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Executive summary

In Real-Time Operation (RTO) of power systems, it is always required to maintain the
electrical variables such as voltages, frequency and power flows within certain bounds
which are centered around given nominal values. The System Operator (SO) issues set
points to keep these parameters within the bounds by making use of Ancillary Services
(AS). Voltage and frequency controls are usually structured as cascaded controls, where
the primary controls are local automatic controls, whereas the secondary and tertiary
controls are usually centralized controls, either automatic or manual.

Dynamic Virtual Power Plants (DVPPs) can contribute to voltage and frequency
controls by following the set points issued by the SO. The DVPP needs to guarantee the
evacuation of the proposed services in terms of power and energy offered. The inherent
variability of stochastic Renewable Energy Sources (RESs) adds to the DVPPs need for
participation in real-time control actions. Apart from disturbances external to the DVPP,
internal disturbances such as generation outages or equipment failures call for real-time
control actions.

This deliverable focuses on the development of RTO tools and in particular, on tools
for guaranteeing the provision and evacuation of primary and secondary frequency
control reserves offered by a DVPP. In the European context, these reserves are also
called Frequency Containment Reserve (FCR) and Automatic Frequency Restoration
Reserve (aFRR). To guarantee the provision of FCR and aFRR within the operation bounds
and requirements of the DVPP, a deterministic rolling-horizon optimization framework has
been developed given the relatively short time horizon near to real time. The optimization
problem is formulated as a re-dispatchmodel with the objective of minimizing the penalty
levied on the DVPP by the systemoperator. In particular, deviation-minimization objective
for the FCR anda re-dispatch cost-minimization objective for aFRR have been formulated.
The rolling-horizon works by addressing the system deviation throughout the operation
time-frame by dealing with small variations in the current instant which then accumulates
to an optimal operation. To further improve the solution time, non-linear, non-convex parts
of the model have been linearized using proven techniques.

The developed tools have been applied to small-scale exploratory test cases. The test
system consists of an 8-bus system with two (2) Distributed Generators (DGs) and two (2)
RES generators. The tests revealed the optimal decision-making routine of the re-dispatch
tools.
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1 Introduction

1.1 Task 5.3 Overview

This third task of Work Package (WP) proposes a tool that has been developed to
optimize the real-time operation of Dynamic Virtual Power Plant (DVPP) portfolio. The
tool allows the user to continuously monitor system conditions and requirements, and
optimally reschedule the DVPP units with respect to the results obtained from the market
participation tool proposed in Tasks T5.1 and T5.2. This optimal reschedule can be
executed up to several seconds or a few minutes before the actual power delivery time.

1.2 Objectives and Outline of the Deliverable

Successful participation of DVPP in power systems require that such DVPPs comply with
system operation objectives at every time scale and resolution. Deliverables D5.1 and
D5.2 have outlined the participation of DVPP in wholesale market(s) which include Day-
AheadMarket (DAM), Intra-Day Market (IDM) among others. The focus of this deliverable
is a description of Real-Time Operation (RTO) models of the DVPP that incorporates
generating, consumption and storage units. The DVPP is described in this deliverable as
a provider of various ancillary services. These services include Frequency Containment
Reserve (FCR) and Automatic Frequency Restoration Reserve (aFRR). Additionally, the
re-dispatch model used by the DVPP to meet its real-time requirements is also outlined.

The tool developed in this Task considers a number of ancillary services that a DVPP
can provide in an European context, such as primary and secondary frequency reserve
provision. Congestion management of the internal DVPP subnetwork is also enabled by
means of a linearized AC optimal power flow problem that is proposed in this document.

Considering the short time-frame available for activation and service delivery of the
proposed tool, the development process has undergone a thorough process to ensure
a redoubtable computational efficiency. Techniques to achieve this goal are outlined in
the document.

The results of theDVPP real-timeoptimization tool will be usedas inputs of the controllers
and coordination tools that are being developed in WP3. In this context, a fast and
efficient data output and transfer process is paramount. The techniques considered in
this Task to achieve the aforementioned goal are also described.
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1.3 Structure of the Deliverable

The remainder of this Deliverable is organized as follows.

Chapter 2 provides an overview of the main services that can be provided by a DVPP,
such as balancing services provision for frequency regulation. The deterministic rolling-
time horizon optimization framework that guarantees the provision of such services while
maintaining the DVPP conditions within the operation bounds and requirements of the
DVPP operator, is also presented.

Chapter 3 describes the formulation of the optimization model for the first stage of
the balancing service provision, namely the Frequency Containment Reserve (FCR). The
model can be tailored to consider national and cross-border market conditions. Smaller
scale systems (e.g., islands) can also be considered in the proposed tool.

Chapter 4 mirrors the contain of Chapter 3 for the second balancing service provision
stage, i.e., the automatic Frequency Restoration Reserve (aFRR).

A simple and efficient interaction between the user and the proposed tool is of
paramount importance. In this regard, a detailed user manual of the proposed tool is
provided in Chapter 5. The user-friendly interface of the proposed tool, developed using
MS Excel is thoroughly presented.

Simple case studies that illustrate the operation and performance of the real-time
optimization tool are presented and discussed in Chapter 6. Results have been validated
by comparing with commercial tools.

Finally, Chapter 7 draws conclusions, and outlines future work directions in the WP.
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2 Real-Time Operation of Virtual
Power Plants - An Overview

In Real-Time Operation (RTO) of power systems, it is always required to maintain the
frequency and voltage parameters within certain bounds which are centered around
given nominal values. For frequency, typical nominal values are 50Hz (e.g., continental
Europe, China, most African countries, etc.) and 60Hz (e.g., USA, Canada, Brazil, most
Central American Countries, etc.). A special case is Japan, where both nominal voltage
values can be found. The nominal voltage on the other hand depends itself on the
voltage level, varying from transmission to distribution grids. In order to ensure active
power balance at all times i.e., the generation equals load, necessary control measures
have to be put in place during power system operation. Generally, there are three
control levels which Balancing Service Providers (BSPs) participate: primary, secondary
and tertiary control. The focus in this work is on primary and secondary control which
include both FCR and aFRR. Figure 2-1 shows the timescale for the different service
requirements which the Dynamic Virtual Power Plant (DVPP) can participate as a BSP.

Ba
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Operating 
reserve

FCR
Primary reserve

aFRR
Secondary reserve

mFRR
Tertiary reserve

30s 5 min 12.5 min

Figure 2-1 Future balancing services requirement proposed by ENTSO-E

In power systems dominated by synchronous machines, the first derivative of the
frequency depends on the active power unbalance and the system inertia. Thus, after an
active power unbalance, the primary control limits the frequency deviation by increasing
or decreasing the active power generation to re-establish the active power balance.
Although this control is typically carried out by means of the turbine-governor system of
synchronous generation, recent studies demonstrate that non-synchronous generation,
which is mainly connected to the distribution network, also has the ability to emulate
Inertia and Primary Frequency Control (I+PFC) service provision [1, 2]. This primary control
emulation capacity paves the way for DVPPs participation in FCR as well as the provision
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of other ancillary services. Subsequently, the task of restoring the system parameters to
their nominal values is covered under secondary control. Usually, generators participate
in secondary reserve market by offering some capacity margins so that system frequency
can be restored during real-time power delivery (see Deliverable D5.1 for more details).
The DVPPs described are peculiar because they include stochastic Renewable Energy
Sources (RESs) with differences in submitted forecasts/offers compared with actual
generation. This particularly also adds to the DVPPs’ need for participation in real-time
control actions.

Furthermore, unforeseen demand growth, generation outages, and/or equipment
failure can lead to congestion in the power network. Congestion challenges are
further complicated by the restructuring of the power and energy market [3]. The
accommodation of stochastic RESs and introduction of various market designs that
incentivize cost-cutting measures have additionally impacted the occurrence of
congestion in power networks [4]. This is consequently a source of concern to the
DVPP which must be able to adapt its resources at the required instant to contribute to
bottlenecks during RTO.

In the following sections, the need for DVPP participation in provision of FCR and aFRR
services would be outlined. FCR is the first point of call during real-time balancing actions
which includes both inertia and Primary Frequency Control (PFC) provision. This is then
followed up by automatic secondary control, aFRR. Finally, the redispatch modality using
a rolling-horizon optimization frameworkwhich enables the successful application of these
services will be described.

