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A Modular Power System Planning and Power Flow
Simulation Framework for Generating and Evaluating
Power Network Models

David Ciechanowicz, Dominik Pelzer, Benedikt Bartenschlager, and Alois Knoll

Abstract—This work presents a modular power system planning
and power flow simulation framework for the generation and eval-
uation of power network models (PNM) using spatially resolved
demand data. It targets users who want to study large-scale power
grids having only limited information on the actual power system.
Besides creating cost minimal PNMs, users are able to flexibly con-
figure the framework to produce PNMs individually tailored to
their specific use cases. Both greenfield and expansion planning
are possible. The framework further comprises a built-in ac power
flow simulation designed to simulate power flows in large-scale net-
works. This allows users to conduct a great variety of simulation
studies on entire power systems, which would otherwise not be
possible without access to comprehensive power grid data. Apart
from the presentation of the methodology, this work comprises a
demonstration of the power system planning process at the exam-
ple of Singapore. The investigation shows that the framework is
capable of generating a network that matches the topological and
electrical metrics of the Singapore power grid.

Index Terms—Power system planning, power distribution
planning, power network model, power flow simulation.

I. INTRODUCTION

NTERMITTENT renewable energy sources, new types of
Iconsumers with tempo-spatially variable demand such as
electric vehicles, and a trend towards a more distributed power
infrastructure pose new challenges to power system operators.
To ensure power grid stability and high power quality, these
developments require more intelligent control of consumers
and generators as well as extensions of the physical infrastruc-
ture. Simulation-based approaches can provide measures to
investigate the impact of these developments on the power grid
and to support planners in making infrastructure development
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decisions. This requires frameworks allowing tempo-spatially
resolved simulations of the power flow on a system scale. One
crucial input for these simulations is detailed information on
the power network including the location and capacities of
generators, consumers, substations, and power lines. Publicly
available data on these aspects are typically sparse, thus
impeding the development and application of such simulation
frameworks. Hence, there is a demand for a planning process
which artificially generates power network models (PNM) that
realistically emulate the actual infrastructure.

This can be achieved by an approach referred to as power
system planning (PSP) which includes the planning of the dis-
tribution and transmission grid. The objective of this approach
is to derive realistic PNMs by applying general topological and
electrical power system principles to the accessible data. The
literature provides a number of PSP models which share the
same general problem statement of minimizing an economic
cost function subject to technical and operational constraints
[1]-[9]. Hereby, the location and power rating of substations
and power lines are considered the design variables [9], [10].
In this context, power flow equality, substation and power line
capacity limits, as well as bus angle and bus voltage limits are
most commonly used as constraints [1], [11], [12]. Within the
PSP the expansion and greenfield strategy may be distinguished.
The former builds on an existing power grid which is incremen-
tally expanded [7], [9] while the latter strategy conducts the
planning from scratch [8], [13]. Regarding the planning period,
static single-stage [5], [6] and dynamic multi-stage [3], [4], [7]
approaches can be distinguished. PSP models may also differ in
the voltage level they are applied to: low voltage (LV), medium
voltage (MV), high voltage (HV), or any combination of them.

PSP is a complex mixed integer non-linear optimization prob-
lem which has been addressed in different ways in literature.
Common approaches include numerical methods such as mixed
integer linear programming [14], [15], non-linear program-
ming [16], [17], or dynamic programming [18], [19]. Due to
the NP-hardness of the problem, these methods, however, only
show good performance for small-scale systems with a few hun-
dred nodes and edges. Therefore, heuristics have been developed
which address the problem on a larger scale. These mainly in-
clude genetic algorithms [2], [20], evolutionary algorithms [21],
[22], tabu search [23], [24], particle swarm optimization [25],
[26], and simulated annealing [27]. An excellent overview of
the different approaches applied in the field of PSP is provided
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in [28]. Holistic approaches being able to generate detailed
large-scale distribution grids for multiple voltage levels includ-
ing geographical constraints mainly use a combination of algo-
rithms for different sub-problems and apply iterative approaches
to generate the final power grid [1], [11], [12], [29]-[31].

This paper presents a holistic modular PSP and power flow
simulation framework for bottom-up generation and evaluation
of PNMs. The methodology consists of a network planning
approach which is capable of generating PNMs with the char-
acteristics of real-world power systems while using minimal
input data. The network planning process involves a power flow
simulation which ensures the generated PNM to be able to reli-
ably operate under the demand/supply-conditions defined by the
input data. The power flow simulation itself can further be em-
ployed to conduct power flow studies on the generated PNMs.
This can be used to evaluate how a network designed for a
certain demand/supply profile would behave if those conditions
change, e.g., by introducing a large amount of distributed energy
sources or plug-in electric vehicles (PEV) into the system.

