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ABSTRACT

This paper presents two contributions developed in the
framework of evolvDSO Project to support TSO-DSO
cooperation. The Interval Constrained Interval Power
Flow (ICPF) tool estimates the flexibility range at
primary substations by aggregating the distribution
network flexibility. The Sequential Optimal Power Flow
(SOPF) tool defines a set of control actions that keep the
active and reactive power flow within pre-agreed limits
at primary substations level, by integrating different
types of flexibility levers. Several study test cases were
simulated using data of four real distribution networks
from France and Portugal, with different demand /
generation profiles and several degrees of flexibility.

INTRODUCTION

Smart Grids (SG) have an important role in the increase
of observability and controllability of the distribution
grid. This paradigm enables the integration of more
Distributed Energy Resources (DER). Emerging market
players, such as flexibility operators or aggregators, are
also able to provide additional degrees of flexibility
allowing more local controllability. This leads to a
situation in which the DSOs need to change the way they
operate and plan their distribution networks. Moreover,
they need to perform an active coordination with the
TSOs and existing/future market mechanisms. In order to
tackle this issue, two innovative tools were developed
within the framework of FP7 EU Project evolvDSO [1].
An original algorithm, called Interval Constrained Power
Flow (ICPF), estimates the flexibility range [2] at the
TSO-DSO  boundary  (primary  substations) by
aggregating the distribution network flexibility in order
to enable a technical and economic evaluation of the
flexibility from the bulk power system point of view.
This tool estimates a region of feasible values of active
and reactive power exchanged at the boundary nodes
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between transmission and distribution networks, as well
as its associated costs. This information could help the
TSO and DSO agree on active and/or reactive limits for
each primary substation. The second tool, Sequential
Optimal Power Flow (SOPF), aims to minimize the costs
associated with the activation of flexibilities on
distribution networks. The process searches for the
optimal values through the network reconfiguration and
the control of voltage and reactive power. It considers
consecutive periods of analysis using a sliding window
approach taking into account inter-temporal constraints.
The objective is to reduce the flexibility operational costs
of the contracted flexible resources, while assuring the
TSO agreed active and reactive power domains at
primary substations within a given timeframe. This topic
was covered by Pudjianto et al. [3] that describe a
framework where the DSO seeks to maintain a fixed
active and reactive power profile at the primary
substation nodes and by Schwerdfeger and Westermann
[4] that describe an algorithm using distributed storage as
a resource to schedule DSO system operation.

The main and original contribution from the evolvDSO
project is the design of a single tool that integrates
different types of flexibility and tackles the problem of
managing the active and reactive power flows at the
TSO-DSO boundary.

CASE STUDIES DESCRIPTION

Networks description

In order to simulate the different test cases, two real
distribution networks from France and two more from
Portugal were considered. The first French network is a
20 kV distribution network which has two primary
substations (HV/MV), connected to a 63 kV network
while the second one is a 20 kV and 15 kV distribution
network also with connections to two primary
substations (63 kV). The first network from Portugal
(Northeast) is a 30 kV and 15 kV distribution network
connected to four primary substations (60 kV) and is
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characterized by having a low consumption compared to
a large amount of distributed generation. The second
network from Portugal (Western) is a 30 kV and 10 kV
distribution network connected to two primary
substations (60 kV). It has medium/high consumption
and a large amount of distributed generation (lower than
the one in the Northeast).

Test cases and hypothesis

Based on the network data received from the DSOs,
several scenarios were constructed for each network.
Table 1 resumes the main features of these scenarios
regarding the demand and renewable sources penetration.

Table 1 — Portuguese and French scenarios

registered. Regarding the ICPF tool, two operational
KPIs are calculated: the flexibility area increase and the
computational time reduction when comparing with the
baseline scenario — Monte Carlo Simulation (MCS).

SIMULATION RESULTS

In this section, the results obtained in the simulations
will be resumed and commented, highlighting the overall
performance and the obtained KPI results.