2.1 Frequency Containment Reserve (FCR)

Traditionally, power systems participants either compulsorily or voluntarily provide these
services which in some cases are unpaid. In the Spanish power system, for example,
primary control ancillary service is compulsory and unpaid [5, 6]. The success and
evolution of a commonmerit-order FCRmarket inWestern Europe shows promise for similar
or closely related markets development. The Transmission System Operators (TSOs) from
Austria (APG), Belgium (Elia), Slovenia (ELES), Switzerland (Swissgrid), Germany (50Hertz,
Amprion, TenneT DE, TransnetBW), Western Denmark (Energinet), France (RTE) and the
Netherlands (TenneT NL) currently participate in this market [7]. The framework of the
regional market is organised as a TSO-TSO coordination. Other frameworks including
the Distribution System Operators (DSOs) and BSPs such as TSO-DSO, TSO-BSP, DSO-DSO
coordination, etc., are also possible. At a national level, for example, BSPs could be
invited to submit bids which are then ranked using a merit order system. This determines
which units or group of units (could be a RES-based DVPP or other DVPP combinations)
are selected for the service provision and what price is paid to each.

In Deliverable D5.1, Battery Energy Storage System (BESS), an alternative to DVPP in
regulation service(s) provision was introduced. BESSs have been gaining interest due to
their ability to provide both active and reactive power regulation in a very short time [8].
BESSs are also rapidly coming into play in the provision of Inertia and Primary Frequency
Control (I+PFC) service because their installation allows for deferral of investments for grid
reinforcements [9], and enables the operation of distribution grids closer to their capacity
limits [10]. The presence and increasing popularity of the BESS for these services requires
that any proposed alternative must be better economically and technically.
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For any participant in the energy/power market, the operation of the grid is limited
by (i) the acceptable voltage ranges and voltage drops and (ii) the active power flow
capacity of network branches. These considerations might put a limit on the modality
and the volume of the service provision offered by the generation, consumption, and/or
storage units connected to the distribution network. Traditional operation algorithms of
power systems do not however consider the provision of I+PFC services to the System
Operator (SO) by the DSO with Distributed Generators (DGs) connected to its network. In
the literature, though, a quantification of the capability of active distribution networks to
provide these services has been recently reported in [11]. Furthermore, it should be noted
that not only separate DG units connected to the power system grid can deliver I+PFC
services to the SO. DVPPs, by grouping and operating these DGs (and, in some cases,
demands) in a coordinated way can also achieve this goal [12].

It follows that one of the objectives of I+PFC provision is guaranteeing the evacuation
of the proposed services offeredby units connected to the grid. Currently, the capacity of
the grid is, in most cases, sufficient to supply the maximum demand and to evacuate the
maximum amount of distributed generation. To guarantee the provision of I+PFC services
to the SO, the operation of the system should:

(i) Plan for capacity and voltage margins; and

(ii) Re-dispatch elements providing I+PFC services (if necessary) considering the
network characteristics.

The DSOanalyzes the grid limitations and re-dispatches units bymaintaining the overall
offered I+PFC services to the SO at a constant value. Considering that the timescale for
inertia provision is very short (up to a few seconds), whereas PFC service provision can last
up to 15 minutes, the focus of the FCR tool is on PFC service. It should be noted, however,
that the formulation proposed in Chapter 3 is generic enough to be utilized for provision
of both services if required. Additionally, the formulation has been developed to mirror a
DVPP with an internal grid where the DVPP operator re-dispatches its generating units for
PFC service.

Summarily, the I+PFC model seeks to guarantee the provision of PFC services and it
incorporates the following features:

(i) Provision of PFC service to the SO by units connected to the distribution system.
Customarily, frequency constraint and thus PFC has been included in security
constrained optimal power flows (OPFs) at system level [13, 14];

(ii) Implementation of a linearized AC-Power Flow (AC-PF) model to capture network
capacity limits and voltage constraints. Usually, the grid has been represented by
DC-PF [15];

(iii) Considering full activation of the reserve through PFC service provision. Previous
studies have usually considered only the pre-disturbance power flows [16, 17].

2.2 Automatic Frequency Restoration Reserve (aFRR)

The Automatic Frequency Restoration Reserve (aFRR), which is also called secondary
reserve, is used in the power grid to keep the stability of the frequency. The organisation
and activation of this frequency restoration service is carried out by the TSO who acquires
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the bids from the BSPs connected to its network [18]. The secondary reserve, aFRR, comes
after and replaces the FCR described in Section 2.1 after 30 seconds. Thereafter, if
the imbalance remains after 12.5 minutes, the the tertiary reserve (Manual Frequency
Restoration Reserve (mFRR)) partially substitutes the aFRR as shown in Fig 2-1.

When consumption is higher than electricity generation, the TSO need to utilize positive
balancing energy. In this scenario, there are two movements possible. Generating units
need to increase their output and/or demands need to decrease their consumption.
For Energy Storage System (ESS) units which can perform both charging and discharging
actions, they have to discharge during the positive balancing energy scenario. For the
opposite case when generation is more than consumption, the opposite movements to
the ones described above have to be done [19]. With respect to the payment of the
aFRR, two major remuneration forms are utilized: 1) use of capacity pricing where BSPs
are paid for holding back flexible capacities which can be activated during imbalances
2) use of energy pricing where BSPs are paid for actual provision of the reserve.

With respect to the bidding and automatic activation of reserves for most countries
with a liberalized balancing energymarket, the TSOs organize the auctions to procure the
amount of balancing energy needed. For acceptance of the obtained auctions/bids,
merit order list (ranking of prices against energy offer from least to most) is used to
determine the BSPs that will be providing the aFRR service. Then during activation, bids
are called until demand is met and this translates that expensive bids are not likely to be
selected compared to cheaper bids [18].

2.2.1 Harmonized balancing market in Europe - PICASSO

Looking forward to the regional market for the balancing service provision in Europe,
a short description is presented here on the adoption of Platform for the International
Coordination of Automated Frequency Restoration and Stable System Operation
(PICASSO). The main objective of the harmonized market framework is the establishment
of a shared structure for aFRR exchange between the participating countries. Presently,
countries differ in their operation procedure and guidelines for providing the frequency
restoration reserve service. Nonetheless, after the adoption of PICASSO, the participating
countries have to adopt the agreed-to operation guidelines and the rules on allocation
of capacity and congestion management [19].

Currently, the members of the PICASSO project are nineteen TSOs, with three TSOs
and the European Network of Transmission System Operators (ENTSO-E) participating as
observers. Tables 2-1 and 2-2 show the PICASSO participants and observers at the date
this report is written.

For proper cross-border power exchanges when PICASSO is fully adopted, the cross-
border interconnections/capacities need to be included in the determination of themerit
order list of the submitted bids from the participating TSOs [20].
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Table 2-1 PICASSO members

Country TSO

Austria Austrian Power Grid AG (APG)

Belgium Elia System Operator SA (Elia)

Croatia HOPS d.d.(Hops)

Czech Republic ČEPS a.s. (ČEPS)

Denmark Energinet

Finland Fingrid

France Réseau de Transport d’Electricité (RTE)

Germany 50Hertz Transmission GmbH (50Hertz)

Amprion GmbH (Amprion)

TenneT TSO GmbH (TenneT DE)

TransnetBW GmbH (TransnetBW)

Hungary MAVIR Magyar Villamosenergia-ipari Átviteli Rendszerirányító
Zártkörűen Működő Részvénytársaság (MAVIR Zrt.)

Italy Terna - Rete Elettrica Nazionale SpA (Terna)

Netherlands TenneT TSO B.V. (TenneT NL)

Norway Statnett SF (Statnett)

Poland Polskie Sieci Elektroenergetyczne S.A. (PSE S.A.)

Portugal Rede Eléctrica Nacional, S.A. (Ren)

Romania C.N. Transelectrica S.A. (Transelectrica)

Slovak Republic Slovenská elektrizačná prenosová sústava, a.s. (SEPS)

Slovenia ELES, d.o.o. (ELES)

Spain Red Eléctrica de España (RED)

Sweden Svenska Kraftnät
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Table 2-2 PICASSO observers

Country TSO

Bulgaria Electroenergien Sistemen Operator EAD (ESO)

Greece Independent Power Transmission Operator S.A. (IPTO/ADMIE)

Switzerland Swissgrid ag (Swissgrid)

+ ENTSO-E

2.3 Rolling-time Horizon Optimization

The optimization framework developed for both FCR and aFRR services have a time
horizon where the service has to be provided. Additionally, because these problems
are solved near real time with all input parameters known for that period, the problem
is considered deterministic. A reactive scheduling/control method that can solve these
service provision problems iteratively for every time step is thus preferred. By reactive, it
means the control solution is applied at the current time step, the optimization horizon
is moved forward after every iteration while the system characteristics is updated for
the next control action [21]. The updatable system parameters in the case of the DVPP
include but are not limited to:

(i) Real-time availability of stochastic Non-dispatchable Renewable Energy Source
(ND-RES) units within the DVPP portfolio;

(ii) Changed commitment status of Dispatchable Renewable Energy Source (D-RES)
units in the DVPP portfolio;

(iii) Changed status of a line or transformer within the internal network of the DVPP;

(iv) TSO command for automatic activation of frequency restoration reserve.

