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Abstract. This contribution presents a method for automated strategic network planning for
electric distribution networks across voltage levels. Three approaches for cross-voltage-level
planning using level-separate network-datasets are presented. Advantages and disad-
vantages for all approaches are compared. The approach of successive automated strategic
network planning starting with the lower voltage level is selected. The contribution then de-
scribes the underlying method and its implementation into two existing software solutions. The
implementation is then tested by performing strategic network planning for two network areas
with medium- and low-voltage networks from a German distribution system operator. The
emerging results show that cross-voltage-level planning leads to a significant reduction of re-
inforcement expenses for both network areas. The contribution concludes that using the pre-
sented approach could lead to lower estimated reinforcement expenses in distribution net-
works, but further analyses on the impact of different constellations are necessary.

Keywords: Automated Network Planning, Strategic Network Planning, Cross-Voltage
Network Planning

1. Introduction

The transformation of the German energy system from the concept of electrical power supply
by few large-scale power plants to many decentralised regenerative-source power plants com-
bined with the growth of electric heating systems and electric vehicles has high impact on the
reinforcement requirement of electrical distribution networks [1]. To address that impact stra-
tegic network planning (SNP) is used. It especially considers the development of load and
generation over longer periods of time to develop solutions for long-term network reinforce-
ment and expansion [2, pp. 6-7]. The use of automated SNP (ASNP) is increasing. ASNP
allows high amounts of SNPs with low demand for personnel [3][4].

This contribution shows the development of an approach for cross-voltage ASNP. The
approach is based on two existing tools for ASNP, which allow ASNP for medium-voltage (MV)
networks and low-voltage (LV) networks separately. The software for MV-network ASNP is
using an ant colony optimisation [3]. The software for LV-network ASNP is based on a genetic
algorithm [4]. The method shown in this contribution can be transferred to approaches using
different software or algorithms and voltage levels.
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1.1 State of research and technology

Separate ASNP for each voltage level has already been considered in research [3][4][5][6].
Some tools are available as commercial solutions [3][6]. For cross-voltage ASNP two different
approaches are known. It is possible to either generate one dataset for all relevant voltage
levels or to generate datasets for each voltage level separately. Both approaches were already
subject of research [7][8][9]. Most solutions to the first approach use time-series based load
models to estimate load and generation. They usually lead to high calculation times for load-
and generation-behaviour in the network and thus to high optimisation times [9][10]. The sec-
ond approach with separate datasets requires less calculation time, because power-flow cal-
culations (PF) with fixed operating points (OP) and simultaneity factors are possible and com-
mon [10]. An exchange of parameters between the datasets is mandatory to consider bound-
ary conditions of the surrounding voltage levels. This approach was already considered in
manual and semi-automated SNP with fixed OPs for each voltage level [6][7][10]. It is not used
in ASNP, where SNPs for both voltage-levels are fully automated. The research project this
contribution is based on closes this gap by developing a method for cross-voltage ASNP with
separate datasets and thus separate PFs for each level, based on fixed OPs.

2. Method

As explained before, the following method uses separate datasets for each voltage level. Itis
mainly chosen because it allows cross-voltage ASNP even for datasets with different structure
and origin for each voltage level. Furthermore, optimisation times are possibly low compared
to methods using one dataset for all relevant voltage levels. Both aspects are strong ad-
vantages when applying the method to a greater amount of real distribution network models.

The datasets for LV- and MV-networks can have different structures, but have to offer a
possibility for mutual allocation. To achieve this, the voltage levels need to be linked by a
unique identifier for the high-voltage-side node of each MV/LV-transformer (level-linking node).
That node is part of both network-datasets. The MV/LV-transformer is part of the LV-dataset
for each network, because transformer loading is mainly influenced by the LV-level (LVL). To
allow easier explanation in the upcoming paragraphs LVL refers to the dataset including the
MV/LV-transformer and its high-voltage-side node. The MV-network is replaced by an external
network in the LV-dataset. A fixed voltage value is set as slack voltage (SV), the level-linking
node is used as slack node.