Sequential OPF

Table 2 shows the global results of active power losses
improvement obtained in the simulations using Northeast
and Western Portuguese networks for each scenario
(Table 1). The simulations using the Western network
show that the improvement follows the DRES generation
trends along the 24 consecutive periods and increases
along the scenarios. In the mid and long term scenarios
the penetration of DRES is higher, which can explain
this situation.

Table 2 — Improvement power losses for Portugal.

Demand growth DRES increase
Scenario | Portuguese French Portuguese French
1 - -
Wind: +11.9% Solar Wind:
0, 0,
2 7.50% 0.50% PV: +113.6% +34.6%
Wind: +14.3% Solar Wind:
3 7.50% -2:40% PV: +136.4% +40.1%
Wind: +26.32% Solar Wind:
0, 0,
4 18.90% 3.20% PV: +240.9% +82.5%
Wind: +31.0% Wind:
0, - 0,
5 18.90% 3.10% Solar PV: +281.8% +103.3%
Wind: +50.1% Solar wind:
0, 0,
6 87.70% 18.40% PV: +404.5% +207.5%
Wind:
7 - -2.80% +253.8%

The tested scenarios were divided according to their
term. Scenario 1 is the status quo while scenarios 2 and 3
represent the ones regarding short-term. Test cases 4 and
5 are linked with mid-term scenarios. Finally, scenarios 6
and 7 consider a longer time horizon. These scenarios
were tested for 24 consecutive periods of one hour using
the measurements of consumption and generation of
December 12" of 2014. In the ICPF case, two of these
periods were chosen: the 3 am and 8 am for French and
Portuguese networks respectively. For the SOPF
simulations using French networks, two hypotheses were
made regarding the power limits: the active power is
penalized when it is over 90% of the maximum power
consumption of the HV/MV substation and the reactive
power injection when it is out of the tan(p) € [-0.3; 0.3]
boundaries. The SOPF simulations with Portuguese
networks only penalize the reactive power limits which
are aggregated by the primary substations and should
met the legal regulation of tan ¢ <0.3 on peak hours.
Concerning the off-peak hours, no reactive power is
allowed to be injected at any TSO-DSO connection
points. In order to compute the costs related to the
activation of flexible consumption, a model whose main
idea is that a DSO pays the actual consumption plus a
premium for the flexible adjustment used. The evaluation
of the SOPF tool was based on several KPIs such as the
total cost improvement (%) between the initial and the
final solution and the total active power losses reduction
(kwh). In addition, the total computational execution
time as well as the differences between the injected
active/reactive power and their power limits were
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Scenario Improvement (kWh) Improvement (%)
Northeast Western Northeast Western
1 135.1 104.7 3.7 7.5
2 116.0 128.0 2.6 8.0
3 117.4 127.4 2.6 7.9
4 146.1 162.4 2.5 8.3
5 118.3 168.6 2.2 8.6
6 140.8 257.6 2.5 9.9

Table 3 shows the global results of active power losses
improvement obtained in the simulations for each
scenario (Table 1) for the French networks. It can be
seen that the type of network, the available flexible
resources and the global demand/generation of each
scenario influence the final amount of the power losses.
In the French case, the SOPF tool managed to reduce the
active losses in average by 25.7% with Network 1 and by
7.6% with Network 2.

Table 3 — Improvement power losses for France.

) Improvement(kWh) Improvement (%)
Scenario
Network 1 Network 2 Network 1 Network 2

1 5369.5 422.2 20.2 10.2
2 10151.1 294.5 28.6 7.9
3 9441.4 258.2 28.5 7.2
4 10221.7 264.3 28.1 7.2
5 8230.8 213.0 26.1 6.4
6 13143.2 341.4 27.6 8.3
7 6662.6 172.2 20.9 5.7

Figure 1 presents the results for global cost improvement
(%) for each scenario (Table 1) using Northeast and
Western Portuguese networks in the simulations. The
improvement was obtained considering the total costs of
the initial solutions (before optimization) as reference.
The total costs obtained with Portuguese networks are
mostly due to the injection of reactive power at primary
substations and the limits of tan(op), but they also reflect
the changes of the tap positions.
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Figure 1 — Total costs improvement (%) for Portugal.