One of the primary appeal for the rolling-horizon approach is that it solves
a deterministic problem, while allowing the modification of input parameters for
optimization based on the current available information. In the real-time optimization
of systems, an approach commonly utilized, Model-based Predictive Control (MPC),
utilizes the rolling-horizon to obtain solution while only applying the first value of the
output trajectory to the system [22]. The rolling-horizon thus works by addressing the
system deviation throughout the operation time-frame by dealing with small variations
in the current instant which then accumulates to an optimal operation. Asides real-
time optimization, rolling-horizon approach has been applied in planning and scheduling
problems in energy systems to deal with forecast uncertainties [23], on-demand delivery
systems [24] and in coordination of energy hubs [25].

In Fig 2-2, a rolling-horizon optimization with minute resolution is shown. Initially, the
state of the system is set as well as the resolution of the operation horizon and control
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horizon. A full description of these parameter settings for the system state is fully outlined
in Chapter 5. Next, the problem is solved for the first control horizon and the first control
output is applied to the system. The parameters are then updated, the time step is shifted
forward based on the resolution and then the system is optimized again.

time (hrs)

time (hrs)

time (hrs)

past

current time

future

Operation horizon
Control horizon

past

past

future

future

…

Figure 2-2 A representation of the real-time rolling-horizon optimization for a daily DVPP
operation

2.4 Integration of RTO tool for Ancillary Service in WP3

The results of the DVPP real-time optimization tool will be used as inputs of the controllers
and coordination tools that are being developed in WP3. WP3’s broad objective is the
development of advanced techniques for controlling and coordinating DVPP units at the
secondary frequency control level (aFRR) while taking the technical constraints of such
units into account.

The aggregated output of all DVPP assets is utilized in providing ancillary services at all
temporal and spatial scales. These include fast frequency response and voltage support
with voltage levels ranging from high-voltage transmission grids to low-voltage distribution
systems. One of themajor considerations is the development of a fast and efficient mode
of data output and transfer from the optimization tool developed in General Algebraic
Modeling System (GAMS) to the required real-time controller of the aforementioned work
package. As shown in Fig 2-3, the active power output from each DVPP unit resulting
from the RTO tool proposed in this Tasks serves as the participation factor for each unit’s
controller develped in WP3. ∆PDVPP could arise from a set of factors including but not
limited to the TSO command, generation outage of a DVPP unit, demand growth and/or
equipment failure.
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U1

U2

Un

1
1 + 𝑇𝑇𝑇𝑇

1
1 + 𝑇𝑇𝑇𝑇

1
1 + 𝑇𝑇𝑇𝑇

ΔPDVPP

WP5 - DVPP internal 
re-dispatch

ΔPDVPP1

ΔPDVPP2

ΔPDVPPn

WP3 – Direct participation of 
DVPP to frequency control

Figure 2-3 Integration of WP5 and WP3
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3 DVPP as an FCR Service Provider

In this chapter, Frequency Containment Reserve (FCR) which subsumes Inertia and
Primary Frequency Control (I+PFC) service provision is outlined in detail. Usually, power
systems participants either compulsorily or voluntarily provide these services and are either
paid a fixed or market price. The formulation in this chapter, however, is made while
having in mind the development and adoption of FCR markets in power markets, either
nationally, across national borders or at even smaller scales.

3.1 Nomenclature

To aid easier reading of the constraints, the reader should keep the following general
concept about the notations in mind, unless otherwise indicated.

• Variables are represented with lowercase letters, a

• Parameters are written in UPPERCASE LETTERS, A

• A prime symbol on variables show the final Real-Time (RT) delivery of DVPP unit, a′

• Upper bars on parameters depict upper bound of parameters, Ā

• Lower bars on parameters mean lower bound of parameters,
¯
A

• Upward arrows indicate UP direction of regulation in regulation variables, costs
and reserve provision, a↑, A↑

• Downward arrows indicate DOWN direction of regulation in regulation variables,
costs and reserve provision, a↓, A↓

3.1.1 Indexes and sets

Symbol Description

b ∈ B/BG Network Buses / Network Buses connected to main grid

c ∈ C/Cb D-RESs / D-RESs at buses

d ∈ D/Db Demands / Demands at buses

(m, n) ∈ L Sending- and Receiving-end of line ℓ

t ∈ T Time periods

u ∈ U/Ub DVPP units / DVPP units at buses
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3.1.2 Parameters

Symbol Description Unit

P EM
u (P PM

u ) (P IM
u ) Cleared offer of DVPP unit u in energy (PFC)

(inertia) market
[MW]

λEM (λPM) (λIM) Price of energy (PFC) (inertia) market [e ]

R̄u (
¯
Ru) Up (down) ramping limit of DVPP u [MW/h]

R1
u (R0

u) Startup (shutdown) ramping limit of DVPP u [MW/h]
C1

u (C0
u) Startup (shutdown) operation cost of of DVPP u [e/MWh]

Pd Active power demand [MW]
Qd Reactive power demand [MVAr]

Q̄mn Reactive power capacity of line mn [MVAr]
Bmn Susceptance of line mn [pu(S)]
Gmn Conductance of line mn [pu(S)]
Ymn Admittance of line mn [pu(S)]
Bsh

mn Shunt susceptance associated with the Π circuit
model of line (m, n)

[pu(S)]

Gsh
m Shunt conductance at bus m [pu(S)]

Bsh
m Shunt susceptance at bus m [pu(S)]

Hu Inertia value [MW]
d∆f

dt

∣∣
t=t0

Initial rate of change of frequency [Hz/s]

P PM
b Amount of PFC requested at bus b [MW]

¯
Vb (V̄b) Minimum (Maximum) voltage at bus b [pu(V)]

∆t Duration of time periods [h],
[min]
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3.1.3 Variables

Symbol Description Unit

pEM
u , (pPM

u ), (pIM
u ) Actual power delivered in real time by DVPP unit

u in energy, (PFC), (inertia) market
[MW]

xu, (yu), (zu) Absolute value of the difference between actual
power delivered and cleared offer of DVPP unit
u in energy, (PFC), (inertia) market

[MW]

c1
u,t, (c0

u,t) Dynamized startup (shutdown) cost of DVPP u [e/MW]
νu,t Binary variable to specify commitment status of

DVPP c

[−]

v1
u,t, (v0

u,t) Binary variable to specify start-up (shutdown)
status of DVPP u

[−]

pmn Active power flow on line mn [MW]
p′

mn Active power flow on line mn without losses [MW]
ploss

mn Active power loss on line mn [MW]
qmn Reactive power flow on line mn [MVAr]
q′

mn Reactive power flow on line mn without losses [MVAr]
qloss

mn Reactive power loss on line mn [MVAr]

vb Voltage magnitude at bus b [pu(V)]
δb Voltage angle at bus b [rad]

3.2 Objective Function

The objective function weighs the deviations from the respective energy market
schedules (if any) according to the market price:

f = min
∑

u

[
λEM ∣∣pEM

u − P EM
u

∣∣ ∆t + λPM ∣∣pPM
u − P PM

u

∣∣ + λIM ∣∣pIM
u − P IM

u

∣∣ ]
(3.1)

With respect to the prices and power systems where there is no FCR market yet,
note that the values of λEM, λPM and λIM do not necessarily reflect actual prices. This
formulation is thus applicable to cases with and without primary control ancillary service
markets with the proper choice of parameters. Where there is an FCR market, the market
prices can be used directly in the model. However, care should be taken when there is
no FCR market. In this case, the values attached to each service (energy, PFC, inertia)
determines the amount that will be activated. Normally, these values add up to 1, i.e.,
λEM + λPM + λIM = 1. Here, they carry out a weighting function. In the Spanish system for
instance, values for the inertia and PFC services could be the compulsory requirements
of 10% and 8% respectively while energy market takes the remainder 82%. Another
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possibility is that λEM = λPM = λIM. In this respect, the optimization problem could not
differentiate between an equal variation in energy, PFC and inertia markets and assigns
equal importance to each.

Furthermore, an immediate inference from (3.1) could be that only generating DVPP
units participate in the FCR control actions. With the development of more controllable
and flexible loads, however, the set U could be easily extended to include demands set,
D. Actually, the inclusion of ESS which could serve as a load during its charging phase
buttresses this point.

