 Constraints

Compared to the original Switch Planner we see that constraints B, D and E have stayed the same.
The adjusted constraints are all explained below.

Constraint A)

> (1=ce) =|Eno| —1 — > (1=ce) =|Enol

e€E,p ecE,yp

This constraint has only changed slightly, the minus one has disappeared. Recall that previously it
was added since we already placed a net opening to isolate the subnet. This is no longer true in the
Customer Switch Planner, which determines how to isolate the subnet itself.

Constraint B”)

Ve € mpath, :  mp, <c

Vv € Vi : Z ce —mp, < |mpath, | —1
ecmpath,

Notice the resemblance between constraints B and B’. We again want to know whether or not a
path is closed, this time for all the mpath,. The method to set this value correctly is completely
analogous to constraint B.

Constraint C)

> opre=1 = mpy+ Y pie<1

no€kEy,, no€E,,

This constraint has changed quite a bit. Remember that previously we started off with Y pl'® > 1
to have two connected components, which together with A forced both components to be trees. As
a result this also required all the vertices to be powered. This is no longer something we want. To
allow some vertices to be without power, we need to change the constraint to > p® < 1. This does

however allow for incorrect solutions, as shown in the [Example 5.1.1

Example 5.1.1. Assume the situation as shown in We know which edge is malfunc-
tioning and there is not enough capacity left to feed the whole subnet N = {4, B,C'}. With the
constraints discussed thusfar, the solution given in would be optimal. However this is
not something we want to allow, since this connects the substation with the outage again, resulting
in another outage.

S S P
O —# A B C O —# A B C
2 customers 1 customer 2 customers 1 customer
v
D D
(a) Problem to solve (b) Proposed solution
Figure 5.1
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We need to make sure that this situation does not happen. More precisely, we need to make sure
that we do isolate (part of) the subnet from e,,. Note that isolating a vertex v from the e, comes
down to checking that mp, is not equal to 1. Only if this is the case, we are allowed to provide that
vertex with power again.

This means that a vertex v must not be both powered, Y p° = 1, and connected to e,,, mp, = 1.
This results in

mpy + Z p:;w <1,
no€kE,,

which indeed forces at most one of them to be true.

When we take a look at we see that the solution we discussed before is indeed not
possible anymore. For vertices A, B we would have mps = mpp =1 and > p%° = > pl = 1.

Non-optimal solutions Given the constraints, the Customer Switch Planner would find
as solution to the problem. There is however a solution that performs better for this single
case, shown in This solution is however not allowed by constraint A.

While we no longer require A to return a correct solution, we do need A to keep 2 connected
components. Without it we would get more connected components, which could result in a lot of
small parts of the net that are without power. In this case the estimations discussed in step 4 of the
Outage Simulation Module are no longer correct. Since we now might need more than one mobile
power generator. We will therefore leave constraint A intact. In we discuss the impact
of removing constraint A.

: p : p
© —# b ol ©—+x B c
2 customers 1 customer 2 customers 1 customer
D D
(a) Solution by Customer Switch Planner (b) Optimal Solution
Figure 5.2

5.1.6 Handling improved objective function

We discussed two suboptimizations on the objective function in With it we would
pick remote switching operations where possible and maximize the residual capacity at vy. Since
these are actually used in the Outage Simulation Module, we take a look at what has changed with
the Customer Switch Planner.

The optimization on the remote switching operations is still applicable and can be applied as before.
We do however need to take a better look at the optimization on the residual capacity.
Suboptimization on residual capacity

While the constraint for this suboptimization hasn’t changed, the way it functions has. Below
we discuss the new objective that takes into account the residual capacity and why the impact of
constraint F' has slightly changed.
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Objective function When we want to save as many customers as possible with the fewest possible
number of switching operations and with as much residual capacity left at vy, the objective becomes

min { —F.f ( Z Z p’vw.cust(v)> +

vEVN no€E,,

I Zce— Z ce | —

e€En, e€Eop\Eno

)

This just applies the method discussed in|T'heorem 4.2.1|twice. We must make sure that the objective
values don’t get too big. Otherwise the solver could run into numerical errors. As it turns out, the
implementation above still functions as intended using the current values for f, F.

Constraint F  While this constraint hasn’t changed compared to before, its function has. Previ-
ously vy was always fed by a path, which meant the upper bound for p was set correctly. This is
now no longer true. When we can’t feed the whole net, vy might not be powered. In this case, the
constraint changes to

Vee EyUEy: p<rescap(e) — Se + f.

Here f = max(1000, 1000 - max.cg(rescap(e))) as before.

This means that p is no longer limited by a correct upperbound. This situation only occurs when we
cannot feed all customers due to capacity problems. Optimizing on the residual capacity is therefore
not necessary any more, since we want to use as much of the residual capacity to feed customers of
the current subnet.

We do however need to make sure that our objective function still works correctly, since we no longer
have f > p which was required for Note that we do still have 2 - f > p.