There are a variety of practical use cases for this framework
in the context of simulation based modeling and optimization
of urban infrastructures. The development of the framework
is motivated by the use case of investigating the impact of
road transport electrification on power grids. For this purpose,
a nanoscopic, agent-based traffic simulation for modeling the
traffic in an entire megacity has been developed [32]-[35]. The
traffic simulation can be coupled with the power flow simula-
tion in the proposed framework through the IEEE Standard High
Level Architecture (HLA). This allows exploring the power grid
impact of a great variety of different electrification scenarios,
charging strategies, vehicle-to-grid implementations, charging
behaviors, and charging station distributions. Considering both
traffic and power system at the same time further allows op-
timizing charging infrastructures and charging strategies with
regard to optimal satisfaction of charging demand and minimal
power system impact.

Other possible application scenarios include the investiga-
tion of the impact of distributed energy sources or the transition
towards more intelligent consumers participating in demand re-
sponse schemes. Also, scenarios for expanding power networks
in developing countries under fast changing conditions can be
explored. The methodology is thus targeted to users who want
to conduct such studies on a large-scale but only have limited
information on the actual power system. While the resulting
models are not an exact representation of the real-world envi-
ronment, they are a powerful tool to investigate what-if scenarios
to explore the large-scale impact of certain infrastructure mea-
sures on the overall system. Demonstrating the usefulness of
such investigations using synthesized but close-to-reality data
may further incentivize authorities to make more real-world data
available or to employ such simulation frameworks for their own
planning purposes.

Compared to existing approaches the presented framework
has the following advantages:

1) Opposed to traditional approaches which are top-down

methods, the presented framework is designed as a
bottom-up process. It is therefore capable of generating
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PNMs based on locations and the active power demand
of consumers. This allows a more realistic planning
of the LV grid as tempo-spatially highly resolved data
can be taken into account. This part of a power system
is of particular interest as little redundancies make it
vulnerable to load and supply perturbations. In addition,
in cases in which only power demand data of individual
consumers is available, a bottom-up approach is the
only possibility for generating a PNM. This is often the
case as its strategic importance prevents authorities from
revealing detailed information on the power system.

2) The framework is not limited to planning a cost minimal
satisfactory solution, sometimes wrongly indicated as an
optimal power grid. It, in fact, can be multi-purposely pa-
rameterized according to the available input data and can
therefore generate PNMs with a large variety of different
characteristics. By specifying available information on ex-
isting electrical installations the user can exert influence
on the automatic planning process. Besides greenfield
planning, existing PNMs can also be expanded to explore
optimal transition paths to meet future requirements. This
provides a high flexibility in tailoring the power grid to
the requirements of each individual use case. Monte Carlo
simulations and ceteris paribus sensitivity analyses can be
conducted to identify the impact of parameter uncertainty.

3) The planning scope is not limited to a certain amount
of electrical consumers or a specific number of different
voltage levels. Due to the applied network decomposition
approach, computational requirements grow linearly with
the number of consumers. This allows planning a city-
scale power system within minutes and conducting power
flow studies on that PNM within seconds.

4) To allow conducting power flow studies, the framework,
besides the PSP planning module, offers the built-in pos-
sibility to simulate AC power flows on entire, possibly
large-scale PNMs which none of the other frameworks is
capable of. This way, users are able to plan a PNM and
subsequently conduct power flow studies with the same
framework without the need for exporting, modifying, and
importing data to and from other tools. Those studies are
not limited to one single time step but may cover arbitrary
time horizons at any temporal resolution.

5) The framework uniquely implements the IEEE Stan-
dard High Level Architecture (HLA) [36] allowing to
bi-directionally exchange information with other simu-
lations. Possible applications are investigations on the
impact of a large-scale introduction of plug-in electric
vehicles (PEV) [37] and vehicle-to-grid [38], [39] on a
city’s power grid.

In Section II the individual steps of generating PNMs are
laid out, followed by a description of the power flow simulation
process in Section III. The implemented PSP methodology is
applied to the case of Singapore in Section IV. This way, the
effectiveness of planning a power system with realistic topolog-
ical and electrical metrics from data on the power demand of
spatially distributed consumers, the number of substations, and
the total power line length is demonstrated. Conclusions on the
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methodology and the results as well as an outlook are given in
Section V.

II. POWER SYSTEM PLANNING

The goal of the PSP methodology is to create a PNM which
connects the consumers of any given geographic region via
power lines to substations of different voltage levels by fulfilling
various technical and topological requirements. The planning
process proceeds bottom-up requiring data of consumers, each
described by a distinct pair of spatial coordinates and its active
power demand. Supplementary data, e.g., the reactive power
demand or matching power factors, the number and technical
specification of substations and power plants, total branch length
and branch resistance/reactance values, as well as substation and
branch capacity buffers may optionally be provided to further
customize the output. For the case of PNM expansion rather
than greenfield planning, data of the initially existing PNM may
also be used. Specific values of the input data are given in the
demonstration of the PSP process on the example of Singapore
in Section I'V-A.

Throughout this paper the graph theoretical term node refers
to the electrical engineering term bus. It can either be a load
bus (PQ), e.g., a consumer or a substation acting as a consumer,
or a generator bus (PV), e.g., a power station or a substation
acting as a producer. The same applies to an edge and a branch
which denote a power line. The planning process splits the
region into one to many areas. An area is characterized by any
non-zero number of PQ buses and exactly one PV bus. Each PQ
bus has to be directly or indirectly connected to its area’s PV bus
via branches. For an area to be feasible, the criteria described in
Section II-A have to be fulfilled.