The objective in (3.1) is a non-linear function due to the absolute differences between
scheduled and actual energy/power, but a Linear Program (LP) would be preferred
in this formulation case as all other constraints are linear. LP has been adopted for
power systems operations especially for its computational reliability and other ease-of-use
advantages over non-linear programs which require complicated algorithms, parameter
tuning and choice of feasible starting points for convergence [26]. More importantly,
in the case of RTO where speed and fast-convergence is a key factor, LP model takes
precedence over other model types (FCR problem is solved in real time). Then, using the
minimization of the absolute value function (3.2) reproduced below:

min |x|
s.t.
Ax ≤ b

(3.2)

This can be reformulated as a linear program in (3.3):

min y

s.t.
− y ≤ x ≤ y

Ax ≤ b

(3.3)

The absolute values of the differences in (3.1) are thus replaced with: xu, yu and zu, as
follows:

f = min
∑

u

[
λEMxu∆t + λPMyu + λIMzu

]
(3.4)

s.t.
− xu ≤ pu − Pu ≤ xu , ∀u ∈ U (3.5)
− yu ≤ pPM

u − P PM
u ≤ yu , ∀u ∈ U (3.6)

− zu ≤ pIM
u − P IM

u ≤ zu , ∀u ∈ U (3.7)

3.3 Constraints

The constraints associated to the proposed objective for FCR provision include (i) the total
quantity of inertia and PFC services offered to the SO, (ii) the technical constraints of the
units providing these services, (iii) the maximum power flow through the branches, (iv)
range of voltage magnitudes.
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3.3.1 Total quantity of FCR services

The total generation (or demand) should remain constant and equal to the total amount
cleared in the energymarket,

∑
Pu. Likewise, the total amount of inertia and PFC services

should be equal to the amount of I+PFC offers cleared in the corresponding markets (if
any). ∑

u

Pu =
∑

u

pu (3.8)

∑
u

P PM
u =

∑
u

pPM
u (3.9)

∑
u

P IM
u =

∑
u

pIM
u (3.10)

3.3.2 Technical constraints of units providing FCR services

The operation procedures require the provision of at least a certain amount of FCR
services per element. In case of market-based assignments, the market clearing
determines the amount services provided by each element. This amount can be adjusted
in function of the droop or inertia setting:

pPM
u = 1

Ru
∆fss , ∀u ∈ U (3.11)

pIM
u = 2Hu

d∆f

dt

∣∣∣∣
t=t0

, ∀u ∈ U (3.12)

The active power of each element, including the possible provision of FCR services, as
well as the reactive power must be bounded. When commitment status of the units are
taken into consideration, the more detailed formulation in Section 3.3.3 for D-RESs takes
precedence over that presented below in (3.13) and (3.14).

¯
Pu ≤ pu + pPM

u + pIM
u ≤ P̄u , ∀u ∈ U (3.13)

¯
Qu ≤ qu ≤ Q̄u , ∀u ∈ U (3.14)

3.3.3 Commitment status for D-RES

Dispatchable DVPP units, D-RESs, are modelled using binary variables which indicate the
commitment status at each time period, as well as the start-up and shut-down actions
of the generator. From Deliverable D5.1, the D-RES formulation is reproduced below
in (3.15) - (3.22). In this section, the time index has to be included for convenience and
U ⊃ C. νu,t = 1 when D-RES is in operation at time t; v1

u,t = 1 if D-RES is turned on; or
v0

u,t = 1 if turned off, and 0 otherwise. Equations (3.15) and (3.16) prevent the simultaneous
start up and shut down of a D-RES unit at the same time instant t. (3.17) sets the lower
and upper bounds on each unit during operation, whereas (3.18) and (3.19) represent
the ramp constraints. R1

u and R0
u separate the start-up and shut-down ramps for each
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generating unit from the under operation up, R̄u, and down,
¯
Ru, ramps as they may be

different. Equations (3.20) and (3.21) represent a linear formulation of the start-up and
shut-down costs of eachD-RES where c0

u,t and c1
u,t are auxiliary binary variables that ensure

this linearization.

νu,t − νu,(t−1) = v1
u,t − v0

u,t , ∀u ∈ U, ∀t ∈ T (3.15)
v1

u,t + v0
u,t ≤ 1 , ∀u ∈ U, ∀t ∈ T (3.16)

¯
Puνu,t ≤ pu ≤ P̄uνu,t , ∀u ∈ U, ∀t ∈ T (3.17)
pu − pu,(t−1) ≤ (R̄uνu,(t−1) + R1

uv1
u,t)∆t , ∀u ∈ U, ∀t ∈ T (3.18)

pu,(t−1) − pu ≤ (
¯
Ruνu,t + R0

uv0
u,t)∆t , ∀u ∈ U, ∀t ∈ T (3.19)

C1
u(νu,t − νu,(t−1)) ≤ c1

u,t , ∀u ∈ U, ∀t ∈ T (3.20)
C0

u(νu,(t−1) − νu,t) ≤ c0
u,t , ∀u ∈ U, ∀t ∈ T (3.21)

0 ≤ c0
u,t , c1

u,t , ∀u ∈ U, ∀t ∈ T (3.22)

3.3.4 Nodal balance

In this framework, the bus injection model of the AC power flow is considered. Thus, the
nodal power balance has to include the injected active and reactive power at the buses
defined in network flow relaxation in Section 3.4.1.1.∑

u∈Ub

pu =
∑
m=b

pmn,t −
∑
n=b

pnm,t +
∑

d∈Db

pd + P PM
b , ∀b ∈ B (3.23)

∑
u∈Ub

qu =
∑
m=b

qmn,t −
∑
n=b

qnm,t +
∑

d∈Db

qd , ∀b ∈ B (3.24)

3.3.5 Power flow and voltage magnitude constraints

The active and reactive power balance at each node can be computed by using
the conventional power flow equations which are non-linear. If the commitment of
the elements is considered, the optimization problem turns into a mixed integer non-
linear programming problem (MINLP). In this case, the power flow equations should be
linearized. Different linearization have been proposed in the literature, depending on
the involved voltage levels of the grid (High Voltage (HV) or Medium Voltage (MV)
mainly) since this affects the representation of the branch impedance. A more detailed
discussion of the optimal power flow (OPF) formulations is made in Section 3.4. For the
complete optimization problem, other constraints include line flow limits (3.25) and (3.26),
and voltage limits (3.27).

− P̄mn ≤ pmn ≤ P̄mn , ∀m, n ∈ B (3.25)
− Q̄mn ≤ qmn ≤ Q̄mn , ∀m, n ∈ B (3.26)

¯
Vm ≤ vm ≤ V̄m , ∀m ∈ B (3.27)
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3.4 AC Power Flow Representations

For a complete and thorough analysis of power systems, the AC-PF is utilized. It has
advantages over the DC-PF in that it considers both active and reactive power flows
along the lines in the network, the voltage profiles through the grid, and power losses [27].
The AC-PF problem is however non-linear due to the power flow into load impedance
being a square function of the applied voltages. Added to the inherent non-linearity, the
problem is also non-convex. The difficulties encountered while solving problems of such
characteristics thus calls for development of scalable, fast and robust solution methods.
As such, there have been various LP [28, 29, 30] and Mixed Integer Linear Program
(MILP)[31, 32] relaxations and approximations proposed in the literature for distribution
networks operation [33] as well as transmission expansion planning problems [34].

3.4.1 Relaxations

AC-PF relaxations provide bounds on the optimal objective value for the original non-
convex problem. They also provide sufficient conditions for certifying problem infeasibility.
Specifically, a relaxation provides a lower bound for a minimization problem and an
upper bound for a maximization problem. Relaxations of the AC-PF do not infer
linearization as some relaxations are still non-linear. Some of the non-linearities however
can be approximated with linear functions using robust mathematical conversions. The
advantages of using relaxations, hence making the PF convex is to: i) guarantee global
optimality, ii) provide bounds for the original non-convex problem [35], and iii) reduce
computational cost and burden. These convex relaxations can be further divided into
linear (LP) and other types. Although LP often yield weaker objective value bounds, they
have computational and theoretical advantages over other formulation models [36].
In contrast to the full AC-PF formulation, however, relaxations provide convex, fast and
scalable forms that are advantageous for real-time power systems operation.

3.4.1.1 Network Flow Relaxation

Network flow relaxation allows flows entering a node to be arbitrarily distributed so long
as the active and reactive power losses on each line are non negative [37], as follows:

pm = Gsh
m |vm|2 +

∑
(m,n)∈L

pmn +
∑

(n,m)∈L

pnm ∀m ∈ B (3.28)

qm = −Bsh
m |vm|2 +

∑
(m,n)∈L

qmn +
∑

(n,m)∈L

qnm ∀m ∈ B (3.29)

pmn + pnm ≥ 0 ∀m, n ∈ B (3.30)

qmn + qnm ≥ −Bsh
mn

2
(
|vm|2 + |vn|2

)
∀m, n ∈ B (3.31)

This relaxation is valid for systems where all lines have series impedances with non-
negative resistances and non-negative reactances. The model’s applicability is feasible
for many networks because no physical device(s) have been associated with negative
resistances and devices with negative reactances are rare.
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3.4.1.2 Other Relaxations

Other AC-PF relaxations include:

• The Copper Plate Relaxation: neglects the power flow equations entirely to yield
a simple power balance constraint [37].