It turns out that this is still enough to keep the order of optimization in the objective function
as intended. By constraint A the number of edges must stay the same. Each new net opening
removes an edge, so we need to close a net opening to add a new edge and keep the total number of
edges equal. This means that switching operations always occur in pairs. Each new net opening is
countered by a closure of an net opening. which shows that solutions with more switching operations
will always have at least two extra switching operations, influencing the objective value with 2 - f.
Since we have 2 - f > p, we can still use to show that the objective function works
correctly.

Alternatively we could of course fuse a suitable large number in constraint F' other than f. This way
we could still fulfill the assumptions needed for while correctly setting upper bounds
for p.

5.1.7 Results

We have tested the Customer Switch Planner on the 3397 routes that we have at our disposal.
Below we discuss the results compared to the original Switch Planner that show an overall decrease
in expected CML.

It’s hard to be really precise on the significance of the results, since there is a lot of variance in the
different routes. We have therefore chosen to take a global overview at the results and discuss some
of the results found during the validation of the implementation. We will also discuss one particular
example that illustrates the usefulness of the Customer Switch Planner.
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Global overview

When we compare the Original Switch Planner with the Customer Switch Planner we get the results

as shown below [Table 5.2, [Table 5.3| and [Figure 5.9}

Original Switch Planner versus Customer Switch Planner

Total Extension Total running time
126 Original 35869 seconds
Lower Higher Customer 42306 seconds
110 16
Table 5.2: Routes with different ECML Table 5.3: Total running time for all routes
Results of expected CML Results of expected CML
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Number of different solutions
Number of different solutions

20
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N | lu | I”I ||I| - - -=nnll
94 96 98 100 102 104

—8000 —6000 —4000 —2000 0 2000
Difference in percentage between CML of customer and refactor (with bugfixes) Absolute difference between CML of customer and refactor (with bugfixes)

(a) Histogram for proportional difference in ECML (b) Histogram for absolute difference in ECML

Figure 5.3

The histograms in[Figure 5.3|only show the routes that have a different outcome compared to before.
The blue lines represent the routes with a lower ECML using the Customer Switch Planner, while
the orange lines represent the routes with a higher ECML. With we see the absolute
difference between the ECML of the original Switch Planner and the Customer Switch Planner.
This shows a clear picture that the total ECML has decreased. This figure however doesn’t really
show changes made to routes with a small amount of customers. To check these as well, we have
Here we see the proportional difference for each route. This again shows an overall
decrease in ECML.

Both the histograms give us confidence that the Customer Switch Planner does generally improve
on the original Switch Planner. This has been reassured after validating a lot of different outcomes.
Below we discuss the outcome of such a validation.

Lower ECML All most all routes that have a lower ECML indeed had outages that were solved
better because of better choices in the removal of vertices. Precisely what the Customer Switch
Planner is intended for. The route with the biggest absolute difference will be discussed later on.

Higher ECML Some routes now have a higher ECML. The main reason for this is the ability
to distinguish two solutions with the Switch Planner. We saw before that sometimes two solutions
might have the same objective value. We might however prefer one over the other. We tried our best
to extend the objective function to distinguish more cases, but this doesn’t capture all the different
situations. It turns out that we now sometimes pick another solution to before, that turns out worse
in the end.
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Time The total running time to simulate the outages in the routes has increased by roughly 18
percent. While we haven’t done a full analysis on why this happens, there are two main suspects.
The solution space has grown immensely. Previously a solution had to feed every vertex of the
subnet, with the Customer Switch Planner any configuration that is radial and within capacities is
a possible solution. Even the starting configuration that restores power to zero customers already
is a correct solution. Furthermore the objective function has been changed. It now has to optimize
on customers and switch operations, which might also increase the searching time for the solution.

Example network

The route that causes the largest absolute difference in customer minutes lost is a good example on
why the Customer Switch Planner makes better decisions. It show that the heuristic choices in the
Outage Simulation Module miss out on saving a lot of customers.

Example 5.1.2 (BML 10-1V2.11). shows a simplified view of the MV-network in Be-
mmel, with 2 routes. We know the exact location of e,, and the Customer Switch Planner is called
from Step 2 of the Outage Simulation Module. The solution found using the original Switch Plan-
ner is shown in while the solution found by the Customer Switch Planner is shown in
There is a clear difference in the number of customers saved.

The original Switch Planner doesn’t find the optimal solution shown in since it handles
the different subnets in the wrong order. The steps it takes are as follows:

1. Try to power the whole subnet N = {A, B,C, D, E, F, G}; Switch Planner infeasible
e Remove vy = A, this results in subnets N; = {B} and No = {C, D, E, F,G}
2. Try to power N7; Switch Planner feasible, power restored as shown in
3. Next try to power Na; Switch Planner is infeasible.
e Remove vy = C, this results in subnets N3 = {D}, Ny = {E, F,G}.
4. Try to power N3; Switch Planner feasible, power restored as shown in
5. Try to power N4; Switch Planner infeasible.
e Remove vy = E, this results in subnets N5 = {F'} and Ng = {G}
6. Try to power N5; Switch Planner feasible, power restored as shown in

7. Try to power Ng; no connected net opening to power the subnet

Compare this to the Customer Switch Planner that only needs to be called upon once.