In reality, power lines are typically not laid in a beeline.
For reasons of simplicity, geographic factors are neglected
when placing substations or laying power lines. To still emulate
branched power lines and thereby realistically account for power
losses, power lines are extended in length by a stretch factor. To
allow for a different branching depth, this factor depends on the
power line’s voltage level. The specific stretch factors may be
selected to produce a PNM with a total power line length sim-
ilar to the target value. This way, realistic electrical properties
of the generated PNM can be maintained although the spatial
composition of the installations may deviate in reality.

The planning process starts at the lowest voltage level by
clustering consumers into a certain number of spatial areas with
a similar power demand. A PV bus is then placed at the load
center of each area. A validation ensures areas to be technically
feasible when directly connecting each consumer to the area’s
PV bus with a power line. Before applying the desired topology,
an optional step recombining the network to minimize its costs
may be conducted. The regular planning steps are illustrated in
Fig. I and described in Sections II-B to II-F. A voltage level may
alternatively be planned manually, either partly or entirely, as
described in Section II-G. After completing the planning for one
voltage level, the process is iteratively executed for all higher
voltage levels. The output, consisting of a model of a power
system including areas, buses, and branches characterized by
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Fig. 1. Regular power system planning process for one voltage level.

their attributes, is ultimately combined to form the entire PNM
as described in Section II-H.

A. Feasibility Criteria

For an area « to be technically feasible, various conditions
need to be fulfilled. Most importantly, both Kirchhoff’s cur-
rent and voltage law need to be satisfied which is ensured by
the employed power flow model described in Section III-A.
Furthermore, the feasibility of a network is evaluated based
on three additional conditions described in the following. Firstly,
the aggregated power demand Py ,, ; of all | N, | PQ buses ¢ and
the aggregated power losses Py, ; in all | M, | branches j must
not exceed the maximum power Ps , max the corresponding PV
bus can supply:

[Na| [M, |
Psmaxa = Y Poai+ Y Pla, (1)
i=1 j=1

Secondly, when current is flowing in a conductor, there is a
voltage drop between the two ends of it. Therefore, the voltage
of a PQ bus is not equal to the one at its connected PV bus.
The voltage V,, ; at each PQ bus ¢ must be within a predefined
range:

vain < Va,i < Vmax 1= 172>~ ) |Na| (2)

Finally, for each of the |M,| branches j, a maximum length
Lyyax,o,; must not be exceeded. This length depends on the
targeted minimum voltage Vj,i,, the branches’ voltage level
U, ;. its resistance R, ; and reactance X, ;, the apparent
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power flow |S, ;|, and the power factor cos (¢. ;) = ‘SP T
according to

1

Lmax‘a,' = 7o 1 (3)
o |Sa
2
(1 - V;nin) . Ua"j
(ROA,.]' - CoS (‘P(M,J‘) + Xa,j - sin (‘Pa’,j))
j=1,2,..., M,

The same conditions have to be fulfilled for reactive power
values (). Validating those criteria is done by calculating power
flow and voltage values for all branches and buses in « as
described in the first step of the power flow simulation process
in Section III-B1.

B. Step 1: Clustering

The first step of generating areas from a given geographic re-
gion is grouping all | V| PQ buses into K clusters with equal or
similar power demand. This is achieved by employing a k-means
[40] algorithm! which is extended by an option to produce clus-
ters with equal or similar power demand. An excellent example
on the functioning of same-size k-means clustering is provided
by the open source project ELKI?. A cluster is considered the
first stage of an area in which Constraint (1) is fulfilled. In a
simple case, K equals the number of substations on one voltage
level and may be provided by the input data. Alternatively, a
minimum value can be determined from the aggregated peak
power demand of all PQ buses and the operational power rat-
ing of the considered PV bus Ps max by considering conversion
losses 1 and an optional utilization rate u. In this case, K is

determined by
|N]
K = Zn =1 PD n (4)
PS,max n-p

Depending on the available computational resources, the given
area may first be divided into multiple non-overlapping sub-
regions to reduce the number of nodes the k-means algorithm
has to process at once. This can, for instance, be achieved by
iteratively bisecting the region and resulting sub-regions until
each sub-region holds a previously defined maximum number
of nodes.

C. Step 2: Substation Placement

In the next step, a substation is placed at the location resulting
in smallest power line transmission losses which is the load
gravity center ?C,a of each area «v. According to [41], this
location can be determined by weighting the geographic location
?w of each PQ bus 4 within o with its power demand P , ;
so that

\V\ s
N Z 9 PDAa'i : Tw,i
Tca = [
, N\
Z 9 PDal

(&)

Ihttps://code.google.com/p/ekmeans/
Zhttp://elki.dbs.ifi.lmu.de/wiki/Tutorial/SameSizeKMeans
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D. Step 3: Direct Connectivity Validation

Before the buses in an area are connected according to the
desired network topology, a basic feasibility test is conducted.
The consumers of each area are tentatively directly connected to
their area’s PV bus via a power line. In case this setting already
violates any of the feasibility criteria defined in Section II-A,
each infeasible area is further divided into two areas of equal
or similar power demand according to Sections II-B and II-C.
Passing this test is a necessary yet not sufficient condition for
an area’s feasibility. Therefore, further feasibility checks are
conducted at a later stage.