• McCormick Relaxations: useful when there are knownbounds on each variable of
the optimization problem. McCormick envelopes can be employed to construct
linear relaxations of the rectangular power flow equations [38].

These relaxations are not included in the current released model but are interesting
subjects to investigate in the future to consider their computational performance and
convergence advantages.

3.4.2 Linear Approximations

As opposed to the PF relaxations discussed in Section 3.4.1, linear approximations do not
provide theoretical guarantees. However, they have their advantages. Approximations
use assumptions regarding certain quantities to simplify the power flow equations. They
can closely represent system behaviour when the associated assumptions are valid. Also,
many PF approximations are reasonably accurate for typical operating conditions. These
are implemented either as LP or quadratic programs (QPs) depending on the choice of
the objective function and linearization is done around a specified operating point.

In the development of this work, the Logarithmic Transform Voltage Magnitude (LTVM)
is used to linearize the PF equations. LTVM expresses the voltage magnitude at bus m, Vm,
through a transform: vm = ln|Vm|, ∀m∈B, where B is the set of buses of the power grid. It
is a branch flow formulation with each line modeled as a series admittance Gmn + jBmn

whereGmn andBmn are the conductance and susceptance, respectively, of the line with
sending end m and receiving end n. A version of LTVM with power losses on the branches
and more detailed line models was reported in [39]. The active and reactive power flow
of LTVM with losses included are reproduced in (3.32) - (3.37).

pmn = p′
mn + 0.5 ploss

mn , ∀m, n ∈ B (3.32)
qmn = q′

mn + 0.5 qloss
mn , ∀m, n ∈ B (3.33)

p′
mn = Gmn (vm − vn) − Bmn (δm − δn) , ∀m, n ∈ B (3.34)

q′
mn = −Bmn (vm − vn) − Gmn (δm − δn) , ∀m, n ∈ B (3.35)

ploss
mn = Gmn

[
(Vm − Vn)2 + (∆m − ∆n)2]

, ∀m, n ∈ B (3.36)
qloss

mn = −Bmn

[
(Vm − Vn)2 + (∆m − ∆n)2]

, ∀m, n ∈ B (3.37)

The linearized power flow is modeled as a two-iteration process. The first iteration runs
both active and reactive DC power flow models ((3.32) - (3.35)) but line losses are not
considered, i.e., ploss

mn = 0 and qloss
mn = 0. After the first iteration, estimation of the active

and reactive power losses are then carried out using (3.36) and (3.37). ploss
mn and qloss

mn

are computed from the obtained voltage magnitudes and voltage angles from the first
iteration. In the second iteration, these obtained values then act as independent energy
sources as seen in (3.32) and (3.33).
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3.5 Final Formulation for FCR Provision

The set of equations to be implemented for FCR service provision are collected in Table 3-
4. The AC-PF formulation in Section 3.4.2 is used by default.

Table 3-4 Final formulation

Type Equation Reference

Objective function (3.4)

Linearized market offers (3.5) - (3.7)

Total generation (3.8)

Total quantity of FCR services (3.9) - (3.10)

Power bounds / D-RES commitment status (3.13) - (3.14) / (3.15) - (3.22)

Nodal balance (3.23) - (3.24)

Line limits and voltage constraints (3.25) - (3.27)

AC-OPF formulation (3.28) - (3.31) / (3.32) - (3.37)
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4 DVPP as an aFRR Service Provider

The increasingly diverse/stochastic components of power systems and changing terrain
of operations has necessitated new service requirements. Stochastic RESs as well as non-
constant-power loads affect system balance during RTO. This foregoing thus offers DVPPs
an avenue to go beyond resource aggregation to acting as a contributor to system
stability and reliability.

As a consequence, this chapter collates the nomenclature and set of constraints
which the DVPP uses to participate in and provide aFRR service. This chapter gives an
update of Chapter 4 in Deliverable D5.1. While we do not regurgitate the information
from D5.1 here, we add some clarifying notes on the constraints set forth in the following
sections.

4.1 Nomenclature

In the following section, the indexes, sets, parameters and variables defined here are
those not previously defined in Chapter 3.

4.1.1 Indexes and sets

Symbol Description

r ∈ R/Rb Stochastic ND-RESs / ND-RESs at buses
s ∈ S/Sb ESSs / ESSs at buses
θ ∈ Θ/Θb STUs / STUs at buses
ΞRT Set of decision variables of aFRR

4.1.2 Parameters

Symbol Description Unit

C↑
b (C↓

b ) Penalty cost for unmet up (down) regulation during aFRR [e]

C↑
c (C↓

c ) Up (down) regulation cost of D-RES c [e]
Pc,t Scheduled production of D-RES c in DAM/IDM [MW]
P̄ ↑

c (P̄ ↓
c ) Maximum up (down) reserve of D-RES c [MW]

¯
Rc (R̄c) Down (up) ramping limit of D-RES c [MW/h]
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R0
c (R1

c) Shut-down (start-up) ramping limit of D-RES c [MW/h]
Uc,t Scheduled commitment status of D-RES c in DAM/IDM [−]
V 0

c,t (V 1
c,t) Scheduled on/off status of D-RES c in DAM/IDM [−]

C↑
d (C↓

d) Up (down) regulation cost of demand d [e]

¯
Ed Minimumenergy consumption of demand d throughout the

operation horizon
[MWh]

Pd,t Scheduled production of demand d in DAM/IDM [MW]
P̄ ↑

d (P̄ ↓
d ) Maximum up (down) reserve of demand d [MW]

¯
Rd (R̄d) Down (up) ramping limit of demand d [MW/h]

C↑
r (C↓

r ) Up (down) regulation cost of ND-RES r [e]
Pr,t Scheduled production of ND-RES r in DAM/IDM [MW]
P̄ ↑

r (P̄ ↓
r ) Maximum up (down) reserve of ND-RES r [MW]

C↑
θ (C↓

θ ) Up (down) regulation cost of STU θ [e]
Pθ,t Scheduled production of STU θ in DAM/IDM [MW]
P̄ ↑

θ (P̄ ↓
θ ) Maximum up (down) reserve of STU θ [MW]

C↑
s (C↓

s ) Up (down) regulation cost of ESS s [e]

¯
Es,t (Ēs,t) Lower (upper) bound of the energy stored in ESS s in time t [MWh]
Ps,t Scheduled injection of ESS s in DAM/IDM [MW]
P +,↑

s (P +,↓
s ) Up (down) reserve of charging capacity of ESS s [MW]

P −,↑
s (P −,↓

s ) Up (down) reserve of discharging capacity of ESS s [MW]
η+

s (η−
s ) Charging (discharging) efficiency of ESS s [%]

¯
αs (ᾱs) Lower (upper) bound multiplier of ESS s at last period in

schedule
[%]

γs Self discharge value of BESS s over a 24 hour period [%]

P m
b,t Scheduled power at DAM to be delivered at bus b at time t [MW]

P T SO
t TSO command (regulation to be delivered at time t) [MW]

P̄mn Active power capacity of line mn [MW]
Xmn Reactance of network line mn [pu(Ω)]

Cu Operation cost of DVPP u at DAM/IDM [e/MW]
T Last period of schedule [-]
Sb System power base [MVA]
λ Cost to avoid simultaneous provision of up and down

regulation
[e/MW]
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4.1.3 Variables

Symbol Description Unit

p′
c,t Active real-time power generation of D-RES c in time t [MW]

p↑
c,t (p↓

c,t) Active power up (down) regulation of D-RES c in time t [MW]

p′
d,t Active real-time power demand of load d in time t [MW]

p↑
d,t (p↓

d,t) Active power up (down) regulation of demand d in time t [MW]

p′
r,t Active real-time power generation of ND-RES r in time t [MW]

p↑
r,t (p↓

r,t) Active power up (down) regulation of ND-RES r in time t [MW]

p′
θ,t Active real-time power generation of Solar Thermal Unit

(STU) θ in time t

[MW]

p↑
θ,t (p↓

θ,t) Active power up (down) regulation of STU θ in time t [MW]

es,t Energy stored in ESS s in time t [MWh]
p′

s,t Active real-time power injection of ESS s in time t [MW]
p+,↑

s,t (p+,↓
s,t ) Charging power up (down) regulation of ESS s in time t [MW]

p−,↑
s,t (p−,↓

s,t ) Discharging power up (down) regulation of ESS s in time t [MW]
us,t Binary variable that determines charging or discharging

status of ESS s in RTO
[−]

pTSO
b,t Regulation to be delivered to bus b during aFRR [MW]

p↑
b,t (p↓

b,t) Unmet up (down) regulation energy at bus b during aFRR [MW]

pmn,t Active power flow on line mn in time t [MW]
qmn,t Reactive power flow on line mn in time t [MVAr]
δb,t Voltage angle at bus b in time t [rad]

4.2 Objective Function

The choice of the objective function for aFRR is not trivial. The factors to consider include:
i) the desired sequence of regulation provision by the assets; ii) avoidance of reschedule
based on regulation provision cost, i.e., the operation costs used in computing the DAM
and/or IDM offers should be featured in this objective; and iii) avoidance of simultaneous
provision of up and down regulation at the same period/instance of time.