t + 1 t [ External network

| CE— ! ! — Line

Station 1 Station 3 — | Busbar
,_._@_“ ® Node

. _ t t ¢ ® Node with unique ID
Station 2 Station 3 vy v 4 [ MV/LV-station

< *— (@ MV/LV-transformer
Station 4 — Load

Figure 1. Division and allocation of MV- and LV-datasets

2.1 Possible approaches

For cross-voltage ASNP without cross-voltage-level PF three different approaches were iden-
tified. For all approaches several parameters are exchanged between the datasets for the dif-
ferent voltage levels to allow cross-voltage ASNP. The number of parameters depends on the
boundary conditions and varies between the different approaches. As a minimal basis the re-
sulting loads at each OP are transferred from the LV-dataset to the MV-dataset. From the MV-
dataset to the LV-dataset the resulting voltage values for all level-linking nodes are transferred
(compare [7]).
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Figure 2. Different possible approaches for cross-voltage ASNP

Figure 2 shows the three different identified approaches. The left-hand side shows the
approach of multiple alternating ASNP (Approach 1). This example starts with a PF for the LVL
(see Figure 3). After transferring network losses to MV-dataset a PF is performed for the MV-
level (MVL). An ASNP is processed, followed by another PF. Resulting voltage values for all
level-linking nodes are provided for subsequent LV-datasets. PF and ASNP are performed for
LVL. The entire process is repeated until ASNPs for both voltage levels are still valid under the
conditions of the following PFs.

No
PF OP + PF ~ Limit Yes| ASNP |
LVL Losses MVL violations? MVL
PF Voltage PF "~ Limit Yes| ASNP |
MVL Levels LVL violations? LVL

Figure 3. Process of cross-voltage ASNP according to Approach 1

In the centre of Figure 2 the approach of successive ASNP, starting with the LVL, is dis-
played (Approach 2). It starts with a PF for the LVL (see Figure 4). The SV is set to an initial
value. This will typically be the value that would be used in separate ASNP. An ASNP is per-
formed afterwards. Parameters are transferred to the MV-dataset. At the end, an ASNP for the
MVL is performed. Validity of results from the LV-ASNP under conditions of the MV-ASNP has
to be assured.

PF ASNP OP + PF || AswnP
LVL LVL Losses MVL MVL

Figure 4. Process of cross-voltage ASNP according to Approach 2

The right-hand side of Figure 2 shows the approach of successive ASNP, starting with the
MVL (Approach 3). The process is similar to Approach 2 but begins at the MVL (see Figure 5).
The ASNP has to be performed with fixed assumptions regarding network losses of the sub-
sequent voltage level. Then the ASNP of the LVL is performed with parameters from the MVL,
especially SVs are derived from the MVL in this approach (compare to [7]).

PF ASNP Voltage PF [, ASNP
MVL MVL Levels LVL LVL

Figure 5. Process of cross-voltage ASNP according to Approach 3

Table 1 shows the advantages and disadvantages of all three approaches. Applicable
aspects are marked with “+”, non-applicable aspects are marked with “-“. Calculation effort is
rated with “high” or “low”. Exact quantification of the calculation effort is not possible in general,
as it depends on PF-strategies and available computing power.
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Table 1. Advantages and disadvantages of the approaches for cross-voltage ASNP

Ap- Ap- Ap-
Aspect pfoach 1 pfoach 2 pfoach 3
Load and losses from LVL are available for MVL PF + + -
Voltages for slack nodes are available from MVL results | + - +
Separate execution in terms of time and place - + +
Calculation effort for PF and ASNP High Low Low

2.2 Selected approach

The positive aspects of the approaches 2 and 3 outweigh those of Approach 1 to the same
extent. Especially the high effort for PF and ASNP in Approach 1 makes it difficult to apply it
to real networks. Approach 1 is therefore not implemented. In Approach 3, the load values from
the LVL can be considered in the MV PF. The losses in the LVL should be estimated or set to
0, but inaccurate estimations lead to deviations in the resulting voltages compared to the ac-
tually expected values. In Approach 2, the transferability of the solution found for the LVL to
other voltages occurring at the level-linking hode must be ensured. For this purpose, the va-
lidity of the result of the ASNP must be evaluated for deviating voltages and a corresponding
corridor of permissible voltages must be transferred to the MVL. Since transferability can be
ensured, Approach 2 is implemented. A corresponding implementation is shown below.