1. Try to restore power to customers of subnet N = {4, B, C, D, E, F, G}; Switch Planner feasible,
result as shown in

It might look odd that the Customer Switch Planner is able to provide power to subnet Ny, where
the original Switch Planner tells us it is infeasible. The reason is that for all paths in
that feed (part of) N the capacity bottleneck is edge e;. When the Outage Simulation Module
decides to first feed N3 in step [4 above, it reduces the residual capacity of e;. Because of this, it no
longer has enough residual capacity to feed N;. Making the Switch Planner infeasible.

Indeed, we see that the Customer Switch Planner does not restore power to vertex D (N3), but
instead restores power to vertices E, F and G (Ny).
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Figure 5.4

If the Outage Simulation Module would first have tried N4 and then Nj, it would have given the
same result as the Customer Switch Planner. But this in turn is not always the optimal order, as

shown by

Example 5.1.3. Suppose that the customers are divided as shown in and that e; has
enough residual capacity left to feed 200 extra customers.

If the Outage Simulation Module tries to power Ny first, it restores power 102 customers. But the
Switch Planner for N3 becomes infeasible, since e; cannot feed 202 customers.

If instead we first try Nj, it restores power to N3 and N5 as before. Restoring power to 200 customers.

This real world example shows the power of the Customer Switch Planner. Where originally we had
to make a heuristic choice, the Customer Switch Planner now tries both the possibilities. This way
selecting the optimal solution in both cases.
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5.2 Area Switch Planner

The extension discussed in this section continues upon the Customer Switch Planner. Thus far we
had to call the Switch Planner for each subnet separately, this extension will handle multiple subnets
at once. We show why we want to be able to do this, followed by the implementation and results.
We will refer to it as the Area Switch Planner.

5.2.1 Heuristic choice: order of subnets

Currently the order used to try and restore power to subnets is based on the number of customers
of each subnet. This can give some non-optimal solution however. shows such a
situation. The choice we make for the first subnet can be of influence for the feasibility of the Switch
Planner for the second subnet.

Example 5.2.1. [Figure 5.5 shows a situation where the order in which we solve the subnets matters.
Assume that es does not have the residual capacity to feed both A and B, but it can feed each
separately.

S 2

o L T2 T5
Y% —~

3 4 5
C

Figure 5.5: Example network where the order of subnets is important

By remote observability we know that es is the cause of the outage. There are two subnets Ny = {A}
and Ny = {B}. Restoring power to Ny by closing (C, e4) would reduce the residual capacity of es.
The result is that e3 now does not have enough residual capacity left to feed No as well.

If instead we would close (S, e1) to feed Ny, the Switch Planner for Ny would not be infeasible. Now
e3 does have enough residual capacity to feed No. Showing the importance of the order and choices
we make for each subnet.

To make sure that we return the optimal solution, we now want the Switch Planner to handle all
the subnets at once. This way, it notices these dependencies and it can make the best decisions on
how to restore power to as many customers as possible.

5.2.2 Mixed Integer Linear Program

The Area Switch Planner is quite similar to the Customer Switch Planner structurally. All the
constraints have however been adapted to cope with the bigger input set that exists of multiple
subnets. As a result only constraint F stayed the same. Additionally constraint G has been added.

Objective

min { - F. Z Z Z Py - cust(v)

vEVN no€E,, icIn°

+ Y - Y e }

e€Eno EEEop\Eno

50



Constraints

Ref | Constraint Description
A Z (1—--c.) =|Enol| Number of edges
ecE,,
Ve € path!? : pl% <c Yo € Vi
B vt U5t ¢ noc E,. '’ Set pl° correctly
Y o= < Ipathy| -1
eepathgf’i
th, . : o<
B’ Ve € mpath, ; MPu,i = Ce Vv € V' Set mp, correctly
S o mpos < fmpath, | -1
e€mpath, ;
C Z mpy.; + Z Z pff‘; <1 Vv € Vy  Vertex should not
ielm? NOEEy o i€I70 have power and
be connected to
the outage
D | S = Z Z Z load(v) - py5 - a(e,no, v, 1) Ve € E1UEy  Set S, correctly
vEVN no€E,, €1,
E Se < rescap(e) Ve € E1 UE; Edges stay within
their capacity
p <rescap(e) — S.+
F ) Ve € E1UE; Upper bound on
Fli- Z Z Z a(e, n0,vo,4) - Pygi the residual ca-
vo€Vo no€Ep, i€1,(no,vg) pacity at vg
G cyo < Z Z Z a(NO,no,v,1) 2 VNO € Eno Only allow net

vEV no€Ey, i€I}°

o1

opening to be
closed, if it’s part
of a path that
feeds a vertex



5.2.3 Data preperation

The data combines the different subnets Ny, ..., N, into one combined network N.. We will again
discuss all the different variables, since a lot has changed. EXYi for E, a set in the data of
the orignal Switch Planner, denotes the set corresponding to subnet N;, ie. EM = {e € E :
e a net opening connected to subnet Ny}

n

Eno = U EYi = {e € F : e a net opening connected to (part of ) the combined net N¢'} (5.1)
i=1
Ey =E,,U{e € E:e an edge in the combined net N¢} (5.2)
Enyo ={e € E; : e is a net opening}

By = U EYNi = {e € E\E\ : e part of a path that can (partly) feed the combined net No'} (5.4)
i=1

E,, ={e € E; : e is operable} (5.5)

V= U Vi, (5.6)
i=1

Vo={vo€Vn,:ie{l,...,n}} CV’ (5.7)

Below we shortly highlight and discuss the most important changes.