The objective function of the DVPP proposed for aFRR is minimization of the operation
cost (Cup′

u,t), up/down regulation cost of the assets (C↑
up↑

u,t + C↓
up↓

u,t) while ensuring that
simultaneous provision of both up and down regulation is not allowed (λ(p↑

u,t + p↓
u,t)) for
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each DVPP unit. Thus, λ has to be carefully chosen such the operational infeasibility
of both up regulation and down regulation at the same time instant is avoided. The
magnitude of λ will be dependent on the magnitude of operation costs of the DVPP units
and theassignedpenalty cost in the objective function. Furthermore, the costs associated
with either up/down regulation could serve as ametric for which assets are chosen during
deficit or surplus of power. These costs need not be necessarily equal but are designed
based on the expected penalties and/or desired operation mode of each asset. In a
case where all DVPP assets have been regulated but there is a deficit at the main grid,
the penalty factor (C↑

b p↑
b,t + C↓

b p↓
b,t) is included to address such deficit.

min
ΞRT

∑
t∈T

[ ∑
c∈C

(
Ccp′

c,t + C↑
c p↑

c,t + C↓
c p↓

c,t + λ(p↑
c,t + p↓

c,t)
)

+

∑
d∈D

(
Cdp′

d,t + C↑
dp↑

d,t + C↓
dp↓

d,t + λ(p↑
d,t + p↓

d,t)
)

+

∑
r∈R

(
Crp′

r,t + C↑
r p↑

r,t + C↓
r p↓

r,t + λ(p↑
r,t + p↓

r,t)
)

+

∑
s∈S

(
Csp′

s,t + C↑
s p↑

s,t + C↓
s p↓

s,t + λ(p↑
s,t + p↓

s,t)
)

+

∑
θ∈Θ

(
Cθp′

θ,t + C↑
θ p↑

θ,t + C↓
θ p↓

θ,t + λ(p↑
θ,t + p↓

θ,t)
)

+
∑
b∈B

(
C↑

b p↑
b,t + C↓

b p↓
b,t

) ]
∆t (4.1)

For example, if the operation tends towards power deficit, ND-RESs might be the
preferred up regulation providers if available, such that the cost, C↑

r , is lower than others.
On the other hand, during a surplus, ND-RESs might be the last asset a DVPP manager
wants to curtail, so the cost, C↓

r , is set to a higher value relative to regulation cost of
other assets. When comparing homogeneous assets with similar operation/technical
characteristics, the choice between regulation cost might not pose much difficulties.
However, aggregation of heterogeneous units with distinct technical and operation, and
sometimes conflicting characteristics leads to challenges in choosing the regulation costs.
In the case of a DVPP that comprise dispatchable and non-dispatchable units, demands,
solar thermal units, etc, the assignment of these costs is even more intricate.

Modalities that may be considered for assigning regulation costs include, but are not
limited to:

(i) Speed of response of respective unit - ramping rate;

(ii) Proximity to line congestion or source of operation bottleneck;

(iii) Power loading capability;

(iv) Operating cost of unit;

(v) Installed and stand-by capacity;

(vi) Contractual obligations made by DVPP with respective unit, etc.

Setting these costs for real-time regulation provision is thus not a trivial matter. In [40],
assignment of regulation costs was done using a controllability factor defined for all
the units aggregated in the DVPP. The units were divided into fully-controllable (e.g.,
combined heat and power, pumped storage), partly-controllable (e.g., industrial load,
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electric vehicle), and non-controllable (e.g., residential load, Wind Power Plant (WPP))
based on ease of external adjustments. Whereas the fully-controllable units will have
lower costs and thus be activated first during regulation provision, the non-controllable
units have higher costs and are least expected to be activated for regulation. In another
real-time re-dispatch work for DVPPs [41], availability of stand-by capacity was used for
assigning which units provided regulation first. A combined heat and power system unit
was given the least regulation price in the studied DVPP while other units were assigned
higher regulation prices.

An example of regulation costs for participants in a DVPP is shown in Fig. 4-1. The
regulation costs in the figure were assigned based on the balancing energy provision
reported by the Spanish transmission system operator, Red Eléctrica de España (REE),
in [42]. Though the penalty cost is not obtained from the referencedmaterial, it is included
in the DVPP’s optimization tool as an additional feasibility check. The penalty function is
utilized when the DVPP can not fully re-dispatch its aggregated units and has to depend
on other components in the network to fulfill its balancing commitments. This cost is set to
a very high value and is the least favorable option for regulation provision.

W
ind/Solar

H
ydro

STU

Industrial load

Residential load

Penalty
cost

0

10

20

30

C
↑ x

[€
/M

W
]

Figure 4-1 Cost of up regulation during redispatch

4.3 Constraints

With the objective function set forth, a set of constraints needed to ensure that DVPP units
operate within acceptable system parameters are collected here. The reader should
note that these constraints are similar to those presented in Chapter 4 of D5.1 with some
subtle differences that will be clarified under each subsection. Considering the timeframe
in RTO, the following constraints are additionally delineated.

(i) Power Balance: using the nodal balance model.

(ii) Bounds on Reserves: observing commitment of DVPP units and offers submitted
during Secondary Reserve Market (SRM).

(iii) D-RES constraints
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(iv) ND-RES constraints

(v) Flexible demands constraints

(vi) ESS constraints

(vii) Power flow model

4.3.1 Power Balance Constraints

The power balance at the nodes of the network are different from that used in DAM/IDM
model with the introduction of unmet regulations, p↑

b,t, p↓
b,t and the TSO command, pTSO

b,t .
Equation (4.2) gives power balance at buses connected to the main grid. In RTO, the
TSO conceptually serves as the demand side P TSO

t , i.e. the command to be met. At the
same time, all the DVPP assets (producers and consumers) serve as supply i.e. providing
regulation over their DAM offers/bids. A variable representing unmet power is included
for the case where all DVPP assets have no availability for further regulation.

The power balanceat all other buses on the network is formulated in (4.3). In a scenario
where there is more than one point of connection to the main grid referred to as Point of
Common Coupling (PCC), the TSO command, P TSO

t is distributed among those PCCs in
(4.4). The final delivery from each DVPP unit is an aggregation of the scheduled power
and the up/down regulation provided as shown in (4.5) - (4.9).

∑
c∈Cb

p′
c,t +

∑
r∈Rb

p′
r,t +

∑
s∈Sb

p′
s,t +

∑
θ∈Θb

p′
θ,t −

∑
m=b

pmn,t +
∑
n=b

pnm,t +
(

p↑
b,t − p↓

b,t

)
=

∑
d∈Db

p′
d,t + P m

b,t + pTSO
b,t , ∀b ∈ BG, ∀t ∈ T (4.2)

∑
c∈Cb

p′
c,t +

∑
r∈Rb

p′
r,t +

∑
s∈Sb

p′
s,t +

∑
θ∈Θb

p′
θ,t −

∑
m=b

pmn,t +
∑
n=b

pnm,t +
(

p↑
b,t − p↓

b,t

)
=

∑
d∈Db

p′
d,t , ∀b ∈ B \ BG, ∀t ∈ T (4.3)

∑
b∈BG

pTSO
b,t = P TSO

t , ∀t ∈ T (4.4)

p′
c,t = Pc,t + p↑

c,t − p↓
c,t , ∀c ∈ C, ∀t ∈ T (4.5)

p′
r,t = Pr,t + p↑

r,t − p↓
r,t , ∀r ∈ R, ∀t ∈ T (4.6)

p′
θ,t = Pθ,t + p↑

θ,t − p↓
θ,t , ∀θ ∈ Θ, ∀t ∈ T (4.7)

p′
s,t = Ps,t + p↑

s,t − p↓
s,t , ∀s ∈ S, ∀t ∈ T (4.8)

p′
d,t = Pd,t − p↑

d,t + p↓
d,t , ∀d ∈ D, ∀t ∈ T (4.9)

4.3.2 Bounds on Reserves

Up/down regulation can be provided by all assets. For D-RESs (4.10) and STUs (4.11),
the provided regulation is additionally dependent on the scheduled commitment status
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of each unit. Up regulation serves as an increase in generation while down regulation
translates to curtailment for ND-RESs (4.12). For demands (4.13), the regulation is
subsequently bounded by the selected profile during DAM and appropriate ramps.

