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ABSTRACT

The increasing penetration of new Distributed Energy
Resources (DER) in the distribution system are changing
the medium and low voltage networks’ operation
paradigm. The classical operation of distribution system,
only based on real-time operation, is no longer possible
due to the high risks introduced by the variability and
intermittence of the DER based on natural primary
sources (wind and sun). Distribution operation should
evolve to flows management along with necessary
anticipation of constraints and means to leverage them.
New operational planning tools should be integrated in the
Distribution System Operators (DSO) control centers.
This paper presents an innovative method to optimize the
use of existing levers solving network constraints in short
term operational planning. The proposed method also
takes into consideration the industrial use of the method
considering limited computational resources and
restricted execution time constraints.

INTRODUCTION

The rapid integration of new Distributed Energy
Resources (DER) in the distribution system are changing
the medium and low voltage networks’ operation
paradigm. Within this context, smart grids have rapidly
evolved from a theoretical and futuristic concept, proposed
by academics, to an industrial need. The smart grid
paradigm ensures a proper distributed and decentralized
management of the power systems to overcome the
adverse effects of large-scale integration of DERsS, e.g. the
intermittency and unpredictability of renewables and
congestion problems.

The classical operation of distribution system, based on
long-term planning and real-time operation, is no longer
possible due to the high risks introduced by the variability
and intermittence of the DERs based on natural primary
sources (wind and sun). For DSOs, there is consequently a
need to switch to a “flow management” operation
paradigm, requiring observability to detect constraints and
levers optimal management with anticipation. Enedis (the
French DSO) launched studies in 2012 in this frame to
build a set of operational planning tools meant at
anticipating the network operation constraints and
leveraging them with various levers. New operational
planning methods and tools are thus progressively
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integrated in distributed energy management systems
(DMS) used by Enedis in its control centers. After a short
presentation of the MV operational planning tools
developed by EDF R&D and implemented in Enedis
control centres, this paper presents the levers optimization
methodology proposed to optimize their combined usage
from technical and economical perspectives.

MV NETWORKS OPERATIONAL PLANNING
TOOLS AT ENEDIS

The global architecture of Enedis operational planning
tools is presented in Figure 1 [1]. The operator in a control
center of the distribution system can launch the operational
planning tool to evaluate the status of the network in a day-
ahead or in hour-ahead. The tool can also be executed
automatically in some periods of day. When launched, the
operational planning tool will import the network
characteristics and the forecasted state of the switches of
the network in each period (network configuration). In
parallel, the tool should request the updated forecasts of
generation and consumption. Concerning the production,
the forecast is provided for each generation system and the
reactive power is determined based on established
contracts. The consumption forecast is defined at the
HV/MV substation. The allocation of forecast for each
MV network node is performed based on historical peak
consumption in each MV node. The LV networks are
aggregated in a MV nodes
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Figure 1. Global architecture of the operational planning tool
(adapted from [1])

Based on the network topology and forecasts, a Load Flow
calculation is performed to detect potential constraints
(1).Three levers can be activated by the DSO such as the
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voltage regulation, the generation curtailment and the
flexibility offers.

Until now, levers are used individually without any
optimization what reduces considerably the performance
of operational planning process. A specific study has been
launched by EDF R&D at Enedis request to optimize the
use of levers.

The objectives of the optimization algorithm is, once
constraints are detected (1), to determine the best
combination of levers (2) to solve the predicted constraints
while maximizing the energy delivery. In the end of the
process, the obtained result of levers’ activation would be
validated through the execution of another load flow (3)
considering the levers activation determined by the
optimization. If some constraints would be detected in
validation phase (higher that a defined limit), the
optimization could be executed considering different
limits (technical or contractual). The operational planning
then enables the network operator to anticipate the time
slots when the levers’ activation will be required.
Nevertheless, this activation will be re-evaluated by the
operator closer to real time (4) based on the most recent
forecasts and current network topology [10].

LEVERS OPTIMIZATION METHODOLOGY

Regarding optimization, the state of the art described in the
literature refers to different methodologies and
optimization techniques such as mention in [2] and [3].