(5.2) This now also includes all the net openings in and between the different subnets of N. Previ-
ously it only contained the closed edges.

(5.3) This is a new set, that contains all the net openings in E;. Not just the net openings that
can feed (part of) the combined net. Notationwise we will refer to a net opening that can feed
(part of) the combined network N with no, while NO refers to any of the net openings in Ej.

We still have the same functions as previously.

load :V — R, load(v) = electricity load of vertex v
rescap :E — R, rescap(e) = residual capacity for edge e
cust :V' — N, cust(v) = number of customers powered by secondary substation v

The paths we precompute have changed and the number of paths has increased a lot. Previously we
had one unique path for each combination of no and v. Now we need to know all the different possible
paths that exist when we close any of the NO. This is explained in more detail in
To calculate these paths, we assume all NO € Eno to be closed. The network is now no longer
radial, but it does contain all the possible paths from the substation to a vertex v. We compute all
the simple paths from the substation to v through no and all simple paths from e, to v.

paths)® ={list containing all simple paths from S to v through no}

mpaths, ={list containing all simple paths from e,, to v}

Note that this number of paths can theoretically grow quickly |4]. In practice it is not that bad,
since the number of net openings in Fj is typically low.
With pathsy$ and mpaths, ; we denote the i-th element of pathsy? and mpaths, respectively.
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We have two new functions on paths]® and mpaths,, that indicate the number of paths we have for
each vertex. Furthermore we have an adapted version of «.

I,:E,, x V' =N I, (no,v) = |paths°|
Lyp V' = N Inp(v) = |mpaths, |
1 if th*9
a:ExE,,xV,xN={0,1} ale,no,v,1) = ! eGRa v
0 otherwise

Finally we define two variables that will be used in the objective function as we saw before.
f = max(1000, 1000 - ma]_%i(rescap(e)))
ec

F=2-1Eq|

Decision variables

The decision variables now become

Ve € Eop: co= {1 if edge e is closed

0 if edge e a net opening

1 if vertex v is powered by paths]’’
Vno € Epe,v € V')i € I,(no,v): pi% = ' p y pathsy¢
' 0 otherwise

Vo € V' i € Lpp(v) :

1 if mpaths, ; is a closed path from e, to v
mp.. . —
Po.i 0 otherwise

S. = the extra electrical strain on e in the result

p = residual capacity at the net opening that isolates the subnet

Note that we define a decision variable for each simple path, not for the list of these paths.

Data problem when ¢, is known

If the exact location of e,, is known, we might need to place net openings at both sides of e,,. An
example of this is shown in

S 2

o L2 T3
—~ —~

3 4 5
C

Figure 5.6: To restore power to both subnets, we need two net openings at e,, = es

The current implementation allows at most one net opening at each edge and doesn’t take into
account which side it is placed. Therefore failing this case, giving some strange solutions.

To solve this, we make a small adjustment to e,,. We split it in half, so that we have e,, 1 and ey, 2.
We can now define the mpaths from the correct side. This way we can close e, twice and take into
account the effect that the closure at each side has.

Note that the more extensive graph representation described in already captures this
situation, since each edge is already split into two parts.
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Example graph with corresponding data

Example 5.2.2. shows an example network. By remote controllability we have e, €
{e1, ea,e3}. This results in three subnets Ny = {D}, Ny = {E,G} and N3 = {F'}.

Ao

4
Y4
P 7
s@fBQ5 E[—56
Y4
3 8 v
C;]G a 10
Y4

11

Figure 5.7: Example network with 3 subnets

Values

Eno ={e1} paths?' = [{e11,es}, {e11, €10, €9}]
€11

e
El - {647 €5, €6, €7, €8, €9, €10, ell} pathSEl’ll = {6117 68}7 pathSE’Q - {6117 €10, 69}

Eno = {er,es,e10,€11}

Ey =10
V/ = {DaE7Fa G} mpathSE = [{61,62,64767}, {61765}7 {61,63766768}, {61763766;610769}]
Vo={D,E,F} mpathsp 5 = {e1, 3, €6, €8}

Net openings in F; and multiple paths

The network in shows us why we need to have the net openings between the different
subnets. There are 3 subnets in this example network: Ny = {D}, Ny = {E, G} and N3 = {F}.

Only one of these has a net opening connected that can feed it, namely Ns. We can however still
feed all the subnets by closing the net openings between N7 and Ny and between Ny and N3. The
possible options are shown in

Both solutions feed the all the subnets, however the paths they use to feed D, E and G are different.
The Switch Planner must be able to take into account all these paths to make sure that a vertex is
powered and the capacity constraints are met.