0 ≤ p↑
c,t , p↓

c,t ≤ P̄ ↑
c · Uc,t , P̄ ↓

c · Uc,t , ∀c ∈ C, ∀t ∈ T (4.10)

0 ≤ p↑
θ,t , p↓

θ,t ≤ P̄ ↑
θ · Uθ,t , P̄ ↓

θ · Uθ,t , ∀θ ∈ Θ, ∀t ∈ T (4.11)

0 ≤ p↑
r,t , p↓

r,t ≤ P̄ ↑
r , P̄ ↓

r , ∀r ∈ R, ∀t ∈ T (4.12)

0 ≤ p↑
d,t , p↓

d,t ≤ P̄ ↑
d , P̄ ↓

d , ∀d ∈ D, ∀t ∈ T (4.13)

0 ≤ p↑
s,t , p↓

s,t ≤ P̄ ↑
s , P̄ ↓

s , ∀s ∈ S, ∀t ∈ T (4.14)

4.3.3 Dispatchable Renewable Energy Sources

During RTO of D-RESs, up/down ramps are catered for as well as commitment level of the
units (4.15) and (4.16). If one of the D-RESs goes offline due to an unplanned shutdown or
for maintenance, the commitment parameter, Uc,t, is updated to reflect this. The deficit
left by that unit is then supplied either by other D-RES units or other assets in the DVPP using
the power balance constraints in Section 4.3.1. Equation (4.17) ensures compliance with
technical minimum/maximum of DVPP asset.

p′
c,t − Pc,(t−1) ≤ (R̄cUc,(t−1) + R1

cV 1
c,t)∆t , ∀c ∈ C, ∀t ∈ T (4.15)

Pc,(t−1) − p′
c,t ≤ (

¯
RcUc,t + R0

cV 0
c,t)∆t , ∀c ∈ C, ∀t ∈ T (4.16)

¯
PcUc,t ≤ p′

c,t ≤ P̄cUc,t , ∀c ∈ C, ∀t ∈ T (4.17)

4.3.4 Non-dispatchable Renewable Energy Sources

The ND-RES equation is similar in structure to that used in the energy market for submission
of offers. However, the available generation of the stochastic unit in this case, P̌r,t has
been updated to correspond with the results of the latest forecasts at real time. Thus,
the final delivery p′

r,t could be more or less than the submitted offer before considering
regulation provision. Here, up regulation serves as an increase in generation while down
regulation translates to curtailment. Due to negligible operation cost of ND-RESs, up
regulation is most likely preferred during operation because this production comes at
almost zero cost and will be fully compensated. On the flip side, curtailment might only
be encouraged either when the generation unit has propensity of damage or there is an
oversupply and all other assets have been appropriately regulated.

¯
Pr,t ≤ p′

r,t ≤ P̌r,t , ∀r ∈ R, ∀t ∈ T (4.18)

4.3.5 Flexible Demands

Deliverable D5.1 describes the choices of the optimal load profile(s) that have been
made in DAM. For RTO, the tolerances provided are then used for regulation provision.
Regulation provided by demands during RTO is thus an added flexibility on top of the
offers at the energymarket sessions (see D5.1 and [43]). Equations (4.19) and (4.20) ensure
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that demand ramps are not exceeded dependent on the amount of available reserve
(if reserve is indeed available). Equation (4.21) ensures that a minimum load is met over
the duration of the operation horizon.

p′
d,t − Pd,(t−1) ≤ R̄d∆t , ∀d ∈ D, ∀t ∈ T (4.19)

Pd,(t−1) − p′
d,t ≤

¯
Rd∆t , ∀d ∈ D, ∀t ∈ T (4.20)

¯
Ed ≤

τ−1∑
t=1

Pd,t∆t +
|T|∑
t=τ

p′
d,t∆t , ∀d ∈ D (4.21)

4.3.6 Energy Storage Systems

ESS can also provide regulation. Their scheduled commitment status determines their
availability (4.22) and (4.23). Importantly, (4.26) defines the evolution of the ESS state of
charge while (4.29) & (4.30) determine the charge level at the end of operation horizon.

P +
s,tus,t ≤ Ps,t + p+,↑

s,t − p+,↓
s,t ≤ P +

s us,t , ∀s ∈ S, ∀t ∈ T (4.22)

(1 − us,t)P −
s ≤ Ps,t + p−,↑

s,t − p−,↓
s,t ≤ P −

s (1 − us,t) , ∀s ∈ S, ∀t ∈ T (4.23)

p↑
s,t = p−,↑

s,t − p+,↑
s,t , ∀s ∈ S, ∀t ∈ T (4.24)

p↓
s,t = p−,↓

s,t − p+,↓
s,t , ∀s ∈ S, ∀t ∈ T (4.25)

es,t = (1 − γs)es,(t−1) +
(

Ps,t + p+,↑
s,t − p+,↓

s,t

)
∆tη+

s −

(
Ps,t + p−,↑

s,t − p−,↓
s,t

)
η−

s
∆t ,

∀s ∈ S, ∀t ∈ T (4.26)

0 ≤ γs ≤ 100 , ∀s ∈ S (4.27)

¯
Es,t ≤ es,t ≤ Ēs,t , ∀s ∈ S, ∀t ∈ T | t < T (4.28)

¯
αsĒs,t ≤ es,t ≤ ᾱsĒs,t , ∀s ∈ S, t = T (4.29)
0 ≤

¯
αs ≤ ᾱs ≤ 1 , ∀s ∈ S (4.30)

4.3.7 Network Representation

During RTO, all line flows are likely to change compared to expected scheduled values at
DAM. In D5.1, the DC power flow was considered and its formulation is included in (4.31) -
(4.34) for completeness. AC power flow relaxations and approximations was modelled in
Chapter 3.

pmn,t

Sb = 1
Xmn

(δm,t − δn,t) , ∀m, n ∈ L, ∀t ∈ T (4.31)

− P̄mn ≤ pmn,t ≤ P̄mn , ∀m, n ∈ L, ∀t ∈ T (4.32)
δb,t = 0 , b : ref., ∀t ∈ T (4.33)
− π ≤ δb,t ≤ π , ∀b ∈ B \ b : ref., ∀t ∈ T (4.34)
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5 User Manual for the Real-Time
Re-dispatch Tool

In this chapter, an introduction to the user manual for the real-time re-dispatch tool will
be outlined. The tool can be used for the optimization of the services provision described
in Chapters 3 and 4. The model developed is implemented in GAMS with an interface in
Excel. The user defines through different Excel worksheets, the parameters of the DVPP
units, required FCR and aFRR services, and the topology of the networks (parameters of
buses and branches).

5.1 Tool Capabilities

The developed tool can solve two broad problems

(I) FCR provision optimization by guaranteeing the evacuation of inertia and PFC
services offered by DVPP units connected to the power grid. This is done by:

(a) checking that network constraints are not violated with only the energy
market offers by the overall DVPP.

(b) carrying out the evacuation of the PFC service with the network limits,
technical parameters of units, market offers and prices as constraints.

(II) Secondary ancillary service optimization. The aFRR application is utilized by DVPP
manager to contribute to maintenance of system frequency when two situations
arise:

(a) when the Transmission System Operator (TSO) issues a command based
on the reserve capability submitted by the DVPP in reserve markets.

(b) when there is a change in the real-time generation of stochastic RES
compared to the submitted offers, an unscheduled unit/line goes offline,
and / or another cause.

These two categorizations lead to a requirement for re-dispatching real-time generation
/ consumption of the DVPP units before sending the effective operating points to the
individual units.

5.2 General Description

The tool can be conceptualized using the three blocks shown in Fig 5-1. The input(s)
to the function is prepared using Excel worksheets. These include cleared offers from
participation in energy as well as other markets like primary and secondary reserve
ancillary markets. Additionally, a description of the internal DVPP network and technical
parameters of DVPP units should be included in the Excel worksheets. Finally, the current
availability of stochastic units are also data points which can be included as input.
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The software that does the optimization is GAMS. It is classified as a black box and
shown in Fig 5-1 as the “Execute” box. The user does not need to make any modification
in GAMS as all the parameters to control the methodology and the granularity of the
solution is entered at the input stage through the Excel worksheets. The optimization is
only the intermediate stage as the output from GAMS (a .gdx file containing the active
power set points of all DVPP units) needs to be sent to the respective controllers of the
respective units.