In the present paper, we propose an innovative method to
optimize the use of existing network constraint solving
levers in short term operational planning. The method is
based in the definition of a sensibility matrix with the
impact of each lever in each element of the distribution
network. The proposed method also takes into
consideration the industrial use of the method considering
limited computational resources and restricted execution
time constraints. The proposed model integrates, in the
same optimization problem, the levers already proposed in
[1] and [4].

Three levers are considered in the optimization, namely
the power curtailment of production, the flexibilities
market and the voltage regulation. The levers are described
in the next sub-sections.

Power Curtailment

Two types of producers are considered for power
curtailment. For a set of producers, with a curtailment
contract, the DSO can limit the power generation without
costs up to a limited energy volume per year. If the DSO
uses the service more than the established limit (by
contracts), a penalization must be paid. An opportunity
cost has been modeled to avoid using solely the generation

L1t has to be noticed here that the use of the flexibility
lever is purely prospective in Enedis so far.
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curtailment (due to the cost equal to zero) when other
levers are available. This opportunity cost is dependent on
the volume of energy already used (generation
curtailment) by the DSO. The definition of this
opportunity cost is presented in Figure 2.

A Costout_stock

o..Costout_stock
Volume of energy
available (stock)

Energy Price (€/kWh)

-
»

Generation curtailment (kWh)

Figure 2. Opportunity cost definition for generation curtaiment

The coefficient a can be defined by the operators as a
function of the number of the DER connected to a specific
power substation. The other type of producers don’t have
any curtailment contract, meaning the DSO can’t limit the
production without paying a penalization.

Flexibilities market

The procurement of flexibility offers in a local flexibility
market organized by the DSO is proposed in the present
method?. The flexibility offers are characterized by:

* A definition time period divided into several time

steps;

* A time step resolution (multiples of 30°);

* A power time series on the definition time period;

* A flow direction, which indicates the type of power

variation (increase or decrease);

* Minimal and maximal activation durations (half hour

multiple);

» A power modulation cost for each time step.

An example of an offer is presented in Figure 3.
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Figure 3. General control layers of the demonstrator [11]
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The activation period, the time interval during which the
flexibility offer will inject power on the network if
activated, is not explicitly defined: it can be set within the
definition time period as long as minimal and maximal
activation durations are respected (see Figure 3 above).
Thus, the algorithm not only aims to select the best offers’
combination in order to solve anticipated constraints, but
also to determine the most appropriate activation period of
each selected offer to optimize its impact on the
constraints. Throughout this document, an offer will have
a positive impact on a constraint if its activation reduces
the amplitude of the considered constraint. Similarly, an
offer will have a negative impact on the constraint if its
activation increases the amplitude of the constraint.

To reduce the size of the problem, a pre-selection of the
offers which will have a positive impact on the anticipated
constraints is made. These offers will be called useful
offers within this document. An offer is useful if it
complies with three criteria:
* A spatial criteria: the electrical connection point
where the power is injected must let the concerned
offer have an impact on at least one constraint on the
MV network. As example, if a constraint is detected in
feeder A, an offer of a grid user connected to feeder B
can be ignored in the problem formulation;
* A temporal criteria: the offer which respects the
spatial criteria must also have a common time step with
the associated constraint. This means that if a
constraint is detected in period x, an offer available in
a period y, can be ignored. It is important to mention
that if an offer can be partially activated in the period
of constraint, the period of analysis is extended. Other
important consideration is that, if some storage devices
are included in the optimization, this temporal criteria
can be ignored,;
* A “type of impact” criteria: if the offer respects both
the spatial and temporal criteria, its impact must be
positive on at least one constraint on at least one time
slot.
At the end of this step, the algorithm has detected all the
flexibility offers which respect these criteria.

Voltage Requlation in HV/MV

transformers

Finally, the third lever consists in the variation of the
voltage reference at the secondary bus bar of the HV/MV
power transformer. It is important to mention that the taps
of OLTC (On-Load Tap Changer) change automatically
and in the present problem only the reference value (on
which the OLTC manages the automatic tap changes) is
taken into account.

power

Lever activation prices

Lever activation prices were chosen based on realistic
studies and on real contracts established between the DSO
and the DER. The flexibility offers used in the simulated
flexibility market were defined based on the offers made
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in real markets such as balancing services’ markets.