Area vs Customer

The differences between the Customer Switch Planner and Area Switch Planner mostly follow from
the different data. It is therefore important to understand the relation between py5, mp,; in the
Area Switch Planner and p}°, mp, in the Customer Switch Planner.

54



g =i Jy =l
4 4
9 7 2 7
Sl ¢ = P
s@)#BE)EgG S@#B‘SEQG
3 8 v 3 8
—
g Eal e c ITF
6 10 6 10
11 11
(a) Possible solution 1 (b) Possible solution 2
Figure 5.8

Intuitively we can take p® =", pyg- This follows from the fact that p;” denoted whether or not a

vertex was fed, similarly when one of the pyG = 1 this means that v is fed. By constraint C' we have

that this sum is at most one, which was also true in the Customer Switch Planner. Analogous we
can take mp, = Y, mpy ;.

5.2.4 Objective function

The objective for the Customer Switch Planner was

min { - F. ( Z Z e cust(v))

veEVN No€E,,
+ E Ce — § Ce }7
e€En, e€Eqp\Eno
this has now become

min { —_F. Z Z Z pg‘z - cust(v)

vEVN no€Ey,, i€1°
+ E Ce — E Ce }
e€En, e€Eop\Eno

At first we only needed to check whether the unique path was closed, now we have to check all the
different possible paths that feed v. Note that by constraint C' we have that ) Py < 1, so we will
never count the customers of a vertex twice.
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5.2.5 Constraints
Constraint A)
Z (1 —ce) = [Enol - Z (1 —ce) =[Enol
e€E,p IS D
We still want to keep the number of edges equal, but the set containing all the net openings now is

Eno.

Constraint B, B’)

Ve € path,?:  pp° <ec. — Ve € pathy 1 pp% <c.
> ce—pl<lpathi’| -1 = D ce—py5 < pathyg| -1
e€path}® eEpathﬁf’i
For each paths;} and mpaths, ; we want to know whether is it a closed path or not. This is

completely analogous to the previous constraint, there are just more paths to check.

Constraint C)

mp,+ Y ppt <1 o S ompeit Yo Y P <1
no€E,, icl)'? no€E,, i€I1N°
When we use the intuition that p}° = Zielp(no,v) Py and mp, = Zz‘elmp(u) mp, ; from|Section 5.2.3
we see that constraint C' hasn’t changed.
This also captures the fact that at most one of the simple paths to v is closed, so the result is radial.

Constraint D)

S, = load(v) - pi? - a(e,no,v) — Se = load(v) - pl% - ale, no, v, i
> > )Py af > )Py )

veEVN no€E,, vEVN no€E,, i€l,

Se is dependent on which path is closed, so we need to check for each py§ separately. Again we
could take out ) py% and rewrite it to pj° to regain the original constraint.

Constraint F)

p <rescap(e) — Se + f - <1 — Z a(e, no, vg) PZS)
no€k,,
%

p <rescap(e) —Se+ f|1— Z Z Z (e, no,vo, 1) - Py ;

vo€Vo no€En, i€1,(no,vg)

This constraint also has to take into account all the different paths. However its function is again
changed somewhat. This constraint now sets the upper bound of p to the residual capacity of all
the vy € Vp at once. So the vy € Vj that has the lowest residual capacity left sets the upper bound
for p. However the residual capacity at vj, € Vo, v} # o, is not necessarily optimized on anymore.

Previously, we optimized on the residual capacity of each vy of a subnet. The impact of this change in
function of the constraint is expected to be small. We have therefore left the constraint as described.
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Constraint G) Close net opening if and only if it is used to feed a vertex

Now that we can also close net openings in and between subnets, some strange situation can occur.
We already saw that the restriction of constraint A could give a non-optimal solution in the Customer
Switch Planner. The Area Switch Planner would sometimes pick these solutions. An example on
how this can happen is shown in

(a) Outage for subnet {A, B,C, D, E} (b) Solution by the Area Switch Planner

Figure 5.9

In this situation it is beneficial to close the two net openings, (E, e1) and (A, e4), and create two net
openings, (4, ez) and (A4, es). This does create a cycle in a non-powered part of the network. The
closure of (E,ep) is only done to fulfill constraint A, but has no purpose. Furthermore the graph
now consists of three connected parts instead of two, namely {X}, {4, B} and {C, D, E}.

We do not want to allow this kind of solutions. A variant that does allow this is discussed in
To prevent this as a possible solution, we force that a net opening can only be closed if it
is contained in a path that powers a vertex. This is not the case for (E,e1) in

The constraint below behaves exactly as intended.

VNO€Eno: ecvo< D>, > > aNOmnouvi)-p;

vEV/ no€Ey, i€l]°

A net opening NO can now only be closed, cyo = 1, if at least one of the paths that contains NO
is closed, py = 1. If none of the paths that contain NO are closed, the right-hand side will be 0.
Forcing NO to stay open, cyo = 0.

5.2.6 Results

We have tested the Area Switch Planner on all the available routes. Since the Area Switch Planner
builds upon the Customer Switch Planner we will compare the results of these two Switch Planners
below. This way we clearly see the difference created by the new extension.

General overview

[able 5.5| [Table 5.6| and [Figure 5.10| show the results as before.