E. Step 4: Network Recombination

The preceding bisecting and a spatially inhomogeneous
power demand may yield areas with a low number of PQ buses
or a low utilization rate of the substation. This step therefore
consolidates the number of areas. This can either be done with
the objective to obtain a user-defined number of areas or to find
a cost minimal solution.

An area is consolidated by trying to assign all its PQ buses
to neighboring areas. If this can be achieved without violating
the feasibility criteria in Section II-A, the area which remains
without any PQ buses is removed. Reconnecting a PQ bus to
a neighboring area includes recalculating the location of this
area’s PV bus as described in Section II-C followed by a valida-
tion of the specified feasibility criteria. In case a cost minimal
solution is desired, the area is only consolidated if the total costs
of all involved areas after reconnecting the buses are below the
total initial costs. This procedure is performed for all areas in
the order of their number of PQ buses, starting with the small-
est area. The network recombination procedure is iteratively
repeated for the entire set of areas until the desired number of
areas is reached or no more areas can be consolidated.

F. Step 5: Topology Definition

Depending on the voltage level, different topologies are com-
monly used in power grids. The user may specify in advance
the kind of topology which should be applied to each voltage
level. The most common topologies in real-world power grids
and the algorithmic process to generate them is described in the
following:

1) Ring networks are typically planned for LV and MV

grids. The process of planning a ring is illustrated in
Fig. 2. To create such networks from the nodes of an
area (Fig. 2(a)), the implemented density-based spatial
clustering of applications with noise (DBSCAN) [42]
algorithm® generates clusters of nodes based on a max-
imum allowed distance between two nodes (Fig. 2(b)).
Only PQ buses are used for the clustering, the area’s PV
bus is excluded in this process. Each cluster serves as
the basis for planning a ring. A ring with minimal total
branch length is found by solving a traveling salesmen
problem (TSP) [43] on all nodes of a cluster starting and

3https://commons.apache.org/proper/commons-math/apidocs/org/apache/
commons/math3/ml/clustering/DBSCANC]lusterer.html
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Fig. 2. Process of planning (a)—(d) ring, (e)—(h) radial, and (i)—(1) meshed
networks.

2)

3)

ending with the area’s PV bus (Fig. 2(c)). As the TSP is
NP-hard, the heuristic TSP 2-opt algorithm* is used which
provides a good trade-off between accuracy and perfor-
mance. In each planned ring Constraint (2) and (3) are
validated for each branch and bus. In case any constraint
is not satisfied, the ring is divided into two rings with an
equal number of consumers (Fig. 2(d)). For each of those
rings the TSP is individually solved and the mentioned
constraints are again validated.

Radial networks may be used in LV and MV grids al-
ternatively to ring networks. The process of planning
a radial network is illustrated in Fig. 2. The nodes of
an area (Fig. 2(e)) are clustered using the DBSCAN
algorithm (Fig. 2(f)) as described for generating a ring
topology. A radial network is then created by construct-
ing a minimum spanning tree (MST) using Kruskal’s [44]
algorithm® which ensures a minimal total length of all
branches (Fig. 2(g)). In case any branch or consumer in
the so-planned MST violates Constraint (2) or (3), the
MST is divided into two MSTs with an equal number of
buses (Fig. 2(h)).

Meshed networks show some degree of redundancy mak-
ing this topology especially common for MV and HV
grids. The process of planning a meshed network is il-
lustrated in Fig. 2. Starting from the nodes of an area
(Fig. 2(i)), this network type is generated by executing a
delaunay triangulation (DT) [45]. In a DT, triangles are
built so that no node is inside the circumcircle of any tri-
angle (Fig. 2(j)), resulting in a partially connected mesh
(Fig. 2(k)). If the meshed network generated by the im-
plemented algorithm® shows a higher redundancy than

“https://github.com/phil8 192/tsp-java
3The algorithm was self-implemented based on the description given in [44]
Shttp://www.cs.cornell.edu/home/chew/Delaunay.html
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desired, branches are iteratively removed starting with the
one connecting the two nodes with the highest node de-
gree (Fig. 2(1)). This removal is subject to Constraints
(2) and (3).

G. Alternative for Step I to Step 5: Customized Planning

Alternatively or in addition to the regular planning process
described in Sections II-B-II-F, there is also the possibility for
a more customized planning than simply modifying parameter
settings. It includes the user-defined placement and specifica-
tion of available buses and branches. The customized planning
option is especially useful when detailed input data for parts of
the power system to be planned is already available and should
manifest in the resulting PNM. In case data for an entire voltage
level is available, the regular planning process is omitted for this
voltage level and buses and branches are placed and specified
as given by the data. If only parts of a voltage level should be
planned manually, the regular planning process is executed con-
sidering the placement and specification of the given buses and
branches. This way, available data on parts of the network can
be directly integrated in the regular planning process to allow
for expansion planning.