Optimization approach

The optimization is expressed as a mixed-integer linear
optimization programming (MILP) problem using a
sensibility matrix to assess the impact of each lever on
each constraint. More specifically, the sensibility matrix
contains the impact of all levers on the voltage of all nodes
of the distribution system and on the power flow in each
line and transformer. The linear optimization problem can
be generically described by the following equation

Ax<b

fTx suchas {

xenr}:l_l(ﬂ%) Vie [1n],x; €{0,1}
Where:
e n € N¥*isainteger representing the number of useful
levers;

e feM,;(R). Vie [1n], f; represents the overall
cost associated to each lever i. the overall cost
depends on the price of activation of each lever
(voltage regulation and flexibility offers activation)
and on the power injected/absorbed by the levers
(generation curtailment and flexibility offers) on the
network;

e A€ M,,(R)and b € M, ,(R) are respectively the
matrix and the vector associated to the limits of the
topological elements (nodes, lines and transformers)
of the network in order to solve the technical
constraints. The contractual constraints in TSO/DSO
boundaries are also considered in these constraints;

e x is a boolean vector representing the useful offers
and the available voltage regulation. vV i € [1 n], x;
equals 1 if the offer is activated and O if not.

As mentioned, the matrices A and b represent the material
and contractual limits which must be respected by the
elements of the network (nodes, lines and transformers) at
each time step to avoid the presence of technical
constraints.

The number of columns of A represents the number of
levers considered in the optimisation. The number of lines
of A and b is linked to the number of topological elements
impacted by the offers at each time step of the considered
time period. Thus, a coefficient a;; of the matrix A
represents the impact of the lever j on a couple (e, t)
associated to the index i, where e is a topological element
impacted by the useful offers during the time step t.

Determination of the pairs (e, t) impacted by the useful
offers

The pairs (e,t) impacted by the useful levers for the
considered time period is determined by summing the pairs
(e, t) determined for each time step of the time period
where a lever can be activated.

For one of these time steps t, the topological elements
impacted by the levers are:
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e All the lines or transformers upstream from at least
one useful flexibility offer or generation curtailment
which can be activated during the time step t;

o All the nodes of the feeder on which at least one
flexibility offer or generation curtailment can be
activated during the time step t;

o All the nodes of the feeders connected to same bus
bar where the voltage regulation is activated during
the time step t.

Expression of the coefficients of the matrices A and b
The technical or contractual limits which have to be
respected by each pair (e;, tej) previously determined can

be represented with the following inequalities.

Lines or transformers thermal limits:

The power flowing through the lines or transformers must
be limited to avoid damaging or destroying the equipment.
Thus, for a given time step t and for a given line or
transformer, the following inequality must be respected:

2 _ N2
APi,t X + Pt < Smax Qf
i€Leversgownstream

Where:

e AP;, is the active power variation coming from the
flexibility offer or generation curtailment i at time
step t;

e P, and Q, are the active and reactive powers flowing
through the line or the transformer without any
lever’s activation;

®  Snax iSthe maximal apparent power permitted for the
considered electric equipment;

e x;isabinary variable applied to flexibility offers and
to the producers without production regulation. The
value is fixed in 1 for producers where some
generation limits can be applied. The availability of
the generation curtailment control depends of the
installed power and the existence of a control device
from the system operator.

When the generation curtailment control is available, the
power variation AP;, can change from the forecasted
value of production P; ; until zero:

0< AP, <P,

For the flexibility offers and for the generators that the
control is not available the value 0 is replaced by the
forecasted power as shown in the next equation. In this
case the minimum and maximum variation of the power is
the same, imposing the value of the power variation AP; .
In this case, the activation is determined by the Boolean
variable x;.

Py <AP;, <P,

To avoid the problem of infeasibility, and considering that
the existing levers might not solve all the constraints, a
relaxation variable was introduced in the problem.
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Translating to a power system language, this relaxation
variable can be the not delivered energy to the consumers
or the generation curtailment to generators without any
type of curtailment contracts. Moreover, this relaxation
variable provides useful information concerning the
additional flexibility needs and the best location/zone
where to contract these flexibilities. Taking this hypothesis
in to consideration,

— Contracted Not Contracted
AP, = APy +AP;

The previous inequality is equivalent to the following
inequality system:

[ > spex < [Shw-0i-R

1 lELeversqownstream
( E AP . x; < m + P
lELeversqownstream

Which gives the coefficients of the matrices A and b for a
considered pair (e;, t) associated to a line or a transformer:

Ajt1 = (P - Py - Puyp)

Ajt2 = —Qjt1 = (=Pye - =Py 0 —Pyy)
— ’ 2 — 02 —
bj,t,l - Smax Qt APf

bj,t,z = [Shax — Qt2 + AP,

In the present method, it is considered that the voltage
regulation does not impact the power flows in the system
because the loads are defined as a P, Q elements.