2.2.1 Implementation in the ASNP for the LVL

The first step in the selected approach (Approach 2) is the ASNP for the LVL. A SV per OP is
assumed for the slack nodes. The value of the SV has to be set corresponding to the minimum
or maximum voltage to be permitted at the level-linking node. A PF is performed using this SV.
The PF is used to estimate whether limit violations (line overload, voltage limit violations) occur
in the LV-dataset. In case of limit violations an ASNP is performed for the network. The algo-
rithm creates and evaluates different network variants (NV) by mutation and recombination.
Unlike described in [4] the algorithm does not optimise for a single cost-optimal NV. Cost-
optimal NVs are determined for different SVs instead. This is achieved by evaluating each NV
for different SVs and calculating costs of the necessary network reinforcement measures. For
this purpose, three options were identified:

1. PF and NV evaluation for different SVs with high resolution
2. Inverse PF
3. Linearisation of node voltages and line loading

The first option requires repeated execution of a large number of PFs and thus leads to a
long runtime and high demand for computational power. In the second option, the node with
the greatest voltage deviation from the LV-busbar voltage value is determined. This node is
defined as new slack node. The initial new SV is set to the limit according to DIN EN 50160
[11]. The external network remains in place, but is not used as slack node anymore. The
power-flow direction of all loads and generators is reversed. Voltage at the external network
and line utilisation are determined via PF. However, this requires an external network that
models a variable source/sink without also serving as a slack node. Such an external network
is not available in the network modelling library used [12] or in other common libraries. In the
third case, only two PFs are required for two-point-linearisation. As the expected demand for
computational power for the third option is low and implementation in the software is possible,
the linearisation is implemented. The approach for that linearisation is described in the suc-
ceeding part.

In a simple network consisting of one slack node, line, load node and load with constant
power, the voltage of the load node basically follows equation 1 [13].
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2 Z line * Sload _
K]oad node Zslack ' Zload node + 3 =0 (1)

Vioad node Can be determined using equation 2. According to [13] one iteration is usually
sufficient for acceptable accuracy in LV-networks. Beside that it can be assumed that

0) ~
Zload node( ) ~ Zslack-

Zline " Sload ~

Zline " Sload
o ~ Kslack - (2)

1) _
Vicad node( ) = Vsiack — 3 Vslack

3 Vload node

For more complex networks with several serially connected lines and intermediate loads
or generators of constant power, there is mutual interference [13]. Since the voltage drop
across typical line sections in LV-networks should remain low, it can be assumed that the
relationship between Vg..x @and Vigad node €an still be linearised with sufficient accuracy (see
[13]). The line utilisation can be determined from the power of the loads/generators and the
estimated node voltages by calculating the resulting current over each line.

For OP 1 (high load, no generation) and OP 2 (high generation, low load) a range from
0.92 p.u. — 1.08 p.u. is specified for the SV. This is based on the assumption that a range of
0.9 p.u. — 1.1 p.u. is permanently permissible in accordance to DIN EN 50160 [11]. A voltage
drop or elevation of at least 0.02 p.u. should be allowed in each OP. Lower maximum voltage
drop or elevation hinders the finding of valid network topologies and thus prolongs runtime,
potentially ending without valid variants for narrowest drop or elevation. SV is varied in 0.01-
p.u.-steps within the previously discussed range. For every combination of SV for OP 1 and
OP 2 limit violations regarding voltage values and line loadings are checked for all NVs. The
evaluation is carried out as shown in [4]. The results of each optimisation step are stored in a
data structure as shown in Table 2.

Table 2. Exemplary visualisation of the results for one optimisation step

NV Total costs Total costs Total costs Total costs
SVl svi SV1 SVn SvVn_SV1 SV_SVn

NV1 | 10,000 0 8,000 5,000

NV2 | 2,000,000 6,000 40,000 30,000

Valid NVs for each combination of SVs are sorted in ascending order by cost. The cheap-
est NVs for each combination are used as data basis in the genetic algorithm in the next opti-
misation step. Additionally, a fixed number of random NVs are selected, too. All NVs, even
those not used in the next optimisation step, are stored in a separate data structure. This
structure is used to avoid multiple evaluation of NVs already found.

At the end of the optimisation (after a set number of iterations), the results are sorted in
ascending order by cost again. The most cost-effective NV for each SV combination is deter-
mined. All cost-optimised NVs are compared. Identical NVs that were cost-optimal for several
SV combinations are discarded, except for the first occurrence. The remaining NVs are pro-
cessed for use with the MV-ASNP. First, the node with the lowest (OP 1) or highest voltage
(OP 2) in the network is determined for each NV. Then, starting from this node and applying
the linearisation described above again, the minimum and maximum voltage per OP, for which
the respective NV is still valid, is determined. In addition, network losses and losses at MV/LV-
transformer are also determined separately for each OP.