The results are a lot less clear this time. Considering the histograms it’s hard to say that the total
expected customer minutes lost has improved. Which is not what we expected at first, but after
validation of the results the reason has become clear. Both the lower and higher ECML have the
same reason:
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Area Switch Planner versus Customer Switch Planner

Total Extension Total running time
142 Customer 42306 seconds
Lower Higher Area 45014 seconds
75 67
Table 5.5: Routes with different ECML Table 5.6: Total running time for all routes
Results of expected CML Results of expected CML
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(a) Histogram for proportional difference in ECML (b) Histogram for absolute difference in ECML
Figure 5.10

For each step separately the Outage Simulation Module with the Area Switch Planner can save more
customers than before.

However depending on how many customers it saves extra, this might result in a lower or higher
ECML for the route.

Lower ECML The Area Switch Planner returns a solution with a lower ECML than the Customer
Switch Planner when any of the following happens

e The new solution has an equal amount of switching operations as before, but saves more
customers.

e The new solution has more switching operations compared to before, but saves way more
customers.

This is what we expected to happen.

Higher ECML We see a higher ECML for a route when the following happens

e The new solution has more switching operations compared to before, but saves only a few extra
customers

When this happens in Step 2 of the Outage Simulation Module, we spend extra time to restore
power to some customers, but all the customers that are saved in Step 3 will get power later than
before. When the customers in Step 3 outweigh the extra customers saved in Step 2 of the Outage
Simulation Module the overall ECML of the outage will increase.

The above validation showed that the Area Switch Planner functioned correctly and raised an

interesting question. Should we save a minimal number of customers to make extra switching
operations worthwhile?
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This is something for Alliander to answer, but for now the Area Switch Planner seems to mimic the
real world situation correctly. In every iteration it saves as many customers as possible.

Time There is only a slight increase in the total running time compared to the Customer Switch
Planner. The Area Switch Planner is now only called upon once every step of the Outage Simulation
Module, whereas this was not the case for any of the previous Switch Planners. The size of the
problem has increased however and the solver takes way longer to solve a problem. Where previously
this was in the hundredths of seconds, it now takes a couple of seconds. We do however gain time,
since we only need to do all the data preparation once.

This is promising, since we haven’t optimized the solver yet. We expect that further research in this
area could make the Area Switch Planner much quicker.

5.3 Switch Planner - optimize over switching locations

The extension to the Switch Planner in this section can be added to any of the previously defined
Switch Planners. We redefine the objective function, such that we optimize over switching locations
instead of operations, hopefully improving on the number of relocations by the technician during
an outage. Below we discuss the difference in the objective function together with new data and
constraints. Lastly we show the results for the Customer Switch Planner with the new objective
function.

5.3.1 Switching locations versus operations

The number of relocations of the technician determines the time before customers are with power
again. Performing multiple switching operations at the same location might therefore be a good
option. With this addition we can determine the number of different vertices that must be visited to
perform all the switching operations, instead of only focusing on the number of switching operations.

5.3.2 Data preparation

For each switching operation we need to know at what vertices we are allowed to make the switch.
This is denoted by [. for each e € E,.

Ve € Eyp: le ={v €V :vendpoint of e from which we can switch}

For most of the edges this will include both the endpoints. However sometimes it will only contain
one vertex. The typical example is when e is a net opening. In this case we can only close the net
opening at one specific vertex.

Decision variables

As stated we want the Switch Planner to decide at what vertices to switch for us. So we need to
introduce some new decision variables for this

1 at least one switching operation at vertex v
YoeV: s,=

0 no switching operation performed at vertex v

Notice that we do not count the number of switching operations at a location, just whether there is
at least on switch operation at that location or not.
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5.3.3 Objective function

The objective function that minimizes the number of switching locations becomes
min Z Sy
veV

It just counts the number of switching locations that need to be visited for a solution. By minimizing
over it, we only set s, = 1 if necessary.

Example 5.3.1 (Location Customer Switch Planner). The objective function of the Customer
Switch Planner that takes into account the number of switching location instead of switching oper-
ations now becomes

min {—F’- (Z > p20~cust(v)> +> s }

vEVN no€E,, veV

Here we take I = 2 - |V, since we need F' > 3 . s, because of [Theorem 4.2.1

5.3.4 Constraints

To correctly set s, we need to add just one constraint for each e. We have Exyo = {e € Ej :
e a net opening}.

Ve € Eno : ZSUZCE

VELe
Ve € E1\Eno : Z Sy > 1—ce.
vEl,

To understand why this works, we take a look at the two different cases.

e € Eno Since e € E,, we know that [, contains just one vertex s,. There are two options we need
to take into account

ce =0 The solution hasn’t closed the net opening e. So we do not need to visit s, because of
this edge. Indeed, we allow s, to be zero.
ce =1 We closed net opening e, so we should visit s, to perform this action. Indeed, we have

Sy > ¢ = 1 as intended.

e € F1\Eno In this case [, can contain up to two vertices. We again look at the two different
options for ce.

ce =1 The solution still has e closed. So we do not need to visit any of the s, € [, because of
this edge. Indeed, we see that ) i, s, > 1 —c. = 0. Allowing both options to be zero.

ce =0 We did create a net opening at e. Now we need to visit at least one of it’s endpoints.
Indeed, we have ZvEV Sy > 1 —c. = 1. Forcing at least one of the s, € [l to be visited.