Bus voltage limits:
The voltages associated to the different nodes of the MV
network must respect contractual and legislative limits.
Thus, for a given node k and a given time step t, the
following constraint must be respected:

k

Ulll(lin < Z

i€Leversgqownstream

AU x; + UF < UK,

Where:

e Uk, and UK, are the limits of the voltage for
the considered node

e UF is the voltage value on the considered node at
the time step t without any activation of the useful
levers

. AUi’ftis the voltage variation coming from the
lever i activation at the time step t

AU, is assumed to be equal to :

R
AU, = AUT, — U
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Where:
e Ugg, isthe bus voltage at the time step t
e R, is the resistance of the common network
portion of the paths bus — i and bus — k
e P, is the active power coming from the the
activation of flexibility offers or generation
curtailment i at the time step t
e AU/, is the variation of the reference value of the
voltage in time step t in the bus bar of power
transformer T where the bus k is connected. This
means that we are changing the voltage of the
slack bus.
The variation of the reference value of the voltage is
defined by voltage steps U;.Pthat can be identical to
OLTC’s or can be defined by the users. The steps are
activated through a Boolean variablex;”. The next
equation represents this variation.

T _ .Step Step
AU = x7, . Ur,

To determine the cost of tis variation, it is necessary to use
another auxiliary binary variable and add the following

equations:

Step Step Step

Zry X7y T Xpplq
Step Step Step
Zrey ZXppq — X7y

The previous inequality is equivalent to the following
inequality system:

( R;
1 -k
Z Ul Pi,t.xi < AUgc - Ul’llc’lin
BBt

i€Leversgqownstream

Ri_g

k k
Pi,t-xi < Umax - AUt

k . BB,t
i€Leversgownstream

Thus, this system gives the coefficients of the matrices A
et b for the considered pair (e, t) :

Riok Rnk T
a = ( P, e ———P, )+AU.
kit,1 Uppe Ugpe ™t Lt
Risk Rnok T
a = —qa = (— P. ——P )-AU
k,t.2 k1 Upg: © Upg: ™t Lt

bier = AUF — Ui
bk,t,z = Urkrtlax - AUt

Itis important to mention that the terms a; , ; and ay, ., are
generically determined taking into account the impact of
the power variation (flexibility offers and generation
curtailment levers) and the voltage variation (voltage
regulation lever).

Obijective function:

The objective function is translated as a cost optimization
function considering the activation cost of different levers
expressed by the following equation.
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Z = min f

Tlme NbTransfo

Step Stepchange Step
t T=1

| Time NDLever APContracted CContracted !
l Z Z <+APNot Contracted CNot Contracted) J
t i

A simulator has been developped by EDF R&D on these
principles and allowed until now to validate the proposed
methodology on several use cases. It definitely needs
further deeper validation before its deployment in
particular for levers which linearization is problematic;
however it has already proven its efficiency what allowed
Enedis to make a decision for industrialization

StepUse)

CONCLUSIONS

This document presented a short-term operational
planning optimization methodology based in a mixed
integer linear programming. The methodology takes into
account the network characteristics and the impact of each
lever in the voltage and load flow. This impact is modelled
as a sensibility matrix.

The proposed method objective is not to elaborate a fully
accurate result as others presented in literature but it has
the advantage to propose the best tradeoff between the
solution quality and the execution time. This aspect is very
interesting mainly considering that the method should be
integrated in existing control centers with limited
computer resources and a need for performance. To avoid
residual constraints, some adjustment coefficients were
introduced given a minor margin of variability. When
compared with the errors introduced by the consumption
and generation forecasts this errors can be neglected.

The presented methodology is currently under industrial
development, to be tested in real networks.
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