2.2.2 Implementation of the interface between LVL and MVL
Information exchange between the software solutions is realised through a JSON-formatted

data structure. Figure 6 shows the basic structure. It is generated as separate file for each LV-
network. As several LV-networks are connected to one MV-network (see Figure 1), a unique
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identifier is specified for the LV-network first. The number and the sum of installed power of all
loads and generators in the LV-network are provided aggregated by type. Momentary power
for each OP is given, also aggregated by type. For each NV the costs for the expansion
measures, power losses (network and transformer) and the permissible voltage band are then
provided. The voltage band is defined through the minimum and maximum voltage at the slack
node.

JSON-files for all LV-networks are stored by the software for LV-ASNP. The files are trans-
ferred manually and parsed by the software for MV-ASNP.

Network OPs
- Name )
- b - Momentary power at transformer
- Transformer - Load
- Load - Type
- Type - Momentary power
- Nominal power _ Generators
- Generators - Type
- Type - Momentary power
- Nominal power
NVs
NV A NV B
- Costs - Costs
- Technologies - Technologies
- Active OPs - Active OPs
-ID -1D
- Transformer - Transformer
- Power loss - Power loss
- Minimum valid voltage - Minimum valid voltage
- Maximum valid voltage - Maximum valid voltage

Figure 6. Basic structure of the transmitted data
2.2.3 Implementation in the ASNP for the MVL

The standalone ASNP at the MVL seeks the most cost-effective valid network to accomplish
the supply task. To achieve this, all stations can be connected to existing or new lines, with the
latter incurring additional costs.

Integrating with the upstream LV-ASNP introduces an additional degree of freedom for the
MV-ASNP. The algorithm must choose a variant of the LV-network for each station, with each
variant specifying the voltage limits to be adhered to at the level-linking node and associated
costs. To facilitate this, a new input interface is incorporated into the algorithm, encompassing
the previously detailed information for all MV-network stations. Each station has multiple LV-
NVs, each with distinct costs and OP-specific voltage limits for the MVL.

The selection of LV-NVs is embedded within the MV-ASNP algorithm. Initially, the existing
ant colony optimisation algorithm constructs a graph in each iteration, ensuring stations are
connected via MV lines. Subsequently, the most advantageous MV lines are chosen to achieve
valid PF results. Initially, the least expensive LV-NVs are selected for all stations. Should volt-
age limit violations arise in any MV-network section, the algorithm can address them through
network expansion or by selecting alternative LV-NVs. Based on the costs, either network ex-
pansion or LV-NV replacement is chosen. If neither strategy suffices, a combination of both is
employed. When assessing the validity of the PF, substitute circuits for the failure of individual
substation feeders are considered (n-1 contingency). The costs and validity of the evaluated
network impact the optimization progress in subsequent iterations.
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3. Results

The presented approach is applied on two network areas of a German distribution system
operator. Network 1 consists of a MV-network partly run on 10 kV (Part 1) and partly on 20 kV
(Part 2) with a total of 154 underlying LV-networks. The optimisation is split in two parts ac-
cording to the nominal voltage of the MV-parts. Network 2 consists of a MV-network run with
10 kV and 143 underlying LV-networks. Nominal voltage of Network 2 will be increased to
20 kV in the future. Characteristics for Network 1 and Network 2 are shown in Table 3.

Table 3. Characteristics for Network 1 and Network 2

Number of substa-
Network Type of | Voltage tions with LV-net- Number of cus- Length of
region |level work tomer substations | MV lines
Network 1 P 1 (Urban |10 kV 42 6 26 km
Network 1 P 2 |Urban |20 kV 112 25 103 km
Network 2 Rural 20 kv 143 35 227 km

The recognised costs for all ASNPs are shown in Table 4. They mainly consist of costs for
underground engineering, cables and reinforcement of transformers. Underground engineer-
ing costs are not differentiated by the type of surface or voltage level. They are an average
value of different types of surfaces from different German distribution system operators. Cable
costs and transformer costs are generic, but related to each other in a way that ensures sig-
nificant impact to the overall costs and realistic level of cost components. This said, costs in
this contribution should mainly be understood as a measure for the difference between vari-
ants. Cost approaches are mandatory in the implementation as NVs are specifically chosen by
lowest costs and thus cannot be left out.