H. Step 6: Voltage Level Combination

After all areas in the lowest voltage layer have been planned,
the algorithm continues at the next higher level. The set of PQ
buses in this layer is given by the consumers directly connected
to this voltage level and all substations from the lower level
acting as consumers on this level. The power demand of those
substations equals their power supply to lower voltage consumer
plus their internal conversion losses. For this and all higher
layers, the entire planning procedure is repeated which finally
leads to the PNM.

III. POWER FLOW SIMULATION

The power flow simulation computes the capacity utilization
at every branch as well as the voltage at every bus. This is on
the one hand necessary during the PSP process for assessing
the feasibility criteria given in Section II-A. Most importantly,
on the other one, the simulation can be applied for conduct-
ing simulation studies on an already planned PNM. This al-
lows investigating the impact of changes of the tempo-spatial
load distribution on an existing PNM. In a real-world setting,
these changes may result from new load types (e.g., electric
vehicles) or from changed power consumption behavior (e.g.,
increasing use of airconditioners, use of smart loads, or deploy-
ment of demand response schemes). This step therefore does not
aim at further modifying the PNM but at identifying times and
locations of grid congestion and voltage drops.

The process starts at the lowest voltage level by simulating
power flows on every branch. The results are then validated ac-
cording to the feasibility criteria introduced in Section II-A.
This process is illustrated in Fig. 3 and described in
Sections III-B1 and III-B2. The outputs generated for one volt-
age layer are then taken as inputs for the next level as described
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in Section III-B3. The outcome of the entire simulation process
consists of active and reactive power values on both ends of each
branch and the power losses in every branch. Additionally, the
voltage for each bus is determined.

In Section III-A the implemented power flow model is in-
troduced followed by a description of the single steps of the
simulation procedure for an entire PNM with multiple voltage
levels in Section III-B.

A. Power Flow Model

AC models realistically reproduce the power flow on power
lines. Due to their non-linearity, finding a solution is, however,
a computationally expensive task. In this work, a standard AC
power flow model is taken which uses network decomposition
to overcome possible performance issues when solving large-
scale power flow problems. In this context, a power system is
divided into independent parts which are then solved separately
to reduce execution time. The implemented power flow model
JPOWER’, exhaustively described in [46], uses the Newton-
Raphson [47, pp. 222] algorithm for solving AC power flow
problems. In distribution networks with a high ratio of resis-
tance to reactance values, the Newton-Raphson algorithm may
require a great number of iterations or might even not converge
at all [48]. In case no convergence can be achieved after a user-
defined number of iterations, the power flow simulation for this
part switches to the Fast-Decoupled algorithm [47, p. 228] and,
if still no solution can be found, to the Gauss-Seidel [47, pp. 212]
algorithm, both of which are also implemented in JPOWER.
When calculating the power flow in a two-busbar system in
which a power line directly connects a PV bus and a PQ bus,
JPOWER usually does not find a solution with neither algo-
rithm. In each of these cases, an own implementation of the
iterative process described in [47, p. 207] which is independent
of JPOWER is applied. In case a solution exists, it is always
found this way. By design of the implemented algorithms, this
solution obeys both of Kirchhoft’s circuit laws.

B. Simulation Process

In order to reduce computational requirements, power flow
calculations are performed consecutively for independent parts

"https://github.com/rwl/JPOWER/
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of the network; the smallest being a ring or tree, the largest be-
ing composed of multiple rings or trees spanning over multiple
areas or even voltage levels. As a decomposition of a meshed
network may go in hand with violating Kirchhoff’s circuit laws,
a meshed network is always treated as one single independent
part. The upper boundary for the size of an independent part
is only limited by the available computational resources. On
an average work station, several thousand buses and branches
can typically be processed in a time frame of a few minutes.
To optimally use existing resources, the user can either adapt
the size of an independent part or allow for parallelization when
calculating power flows for the independent parts. In the follow-
ing description of the simulation process an independent part is
assumed to be an area as introduced in Section II.