This shows us that this constraint behaves as intended.

5.3.5 Handling improved objective function

The suboptimizations that were already included with the original Switch Planner are still possible.
The suboptimization over the residual capacity hasn’t changed, however we need to take a close look
at the suboptimization for smart secondary substations.
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Prefer remote switches

We wanted to use remote switches where possible. We may even want to prefer a remote switch
over a switching operation at a location that we already were.

Previously we ignored the remote switchable edges in the objective. Similarly we could ignore the
vertices that represent a smart secondary substation, denoted by Visg. This however doesn’t work
as intended, since there would be no difference for the objective between picking a vertex which
already had s, = 1 to solve a solution and picking a smart secondary substation.

To solve this we let picking a v € Vsgg lower the objective, instead of not influencing at all. This
way the objective will always pick these when possible. We do however only want the objective to
actually pick them when they are used to perform a switching operation. To force this we need an
extra constraint. Here F,, C E; contains all the edges that have v as an endpoint and deg(v) denotes
the degree of vertex v ignoring net openings.

Z Ce — Z Ce § deg(v) + Sy

eeE,\EnoO ecE,NENoO

Note that in the outage situation we have 3 cp \ gy, Ce = 2cep,nmyo Ce = deg(v). This shows
that s, can only be set to one if any of the ¢, changes value. A closed edge to net opening will lower
the the left-side by 1, so will the closure of a net opening.

Number of switching operations

While taking into account the location is nice, we might also want to focus on the number of switching

operations. shows two possible solutions to an outage.

(a) Example graph (b) Solution 1 (c) Solution 2

Figure 5.11

The two solutions are equal for the Location Customer Switch Planner, since at both we visit A
and C' to restore the power. We might still prefer the one with the fewest switching operations in
this case. To make this distinction, we could add the number of switching operations back into
the objective as before. But optimize on the number of location and only then on the number of
switching operations.

5.3.6 Results

We have implemented and tested the Location Customer Switch Planner on all the available routes.
Since it is based upon the Customer Switch Planner we will compare the results of these two Switch
Planners. This way we clearly see the difference as a result of the new objective function.

General overview

Table 5.7} [Table 5.8 and [Figure 5.12] show the results as we have seen before.
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Area Switch Planner versus Customer Switch Planner

Total Extension Total running time
94 Customer 42306 seconds
Lower Higher Location 49378 seconds
79 15
Table 5.7: Routes with different ECML Table 5.8: Total running time for all routes
Results of expected CML Results of expected CML
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(a) Histogram for proportional difference in ECML (b) Histogram for absolute difference in ECML

Figure 5.12

The results clearly show an improvement in the expected customer minutes lost, which is what we
expected. From the validation of the results we can conclude the following things.

Lower ECML The new objective function can better predict the number of movement needed by
the technician to restore the power. Which is an important factor in the resulting ECML of a route.

Higher ECML While the new objective function better predicts the different locations that should
be visited, it does not take the order of these actions into account. It sometimes happens that the
technician has to move to another location in between switching operations on the same location.
This of course removes all the advantage of having switching operations at the same location.

It would be nice if we were able to take the order into account when determine the objective value,
but we have not yet found a way to do so.

Time The total running time of the simulation has increased quite a bit. We have no clear
indication why this is. While we have slightly increased the Switch Planner, we did not expect this
kind of difference in time.

5.4 Variation - Allowing more than two connected compo-
nents

As discussed in [Section 5.1] and [Section 5.2| constraint A is no longer needed to keep the network
radial for both the Customer and Area Switch Planner. Instead it is now used to make sure that the
graph representing the network is still a forest with 2 trees. Below we briefly discuss why we want
it to stay two trees and discuss the results of removing constraint A from the Area Switch Planner
together with an example.
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Forest with two trees

By keeping the whole graph as a forest with two trees, we force the customers without power to
be connected with each other. This way, restoring power can always be done from one point if
necessary. This is useful, since otherwise we might limit our remaining options in a later step, see
Furthermore when restoration using switching operations isn’t possible, we only have
to place a mobile power generator at one location to feed the remaining customers. If we remove
this constraint, we could end up with lots of smaller parts in the network that each need a mobile
power generator, making it more expensive and our estimated customer minutes lost less accurate.

5.4.1 Results

[Table 5.9] [Table 5.10] and [Figure 5.13] show the results compared to the Area Switch Planner. We
still use the same heuristics estimations as before in step 4 of the Outage Simulation Module.

Area Switch Planner (without constraint A) versus Area Switch Planner

Total Extension Total running time
151 Area 45014 seconds
Lower Higher Area without A 41528 seconds
76 75
Table 5.9: Routes with different ex- Table 5.10: Total running time for all
pected customer minutes lost routes
Results of expected CML
25 Results of expected CML
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Figure 5.13

Taking a look the results, there doesn’t seem to be any real preference for one over the other purely
looking at the customer minutes lost. We already saw why we could get a lower CML in
describes a simplified situation where the original Area Switch Planner performs
better.