Table 4. Recognised costs for all ASNP

Type of costs Costs
Underground engineering 200 €/m
Cable NAYY 4x150 20 €/m
Cable NAYY 4x240 30 €/m
Cable NA2XS2Y 3x1x240 30 €/m
Transformer 250 kVA 20,000 €
Transformer 400 kVA 25,000 €
Transformer 630 kVA 30,000 €
Transformer 800 kVA 40,000 €
Transformer 1,000 kVA 45,000 €
Replacement of substation 40,000 €

The future scenarios “Technologiemix” and “Fokus PV” for the year 2045 from [1] will be
used to estimate load development in both networks. Load development is stored in the da-
tasets for each network and used throughout the ASNP. Voltage values and limits for both OPs
are given in Table 5. For separate ASNP all values are used. For cross-voltage ASNP on the
MVL only busbar voltage values and on the LVL only voltage limits are applied. For cross-
voltage ASNP on the MVL voltage limits are derived from the LV-NVs. For stations without LV-
NVs 0.9 p.u. — 1.1 p.u. is set, they are treated as customer stations.
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Table 5. Voltage values and limits for different OP

Node/area OP1MV |OP2MV |[OP 1LV |OP2LV
busbar 1.00 p.u. |1.04 p.u. |0.95 p.u. |1.07 p.u.
network max. voltage | 1.10 p.u. |1.06 p.u. |1.10 p.u. [1.10 p.u.
network min. voltage |0.96 p.u. {0.90 p.u. |0.90 p.u. |[0.90 p.u.

For the MVL the n-1 contingency is considered for both OPs for Network 1. Voltage limits
are extended to 0.91 p.u. — 1.1 p.u. for both OPs in separate ASNP. For Network 2 n-1 contin-
gency for OP 1 was checked as described before. For OP 2 check for n-1 contingency was
deactivated, because valid solutions for that configuration led to such high efforts for network
reinforcement that altering any other configuration had no significant impact to final reinforce-
ment solution. As check for n-1 contingency is not required for OP 2 in German distribution
networks with decentralised generators [2, p.15] the results remain valid.

Due to the fact, that both voltage levels are optimised by heuristic algorithms, differences
between repeated executions of the ASNP may occur. To limit these differences and increase
comparability, LV-NVs are created in one run of LV-ASNP and then used for all further consid-
erations. Itis assured, that NV with SV of 0.95 p.u. for OP 1 and 1.07 p.u. for OP 2 is contained
in the results for every LV-network. This NV is then used for separate ASNP, while all available
NVs are used for cross-voltage ASNP.

3.1 Results for Network 1

First, PF on LVL is carried out to check whether all LV-datasets create valid results. For Part 1
all datasets passed LV PF test, while for Part 2 only 109 datasets passed. For that reason, all
ASNPs for Part 2 will only consider NVs for 109 instead of 112 LV-networks. For the remaining
three LV-networks the PF did not converge. After that check, separate ASNP was carried out.
It is used as a basis for comparison with the cross-voltage ASNP. Table 6 shows the results
for both parts of Network 1. All boundary conditions were set as described in the last section.

Table 6. Costs and line length from separate ASNP for Network 1

Network Network 1 P 1 |Network 1 P 2
Costs LV 6,209,950 € 14,354,484 €
Length of replaced lines LV 11.873 km 33.847 km
Length of new build lines LV |18.213 km 38.861 km
Costs MV 920,170 € 276,280 €
Length of replaced lines MV | 0.581 km 0.003 km
Length of new build lines MV | 3.419 km 1.163 km

Next, cross-voltage ASNP is carried out for both parts of Network 1. The results show that
the overall costs for both, Part 1 and Part 2, are lower when performing cross-voltage ASNP.
Overall costs for Part 1 are only 71.56 % compared to separate ASNP. For Part 2 the differ-
ence is even higher, costs from cross-voltage ASNP are only 64.76 % compared to the costs
from separate ASNP (see Table 6, Table 7).
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Table 7. Costs and line length from cross-voltage ASNP for Network 1

Network Network 1 P 1 |Network 1 P 2
Costs LV 4,443,590 € 8,473,870 €
Length of replaced lines LV | 13.182 km 21.948 km
Length of new build lines LV |5.808 km 14.228 km
Costs MV 1,351,520 € 1,000,810 €
Length of replaced lines MV | 1.816 km 4.295 km
Length of new build lines MV |5.838 km 1.234 km