1) Step 1: Power Flow Simulation: The simulation is ini-
tialized by defining all consumers or substations acting as con-
sumers to be PQ buses, all power stations or substations acting
as producers to be PV buses, and one of the PV buses as the slack
bus. Buses are initialized as described in [47, p. 219]. The power
flow simulation starts by determining the active and reactive
power on both ends of each branch j and the voltage V; at every
bus ¢ using the power flow model described in Section III-A.
The power difference between both ends of a branch is thus the
active and reactive power loss, P ; and @ ;. The power supply
of each PV bus can be determined by the sum of power flows
on all directly connected branches with outgoing power flows.
The total active and reactive power the PV buses have to supply
are then calculated as

N M,

Pso=Y Poai+t Y Plaj (6)
i=1 j=1
N, M,

@sa = Z Qpa,;j + Z QL,a.,j (N
i=1 j=1

2) Step 2: Validation: Finding a feasible solution to the
power flow problem is a necessary yet not sufficient condition
for the validity of the power flows in the context of this simula-
tion process. While a feasible solution guarantees adherence to
Kirchhoff’s laws, the conditions provided in Section II-A have
additionally to be met. If at any PQ bus the voltage violates Con-
dition (2), the initial voltage at the PV buses is increased using
a binary search until either the condition is met or the maxi-
mum threshold for the value is reached. In the latter case or if at
any bus Condition (1) or at any branch Condition (3) cannot be
hold, this particular part of the network needs to be considered
overloaded. This overload may only happen when the power
demand at any PQ bus is higher than the one used to originally
plan the PNM. This case can occur in the presence of addi-
tional loads which were not considered for the planning of the
PNM. An example for this case can be found in [37] where the
impact of PEV charging is investigated for a PNM which was
initially not designed to accommodate PEVs. In a real-world
setting, this overload would require load reducing measures
by the power system operator (PSO) as, for instance, imple-
mented through congestion pricing or more complex schemes
such as demand-response mechanisms. As a primary target, the
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Fig. 4. Exemplified results of (a) the regular upward simulation process de-
termining each PV bus’ power supply and (b) its downward counterpart deter-
mining each PQ bus’ maximum power demand in case of a PV bus’ overload.
The horizontal line divides the network into two different voltage levels.

framework identifies times and locations of grid congestion and
voltage drops. The simulation therefore assumes that an appro-
priate load reducing measure is taken in an overloaded part of
the grid by decreasing the power demand at the PQ buses. As
a default setting which treats all consumers equally, the power
demand for PQ buses is curtailed proportionally to their power
demand compared to other PQ buses. Load curtailments are doc-
umented both temporally and spatially to allow analyzing them
after conducting a power flow study. More sophisticated mea-
sures such as smart loads or distributed battery energy storage
participating in demand-response schemes or peak shaving may
be implemented by the user. It is in fact one of the purposes of
the presented framework to support the development and testing
of such measures with regard to the entire power system.

3) Step 3: Voltage Level Combination: After calculating
power flows in all branches within one voltage layer, the process
continues at the next higher level. For this purpose, substations
which on the lower voltage level are defined as PV buses are on
the current level defined as PQ buses. The same substation there-
fore serves as a generator on a lower voltage level while it acts
as a load on a higher level. P and ()p at each of these PQ buses
are set to the values of Ps and Qg of its corresponding PV bus.
This shifting of power between the two windings of a substation
is done upwards for all voltage levels. It is assumed that voltage
regulators, such as on-load tap changers or series regulators,
are installed at each PV bus justifying initialization values for V'
of 1.0 pu for each voltage level. Shunt compensation is currently
not considered.

In case the power demand of any substation acting as a con-
sumer has been decreased due to a violation of any of the Condi-
tions (1) to (3), the demand of all PQ buses directly or indirectly
affected by this decrease also has to be curtailed. This process
is illustrated on an example in Fig. 4. This example includes
2 PV buses and 9 PQ buses being connected in a ring topol-
ogy over 2 voltage levels. For simplicity reasons, power losses
are neglected in this example. In the regular upward simulation
process as shown in Fig. 4(a), the power supply of substations
acting as producers is determined by the power demand of con-
nected consumers (blue: 200 kW each, green: 10 kW each).
In the example, this results in Substation A supplying 60 kW
and Substation B supplying 660 kW. As the demand exceeds
the maximum rating of 600 kW of Substation B, this setting is
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Fig. 5. Characteristics of the Singapore power grid.

considered infeasible. This network is therefore simulated again
by setting the supply of Substation B to its maximum rating of
600 kW. The simulation proceeds downwards to determine the
maximum possible power demand of the directly connected PQ
buses as shown in Fig. 4(b). According to the description in
Section III-B2 the demand of each blue colored consumer is
reduced from 200 kW to 185 kW. At the same time the demand
of Substation A is decreased from 60 kW to 45 kW. As Sub-
station A can now only consume 45 kW, all green consumers
together are not allowed to consume more than this value. This
requires curtailing the total power demand of all green colored
PQ buses from 60 kW to 45 kW resulting in reducing each PQ
bus’ power demand from 10 kW to 7.5 kW.

IV. METHODOLOGY DEMONSTRATION
ON THE EXAMPLE OF SINGAPORE

As an illustration of the functionality of the proposed method-
ology, the framework is applied to input data from Singapore
as described in Section IV-A. In Section IV-B, a PNM along
with its most important topological and electrical metrics is pre-
sented and discussed in the context of known properties of the
real Singapore power grid.

A. Input Data

The Singapore power grid as shown in Fig. 5 is divided into
the LV grid (0.4 kV), the MV grid (6.6 kV, 22 kV, 66 kV), and
the HV grid (230 kV and 400 kV). For each of the six voltage

Authorized licensed use limited to: Technische Universitaet Muenchen. Downloaded on July 27,2022 at 14:11:10 UTC from IEEE Xplore. Restrictions apply.