Operational cost improvement (%)

Figure 2 presents the results for global cost improvement
(%) for each scenario (Table 1) using both French
networks in the simulations. Part of the costs is mostly
due to the restrictive reactive power limits defined at the
primary substations. None of the French networks had
capacitor banks making it difficult to reduce these costs.
The presence of more flexible resources could be the
reason why the long-term scenarios had better results for
improvement (%).
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Figure 2 — Total costs improvement (%) for France.

Regarding the computational execution time, for
simulations of 24 consecutive periods using French
networks, the average running time was 80.68 seconds
while the simulations with Portuguese networks
registered an average about 18 minutes. The differences
between the computational times depend on the proper
characteristics of each network and how tighter are the
power limits.

The distances of injected active power to primary
substations limits were lower in simulations with French
networks. This happens because the limit of 90% of the
maximum load imposed at the substation is a tighter limit
than the one established for the simulations with
Portuguese networks. These limits have impact also on
the necessity to activate flexible resources and
consequently on the global costs.

Interval Constrained Power Flow

For the sake of simplicity and brevity, the results and
critical analysis will be performed only for one
distribution network from France (Network 1) and one
from Portugal (Western). Figure 3 shows the flexibility
maps that were drawn for each test case in France. The
flexibility areas depend not only on the available
flexibility sources in distribution network, but also on the
demand growth and wind power increase established for
each test case (Table 1).
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Flexibility Maps
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Figure 3 — Flexibility Maps for the French test cases

Table 4 presents the range of feasible values of active
and reactive power exchanged at the boundary node
between the distribution and transmission networks.

Table 4 — Range of active and reactive power exchanged
1 2 3 4 5 6 7

P(MW) 0.11 10.78 9.82 15.69 | 15.92 | 20.54 18.72

QMvar) | 307 | 661 671 | 812 | 858 | 11.97 | 1276

Considering Figure 3 and Table 4 we see that long term
scenarios are characterized by larger flexibility areas.
This is in accordance with the expectations since
throughout the test cases the wind power installed
capacity increases. Moreover, the flexibility resources
available in the distribution network have a higher
penetration in long term scenarios. Although the
flexibility areas obtained through the ICPF simulations
increase for long-term test cases, this does not mean that
they cover the ones obtained for shorter terms. This is
related with the translation of the operating point that is
dependent of the demand growth and wind power
increase in the distribution network. Another conclusion
that can be drawn from Figure 3 and Table 4 is that the
sum of the flexibilities available in the distribution
network is almost equal to the flexibility present in the
network. This conclusion is based on the fact that this
network is characterized by a radial structure with a low
number of transformers with tap changing capability.
Table 5 displays the effectiveness of the ICPF tool on the
French network based on the already presented KPIs. By
comparing the results with the MCS we observe a clear
increase of the size of the estimated flexibility area
computed by the ICPF and that the high and the low cost
zones are clearly identified. Moreover, the ICPF takes
less computational time to draw the flexibility area.

Table 5 - Operational KPIs of the ICPF tool

Test Flexibility area increase (%) Comp. time reduction (%)
Case 1000 10 000 100 000 1000 10 000 100 000
samples | samples | samples | samples | samples | samples

1 - - - 86.9 98.7 99.9

2 273.6 128.6 79.3 70.12 97 99.7

3 273.5 126.8 79.2 71.4 97.1 99.7

4 274.9 114.7 69.2 70.9 97 99.7

5 217.9 102.8 63.9 71.7 97.1 99.7

6 213.8 108.7 69.8 70.7 97.2 99.6

7 180.5 104 57.2 60.4 95.9 99.6
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The Portuguese network under study (Western) is
characterized by a demand that is higher than the
installed power capacity provided by the DRES.
Therefore, the transmission network will need to inject
power in order to feed the demand.