Costs for MVL increase in both network parts while costs for LVL decrease (Figure 7).
Decreasing LVL costs are caused by the MVL algorithm choosing LV-NVs with higher voltage
drop and thus lower reinforcement costs (compare fixed voltage limits for separate ASNP to
Table 8). Increasing MVL costs may be caused by the MVL algorithm aiming at minimising the
overall costs for a valid combination of MV-NV and LV-NVs. Overall costs can be lower for
combinations with higher MVL costs, as savings in LV-network reinforcement from lower MVL
voltage drop can outweigh additional MVL costs. The characteristics of the used heuristics can
also explain higher costs for MVL, overall cost-optimal solution might not be found. To address
the last aspect the MVL optimisation could be repeated several times and overall cost-optimal
solutions of every run can be compared, especially regarding MVL costs.

Table 8. LV variants chosen by MV-algorithm in cross-voltage ASNP without and with OLTC

Network 1 P 1 No OLTC |[OLTC |Network 1P 2 No OLTC |OLTC

SV (OP 1) Number 't\)'“m' SV (OP 1) Number | NUM-
er ber

V 20.99 p.u. 4 20 V =20.99 p.u. 17 42

0.99 p.u.>V=0.97 p.u.| 14 2 0.99 p.u. >V =20.97 p.u. | 25 9

0.97 p.u.>V=20.95p.u. |8 6 0.97 p.u. >V =0.95 p.u. | 27 22

V <0.95 p.u. 16 14 V <0.95 p.u. 40 36

In an additional run transformers with on-load tap changer (OLTC) are introduced. OLTC
are implemented in the MVL and increase the spread of allowed voltage range for all LV-NVs
by + 0.1 p.u.. All LV-NVs are duplicated, one set is then altered by the OLTC model. For ex-
ample, a LV-NV that allows 0.95 p.u. — 1.05 p.u. at coupling point is altered by OLTC model to
allow 0.85 p.u. — 1.15 p.u., but voltage in MVL remains limited according to [11], thus finally
increasing voltage range for the variant to 0.9 p.u. — 1.1 p.u.. Costs for the use of an OLTC are
set to 6,000 € as addition to costs for transformer exchange. Using OLTC allows use of NVs
with even higher voltage drop in LVL, compared to the solution without OLTC (compare Table
8).

Table 9. Costs and line length from cross-voltage ASNP with OLTC for Network 1

Network Network 1 P1 |Network 1 P 2
Costs LV 3,715,680 € 6,100,850 €
Length of replaced lines LV | 8.986 km 16.185 km
Length of new build lines LV | 4.501 km 3.640 km
Costs MV 1,264,680 € 1,040,490 €
Length of replaced lines MV | 3.717 km 1.048 km
Length of new build lines MV | 1.743 km 3.476 km
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The use of NVs with higher voltage drop in LVL leads to overall costs of 85.94 % compared
to cross-voltage ASNP without OLTC for Part 1 and to overall costs of 75.37 % for Part 2 (see
Table 9, Figure 7). 23 substations were equipped with transformers with OLTC in Part 1, 49 in
Part 2.

c SASNP —
£8 o CVASNP —
E §  CVASNPwith OLTC — Costs LV
52 SASNP m  =Costs MV
SE o CVASNP —
o & o
©  GVASNP with OLTC —
o€ 3000000€  6000000€  9000000€  12,000,000€ 15000,000€
Costs

Figure 7. Comparison of costs between separate ASNP, cross-voltage ASNP without and with OLTC
for Network 1

3.2 Results for Network 2

For Network 2 the nominal voltage is increased from 10 kV to 20 kV in the SNP. Approximately
121.2 km of existing lines have to be discarded because they are not compatible with the new
voltage level. Only lines, that are compatible with 20 kV are imported to the MV-dataset. Miss-
ing connections from the discarded lines are left open. Separate ASNP for the MVL is run first
to find a valid solution for the MV-network with all relevant nodes connected. This solution is
then used as a seed (base network topology to start from) for MVL algorithm in cross-voltage
ASNP. Running cross-voltage ASNP without a seed led to poor results for MV-topology, be-
cause additionally choosing LV-NV increases the solution space in optimisation, so that only
few valid solutions for cross-voltage ASNP are found during runtime. Lines planned in separate
ASNP remain marked as new lines in cross-voltage ASNP, allowing the MVL algorithm to alter
baseline costs by discarding or altering these lines again. This ensures that more cost-efficient
solutions can still be found and that the seed is not treated incorrectly as existing network.