CIECHANOWICZ et al.: MODULAR POWER SYSTEM PLANNING AND POWER FLOW SIMULATION FRAMEWORK FOR GENERATING

levels, the data specifies the maximum power of each
substation®, the number of substations’, and the number of
power stations with capacities greater than 100 MW '°, Further-
more, the resistance/reactance of the 26 500 km of laid under-
ground cables'! are taken into account. The bottom-up planning
of the power grid requires data on the number'?, locations'?,
and power demand'* of consumers connected to the various
voltage levels. The raw data reveals a total peak power demand
of 6 340 MW" for 117 852 geographically distributed con-
sumers. Each of these consumers can be assigned to one of the
sectors industry (44% of total power demand), commerce (36%),
household (14%), transport (5%), and other (1%).

Before clustering nodes in the provided region, the region is
iteratively geographically bisected until each sub-region con-
tains no more than 5000 nodes. The k-means algorithm is ex-
ecuted for every sub-region with 16 iterations each to achieve
convergence. The LV (MV) grid is planned with a radial (ring)
topology while the HV grid is to some extent planned manually
as a partial mesh. The permitted range of the bus voltage V; at
each consumer 17 is set to be between 0.95 pu and 1.05 pu in ac-
cordance with [49]. The maximum distance between two nodes
of a cluster using the DBSCAN algorithm is set to be twice the
average branch length of their voltage level when only planning
direct connections between PQ and PV buses. To account for
overcapacities, a maximum substation and power line utilization
of 80% is not exceeded in the LV and MV grid. In the presented
planning process, branches connect buses geographically via
straight lines. As in reality buses are typically not connected
via a shortest path, stretch factors of 3.2 (LV), 2.6 (MV), and
1.5 (HV) are applied to extend the length of each power line
and to realistically account for power losses. The factors are
selected to produce a PNM with total power line length similar
to the Singapore power grid.

Depending on the voltage level, substation costs of
10 700 $/MW for the 0.4 kV level up to 24 000 $/MW for
the 400 kV level are assumed while power line costs range be-
tween 750 $/MW/km for the 0.4 kV level up to 6 650 $/MW/km
for the 400 kV level'©.

B. Power Network Model

The PNM generated by the PSP process contains about
130 000 nodes and approximately the same amount of edges
which are distributed over 6 voltage levels. Those nodes and
edges include both real-world data regarding consumers, sub-
stations, power stations, and branches available for Singapore

8Singapore Power, Annual Report 2012 and Major Procurement Items:
http://www.singaporepower.com.sg

“Singapore Power, Facts and Figures: http://www.singaporepower.com.sg

1OEMA, Licensed Generation Capacity by Generation Company:
http://www.ema.gov.sg/Statistics.aspx

""NEXANS, Power Cables 1-30 kV and High Voltage Cables for Power
Transmission: http://www.nexans.de

2http://www.streetdirectory.com

Bhttp://www.onemap.sg

YEMA, Monthly Electricity Consumption by Sector and Half-hourly System
Demand Data: http://www.ema.gov.sg/Statistics.aspx

1SPeak power demand on 12th January 2014.

Iohttp://iea-etsap.org/web/Highlights%20PDF/E12_el-t&d_KV_Apr2014_
GSOK%201.pdf
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TABLE I
PROPERTIES OF THE PNM

Property LV MV HV

Topological

# Nodes, consuming 116 613 1239 0

# Nodes, supplying 10 679 513 4

# Edges 116 613 13 004 100

# Rings/Trees 40270 611 0

# Nodes per ring/tree, average 3.77 21.23 —

Edge length, total [km] 17 076 8701 864

Average path length! [m] 131 519 6717

Clustering coefficient? 0 0.0013  0.0711

Mean degree? 1.83 2.09 435
Physical

Power demand* [MW] 2404 6 386 6557

Power supply [MW] 2449 6557 6602

Power loss [%] 1.85 2.61 0.68

Utilization, edge, average [%] 10 4 4

Utilization, substation, average [%] 20 61 18
Economical

Costs [$-10°] 148 6956 31983

'The average path length is defined according to [50] as the mean
geographical shortest path distance between any pair of nodes measured
along a flat surface of the earth.

>The clustering coefficient is defined according to [50] as average re-
dundancy, meaning the average number of edges from a neighbor of a
node to other neighbors of this node, being scaled to the interval [0, 1].
3The mean degree is defined according to [50] as the average number of
edges connected to each node.

“The value indicates the total power demand of the respective voltage
level including power losses occurring in lower voltage levels.

and the ones planned by the PSP process. On an Intel Core
i5-2520M, planning the entire PNM takes about 10 minutes.
The same machine requires 15 seconds to simulate all power
flows on that PNM for one time step. The PNM’s electrical
and topological properties are given in Table I. The following
observations can be made:

1) The total peak demand of 6 340 MW is satisfied by sup-
plying 6 602 MW. This implies an overall power loss of
3.96% on a total power line length of 26 643 km. This is
within the reference range between 1.6% and 5.3% which
is given for Singapore!”!8,

2) The average clustering coefficient for all voltage levels is
within the range found in [51].