l-'lcxihility Mups‘ = Status quo - (OLTC + Q(U) control
: +interruptible consumers)

= Short 2 - Wind Curtailment only
for additional capacities

Short 3 - Wind curtailment only
when the wind generation is
higher than the original capacity

[ - ]

Active Power (MW)

80 s Mlid 4 - Wind Curtailment only for
V A additional capacities
70
[ ] ——Mid 5 - Wind curtailment only
o0 when the wind generation is
.90 .40 10 higher than the original capacity

Long 6 - Wind curtailment only
when the wind generation is
higher than the original capacity

Figure 4 - Flexibility Maps for the Portuguese test cases

Reactive Power (MVAr)

Figure 4 shows the flexibility maps that were obtained
for each test case. The flexibility maps developed for the
short, mid and long-term scenarios are characterized by
an active power translation when compared with the one
obtained for the status quo. The explanation behind this
fact lies on a higher increase of the demand comparing
with the DRES growth. This behavior leads to the
translation of the operating point. When comparing both
mid-term scenarios, an interesting conclusion can be
drawn. As stated in Table 1, both scenarios follow the
same demand growth while the DRES increase has a
lower penetration in mid-term scenario 4. This explains
why in this scenario the transmission network needs to
inject more active power in the distribution side. In
Figure 4 and Table 6 is clear that the flexibility areas
does not have significant differences between each other
regarding the range of feasible values of active and
reactive power exchanged at the boundary node.

Table 6 - Range of active and reactive power exchanged

1 2 3 4 5 6
[ P(MW) 5.08 5.81 5.46 508 | 604 | 6.96
[oMvar) | 99.38 100.8 10L1 | 99.38 | 103.1 | 1055

In this network, the OLTCs and reactive power
compensators have a higher impact in terms of flexibility
provided than the reactive power control provided by the
wind farms. For this reason, the range of variation of
reactive power is almost the same in all the scenarios.
Concerning the active power, its low variation
throughout the test cases is easily explained by the fact
that the interruptible consumers are the main source of
flexibility. Since the installed capacity provided by the
wind farms is very low, the wind curtailment does not
have a high impact in the flexibility areas. The KPIs
obtained on the Portuguese networks are presented in
Table 7. The ICPF proved to be more efficient than the
baseline scenario — Monte Carlo Simulations. As already
seen for the French network, the tool provided an
increase of the flexibility area in less computational time.
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Table 7 - Operational KPIs of the ICPF tool

Flexibility area increase (%) Comp. time reduction (%)

-lc—zsste 1000 10 000 100 000 1000 10 000 100 000
samples | samples | samples | samples | samples | samples

1 70.82 62.85 55.49 68.86 97.02 99.98

2 70.85 63.55 55.47 59.1 96.07 99.97

3 71.19 63.17 55.87 67.68 96.98 99.97

4 71.24 60.84 56.19 75.09 97.74 99.98

5 67.36 62.14 54.92 69.42 97.23 99.97

6 67.46 62.51 55.22 81.69 98.07 99.98

CONCLUSIONS

Starting from the initial network configurations, the
SOPF tool was able to proceed to an optimization of the
voltage control and the flexibility activations for a period
covering several sequential timeframes while taking into
account the different scenarios. Moreover, the
simulations were made in a reasonable execution time
using real and large networks. Although the objective of
the SOPF tool was the cost minimization, it was also able
to reduce the active power losses in all simulations and
avoid high penalizations by surpassed reactive power
limits related with tg ¢. Regarding the ICPF tool, the
KPIs proved its effectiveness to estimate the flexibility
range in each primary substation. The problem presented
by the MCS in identifying the high and the low cost
zones are consistently surpassed by the ICPF tool in less
computational time. Moreover, the ICPF tool was able to
separate the contributions of the different flexibility
levers present in the distribution network. Considering
above results, these two innovative tools are an important
contribution to TSO-DSO cooperation studies.
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