Table 10 shows the results for separate ASNP, cross-voltage ASNP and cross-voltage
ASNP with OLTC, where both cross-voltage ASNP used the seed from separate ASNP. MVL
costs remain nearly constant. Differences may result from separate ASNP not having found
the globally cost-optimal solution and from cross-voltage ASNP allowing less restructuring
while still not violating voltage limits. The second explanation is supported by the fact that the
separate ASNP has taken 22.276 km of MV-lines out of service, while cross-voltage ASNP
(without OLTC) has taken 20.826 km out of service. The minimal difference between the actual
voltage and the permitted voltage per node (measure for the voltage reserve in MV-network)
is very low for both cases (0.05 % for ASNP, 0.01 % for cross-voltage ASNP). This can explain
the lower amount of replaced and new build lines (Table 10) at least to a certain extend.

Table 10. Costs and line length from ASNP for Network 2

Network separate cross-volt- |cross-voltage ASNP
ASNP age ASNP  |with OLTC
Costs LV 26,704,540 € | 20,883,920 € | 7,343,990 €

Length of replaced lines LV |47.140 km 34.796 km 14.801 km
Length of new build lines LV |94.983 km 65.767 km 2.889 km
Costs MV 43,453,720 € | 42,843,570 € |43,269,140 €
Length of replaced lines MV | 0.558 km 0.217 km 0.518 km
Length of new build lines MV |190.999 km |186.060 km |188.127 km
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Costs for LVL and MVL for the different ASNP from Table 10 are displayed in Figure 8.
With regard to overall and LVL costs Network 2 shows similar behaviour as Network 1, cross-
voltage ASNP allows lower overall (90.83 %) and LVL costs (78.20 %) compared to separate
ASNP. cross-voltage ASNP with OLTC again allows lower overall (79.42 %) and LVL costs
(35.17 %) compared to cross-voltage ASNP without OLTC. Massive cost reduction on LVL can
be explained with a few LV-networks, that have high reinforcement needs. Costs in these LV-
networks decrease rapidly with higher acceptable voltage drop. The effect is especially high in
rural LV-networks. For example, a LV-network used to validate the results has reinforcement
costs of 1,043,460 € if SV for OP 1 is 0.95 p.u. and 1.07 p.u. for OP 2 (voltage drop and rise:
0.03 p.u.). The same LV-network has reinforcement costs of only 138,250 € if LV-side voltage
at the transformer is 1.05 p.u. for OP 1 and 0.97 p.u. for OP 2 (voltage drop and rise: 0.13 p.u.)
and a transformer with OLTC is used.

SASNP I ——

D)':
= Costs LV
Es CVASNP e ——
8 & CVASNP with OLTC I —— = Costs MV
0€ 15,000,000 € 30,000,000€ 45,000,000€ 60,000,000€ 75,000,000€
Costs

Figure 8. Comparison of costs between separate ASNP, cross-voltage ASNP without and with OLTC
for Network 2

4. Conclusion

The contribution presents three approaches for cross-voltage ASNP with separate datasets for
LVL and MVL. One approach is selected. In that approach cross-voltage ASNP is performed
starting with LV-ASNP, then providing parameters for MV-ASNP. It is implemented into soft-
ware used for separate ASNP before. The boundary conditions for the implementation are
described and solutions for arising obstacles are explained, especially rating LV-NVs for dif-
ferent SVs.

The presented approach is then applied to two MV-networks with underlying LV-networks
of a German distribution system operator. Results show that cross-voltage ASNP leads to
lower overall costs compared to separate ASNP for both network areas. The introduction of
transformers with OLTC allows additional cost reduction. The degree of cost reduction differs
for the networks, but can be recognised even for Network 2, which has a generally high need
for reinforcement on MVL because of a planned change of voltage level. Using the presented
approach can generally lead to lower estimated reinforcement expenses in distribution net-
works. Especially the possibility to allow a higher voltage drop and rise in LVL reduces the
reinforcement expenses. LV-NVs for different SVs should always be generated in LV-ASNP or
the resulting voltage at the level-linking node from the MVL should be taken into consideration,
when using different approaches.

The impact of the heuristic algorithms on the results, while seeming low, cannot be finally
estimated using the results presented in this contribution. The application of the approach to
more network areas is planned to estimate that impact and the robustness of the approach
regarding different network constellations.
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