3) The mean degree of 1.83 (2.09) for the LV (MV) grid
matches the values found for smaller sample power grids
in [52]. With 4.35 of the HV grid the degree is at the upper
bound of power grids investigated in [53].

4) The number of substations in the MV grid is about 19%
above the value given in the reference data. This may
have several reasons including incomplete information on
the real number of substations, an inaccurate allocation
of consumers to different voltage levels, or too unspecific
resistance/reactance values for the laid power lines.

5) Substations in the LV (MV) grid show a very low aver-
age utilization of 20% (61%). A similar observation is
made for power lines with a utilization rate of 10% (4%).

7http://data.worldbank.org/
Bhttp://www.tradingeconomics.com/
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There are several reasons that may lead to these low uti-
lization rates. First, there may be a considerable opti-
mization potential regarding the number of substations
and quality of power lines in the Singapore network. Sec-
ond, the allocation of consumers to the different voltage
levels conducted for the planning process is inaccurate.
And third, the nominal power rating of substations and
the quality of power lines is more inhomogenous than
assumed for the planning process where the values were
only differentiated by voltage level.

6) By design, the total power line length and the number of

substations in the LV grid match the target value.

In addition to the PNM presented above, a cost minimal
PNM is planned. The planning process builds on the same
input data but the network recombination step is executed
until no more areas can be consolidated. As cost factors the
number of substations and the total power line length are taken
into account. Compared to the previously discussed PNM, the
number of substations for the LV (MV) grid can be reduced by
39% (20%) while the total power line length grows at the same
time by 35% (13%). This results in an overall cost reduction of
38% (27%) for the LV (MV) grid. The total costs of the power
grid can be reduced from 37 991-10° $ to 35 350-10° $.

V. CONCLUSION AND OUTLOOK

In this paper, a modular PSP and power flow simulation
framework for generating and evaluating large-scale PNMs is
presented and demonstrated on the example of Singapore. The
methodology iteratively employs a combination of algorithms
allowing to create PNMs with a great variety of different charac-
teristics from minimal input data. First in literature, PNMs can
be generated bottom-up using consumer location and power de-
mand data to particularly allow for a more realistic planning of
the LV grid. The PSP framework comprises an AC power flow
simulation which is used to ensure that the generated power
grid is functional. Furthermore, it can be used to conduct stud-
ies simulating power flows under arbitrary tempo-spatial load
profiles. The simulation calculates the capacity utilization at
every bus and branch as well as the voltage at each consumer
and substation which allows identifying times and locations of
grid congestion and voltage drops. With its versatility and abil-
ity to flexibly tailor the power grid to individual use cases, the
framework overcomes the common problem of limited available
information on real-world power systems.

The generated PNMs show realistic topological and electri-
cal properties of real-world power grids. There are, however,
several limitations when comparing a PNM with a real-world
power system. The first aspect is concerning the historic
evolution of a power system which does not necessarily follow
an optimal development path. This aspect can partially be
considered using expansion planning. This, however, requires
sufficiently detailed information on the evolution of the existing
power system. In case of scarce data, notable discrepancies
between the PNM and the real counterpart may exist. The sec-
ond limitation when planning large-scale PNMs with any PSP
framework is that cost minimal planning cannot be expected

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 32, NO. 3, MAY 2017

to yield a global optimum. This is due to the large parameter
space which requires a heuristic approach. Results, however,
show that the presented network recombination heuristic is
able to exploit the optimization potential to a large extent
independently of the specific network. The third limitation
is that the framework does not yet consider geographical
constraints when laying power lines or placing stations.

Above all, the lack of data on the evolution of real-world
power systems restrain PSP frameworks from producing more
realistic PNMs. To account for this evolutionary development
process, future work will comprise the development of an up-
grade planning module. In contrast to the already implemented
expansion planning which extends the network by adding power
lines or substations, upgrade planning will also consider the pos-
sibility of modifying existing parts of the network. An example
for this is to increase the maximum power rating of a substation
instead of planning a new one in case this is the economically
preferred option. Future work will further include geographic
constraints for placing substations or branches which will make
the resulting networks more realistic. Finally, the consideration
of redundancies to increase the reliability of the system will be
included in the PSP process up to a complexity that AC power
flow simulations can handle in a reasonable time. A perfor-
mance comparison of the presented method with existing top-
down approaches would be desirable. This, however, requires
considerable efforts in acquiring the necessary data required by
both bottom-up and top-down approaches for the same region,
thus leaving this subject to future work. From an application
perspective, in a next step the presented framework will be em-
ployed to extend previous work on simulation-based planning
of charging infrastructures for PEVs as conducted in [34]. This
will allow optimizing charging station distributions, charging
strategies, and PEV demand response schemes with regard to
optimally satisfying charging demand while imposing minimal
impact on the power system.
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