Example 5.4.1. shows a simplified network. Edge e; has enough residual capacity to
feed A, B and C, however e can only feed B.

When we follow the Outage Simulation Module for this example, we see that vertices A, B and C
are without power because of the outage. There is are no remote controllable edges, so we skip step
1. By remote observability we know that we can restore power to the subnet N = {B,C} in step 2.
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1 customers 10 customer

(b) Solution to step 2 without con- (c) Solution to Step 3 with con-
straint A straint A

(a) Example network

Figure 5.14

The original Area Switch Planner cannot feed (part of) N in step 2, since it can only set at most
one new net opening. Which must be used to isolate the subnet from the outage. This would result
in es feeding both B and C, which is impossible because of capacity constraints. So we conclude
that we perform no switching operations in step 2, continuing to step 3 of the Outage Simulation
Module. Here it solves the outage as shown in

Contrary to above, the Area Switch Planner without cosntraint A does perform switching operations
in step 2 of the Outage Simulation Module. This results in after Step 2. It’s now
impossible to restore power to C' in step 3. This means that power is restored to C' in step 4, which
is more time consuming. Increasing the overall CML of the solution, even though that B is restored
quicker than before.

The current Area Switch Planner without constraint A doesn’t seem to improve on the current
implementation. There might possibly exist an extension that could deal with the problems as
described in [Example 5.4.1] but these haven’t been researched thus far.
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Chapter 6

Conclusion

This chapter discusses the results of this thesis. We use these to answer the research question,
recommend further steps and take a look at future research

6.1 Research question
Recall the research question

Can we extend the Switch Planner so that it incorporates some of the heuristic choices made in the
Outage Simulation Module?

The short answer to the question is “yes”. We have seen that both the Customer Switch Planner
and Area Switch Planner indeed remove heuristic choices made in the Outage Simulation Module.
By doing so, we take more possible solutions into account, improving the results of the Outage
Simulation Module.

The Customer Switch Planner removed the heuristic choice of what customers not to feed in a sub-
net when it’s impossible to feed all. The Area Switch Planner extended on this, by removing the
heuristic choice that determined the order in which subnets were restored. By looking at all subnets
at once, we were able to better distribute the capacity of the network to feed as many customers as
possible.

Lastly we also discussed an improvement on the objective function of the Switch Planner. With it,
we might not so much remove a heuristic choice of the Outage Simulation Module, but we improved
the objective function of the Switch Planner, so that it can better take into account the movements
of the technician.

Recommendations

This thesis has discussed multiple possible improvements on the Outage Simulation Module. In the
end, Alliander has to choose one to actually use. Given the results in this thesis we recommend to
implement the Area Switch Planner.

We have seen that this implementation removed the most heuristic choices within the Outage Sim-
ulation Module. With this, we are able to restore as many customers per step as possible. This
seems to mimic the real world situation the best, since we would then also focus on restoring as
many customers at each step.

It also seems to be the most versatile of them all, since we look at everything at once. It turns out
that in practice there is often a limit on the number of switching operations they want to perform
during each step. This can easily be implemented in the Area Switch Planner, but would be much
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harder to solve optimally in any of the other Switch Planners. With the other Switch Planners we
solve all the subnets separately, this means that we would have to heuristically determine how to
divide the total amount of switching operations.

6.2 Future research

There are still some things left that need further research. These are discussed below.

Mixed Integer Linear Programming solvers During this thesis we have used available solvers
for our Mixed Integer Linear Program. We have however not tweaked any of their settings. Given
the fact that the solving time of the Mixed Integer Linear Programs has increased a lot with the
Area Switch Planner, it could be beneficial to take a look at the available solvers and their settings.
Setting a correct branching technique could possibly decrease the solving time noticeably. It would
also be interesting to test the influence of the different constraints on the running time of the solvers.
Some of them could possibly be tweaked to improve on the solving time.

Customer Minutes Lost as objective for Switch Planner It would be ideal if the Switch
Planner could optimize on the actual customer minutes lost of an outage instead of just the number
of customers it saves and the switching operations/locations that are needed to do so. We saw
that some of the results with a higher ECML than before suffered from the fact that the objective
function didn’t make a distinction between two solutions, while in practice one was better than the
other.

To solve this, the objective function has to take into account the order in which to restore power.
It is not yet clear whether it is possible to implement this into the Switch Planner, while keeping it
linear.

Questions for Alliander There is still much unclear over the protocol that is followed during an
actual outage. This information is necessary since the Outage Simulation Module wants to follow
these as closely as possible. We saw that some decisions can have an impact on the expected CML
of a network. For instance do we perform two extra switching operations to save only a few extra
customers in Step 2 of the Outage Simulation Module? As seen in

There is talk of implementing software similar to the Outage Simulation Module that would be used
to advice switching operations in case of a real outage. This implementation would be more elaborate
than the Outage Simulation Module, it would for instance have to solve Step 4 more precisely. It
would however make for a perfect benchmark to test results of the Outage Simulation Module.
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