It should be noted that the output from the re-dispatch tool serves as an input
for integration of the DVPP to secondary level controls being carried out in WP3.
The work in WP3 utilizes Matlab/Simulink for the real-time control actions of the
generation/consumption units. Thus, a script for the quick analysis of the optimization
output is done in the Matlab environment to extract the active power set points of the
DVPP units.

Input
[Excel]

Optimizer
[GAMS]

Output
[Matlab]

Initiate Execute Control

Figure 5-1 Conceptualization of FCR and aFRR tool

5.3 Description of Tool’s functions

As stated in Section 5.1, the real-time redispatch tool can be used to solve two broad
problem categorizations: optimization of FCR and aFRR service provision. These classes
also have sub-categories which are shown concisely in Fig 5-2. For either optimization call,
the power flow method can either be the DC-PF or the approximate AC-PF method.

aFRR 
optimization

FCR 
optimization

Unit basis DVPP basis TSO
command

DRES
changes

DC-​PF AC-​PF

Units provide 
offered amount

Units can provide 
more / less

Figure 5-2 Re-dispatch tool functionality
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5.4 Preparation of input data

The Excel input workbook is divided into five (5) separate worksheets for grouping
parameters of related properties. The workbook includes the following worksheets:

(i) Global params: Solver control settings and constant values;

(ii) Buses

(iii) Branches Lines: Internal network of the DVPP,

(iv) DVPP Units: Technical parameters of DVPP units

(v) Dispatches: Submitted offers from energy market, commitment statuses of units,
availability of ND-RES units, and regulation provision by each DVPP unit.

5.4.1 Global parameters

The first worksheet contains global parameters that control the settings used for execution
of the chosen service in GAMS. Some of the parameters included in this worksheet are
reproducedbelow in Table 5-1 with brief comments on the description of each parameter
and what it controls in the optimizer.

Table 5-1 Global parameters

Parameters Description

Periods Number of periods used in energy markets.

Subperiods Number of subdivisions for real time optimization.

Penalty cost Penalty cost for not fulfilling TSO requirement [e ]

TSO command Command for secondary control service (AGC) request [MW]

Solver Select An integer between 1 and 4 used to select which program to run
according to key below:

1. DC power flow for inertia and PFC service

2. AC power flow for inertia and PFC service

3. DC power flow for aFRR service

4. AC power flow for aFRR service

PFC Mode An integer between 1 and 2 to select if PFC service is compulsory
on unit basis or shared:

1. Unit basis: each unit provides the scheduled PFC service

2. DVPP basis: PFC service provided on shared basis (some units
can provide more/less than offered)
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5.4.2 Other parameter groups

In the following paragraphs, a snapshot of the other parameter groupings as they appear
in their respective Excel worksheets will be utilized in their description.

5.4.2.1 Buses

The bus data as shown in Fig 5-3 include identification of the bus for indexing, the system
which the bus is connected to (it can either be to the distribution or transmission network),
and name of the bus. Other headings in this worksheet include: Base voltage (in kV) for
computation in per unit, code depicting if the bus is a PQ (1), PV (2) or slack (3) bus and
normalminimum/maximumvoltage in eachbus in pu. Finally andespeciallywhen running
the optimizer for aFRR provision, the traded power and regulation allowance need to be
known. The final columns in the bus datasheet also comprise traded power in the bus
connected to the transmission grid, up regulation offer for secondary reserve provision,
and down regulation offer for secondary reserve provision.

BUS PARAMETERS DESCRIPTION

Bus ID \\ Identification of bus for indexing (must be unique)

Bus Type \\ Specification for internal or external bus to the DVPP

Bus  Name \\ Name of the bus

Base kV \\ Base voltage for computation in per unit [kV]

Code \\ Code depicting if the bus is slack (3), PV (2) or PQ (1)

Normal Vmax (pu) \\ Normal maximum voltage in each bus in per unit

Normal Vmin (pu) \\ Normal minimum voltage in each bus in per unit

Bus ID Bus Type Bus  Name Base kV Code Normal 
Vmax (pu)

Normal 
Vmin (pu)

B1 E B1 132 3 1.1 0.95
B2 I B2 66 1 1.1 0.95
B3 I B3 66 1 1.1 0.95
B4 I B4 66 1 1.1 0.95
B5 I B5 20 2 1.1 0.95
B6 I B6 66 1 1.1 0.95
B7 I B7 66 1 1.1 0.95
B8 I B8 20 2 1.1 0.95

Bus ID PERIOD
Traded 
Power 
(MW)

UP SR 
offer 
(MW)

Down SR 
offer 
(MW)

B1 1 87.22 3.90 3.33
B1 2 68.83 23.17 19.81
B1 3 79.07 24.62 19.70
B1 4 81.93 25.13 20.10

Figure 5-3 Bus parameters

44



POSYTYF Deliverable 5.3

5.4.2.2 Branches Lines

The branch parameters are double indexed on the origin and destination buses. The
worksheet comprises the resistances, reactances, charging susceptances and ratings
of the lines present in the internal DVPP network. Additionally, in cases where security
constraints need to be modeled, the “In service” status of each line is also included in the
datasheet for branches.

BRANCH 
PARAMETERS DESCRIPTION

From Bus \\ Origin bus for line
To Bus \\ Destination bus for line

Line R (pu) \\ Resistance of line [pu]
Line X (pu) \\ Reactance of line [pu]

Charging B (pu) \\ Charging susceptance of line [pu]
In Service \\ Status of line. '1' if line is in service, '0' if line is out of service [-]

RATE (MVA) \\ Line rating [MVA]

From Bus To Bus Line R (pu) Line X (pu) Charging B 
(pu)

In 
Service RATE (MVA)

B1 B2 0.01 0.05 0 1 200
B2 B4 0.012 0.0721 0.0014 1 100
B2 B3 0.012 0.0721 0.0014 1 100
B3 B6 0.012 0.0721 0.0014 1 100
B4 B5 0.01 0.03 0 1 200
B4 B7 0.012 0.0721 0.0014 1 100
B6 B8 0.016 0.048 0 1 125

Figure 5-4 Branch parameters

5.4.2.3 DVPP units

DVPP units are indexed by the ID and the buses which the individual units are located. The
following list gives a description of the parameters included in the DVPP units worksheet.

• DVPP ID

• Bus location to which the DVPP unit
is connected

• Maximumactive power capacity of
DVPP unit [MW]

• Minimum active capacity of DVPP
unit [MW]

• Maximum reactive power capacity

of DVPP unit [MW]

• Minimum reactive capacity of
DVPP unit [MW]

• Active power ramp up [MW]

• Active power ramp down [MW]

• Startup/Shutdown ramp [MW]
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• Up/Down regulation cost of DVPP
unit [e ]

• Operation cost of VPP unit during
DAM [e ]

• Minimum overall consumption of
demand unit over participation
horizon [MWh]

• Identifier of DVPP unit (a generator
[G], demand [D] or ESS unit [E])

• Post-disturbance steady-state fre-
quency deviation [%]

• Amount of inertia to be provided by
DVPP unit [%]

• Charge/Discharge capacity of En-
ergy Storage Systems [MW]

• Charging/Discharging efficiency of
Energy Storage systems [%]

5.4.2.4 Dispatches

This worksheet is especially important for the problem that involves rolling-time
optimization for secondary reserve provision (see Fig. 5-5). The indexes utilized in this
worksheet are the DVPP ID and periods of offer submission in the energy and reserve
market. The parameters here, at each period, are the commitment status of individual
units, scheduled offers of the units, and their maximum up and down regulation. Finally,
the availability of ND-RES units and reactive load for demand units are also included in
this worksheet.

DISPATCH PARAMETERS DESCRIPTION

DVPP ID \\ Identification of VPP unit for indexing
Period \\ Period utilized in energy market scheduling

Commitment \\ Commitment status of VPP unit at each period [-]
PGen (MW) \\ Generation/consumption of VPP unit in each period [MW]

Start up \\ Start up status of VPP unit [-]
Reg max up (MW) \\ Maximum up regulation that VPP unit can provide [MW]

Reg max down (MW) \\ Maximum down regulation that VPP unit can provide [MW]
PAvailable (MW) \\ Available real time generation of stochastic RES units [MW]

Qload (Mvar) \\ Reactive power consumption of VPP demand units [Mvar]

DVPP ID Period Commit
ment

PGen 
(MW) Start up

Reg 
max up 
(MW)

Reg max 
down 
(MW)

PAvailab
le (MW)

Qload 
(MVAr)

U1 1 1 111 1 0 0 0 0
U2 1 0 0 0 0 0 0 0
U3 1 1 15.22 0 0 0 0 0
U4 1 1 5 0 0.5 0 0 0
U5 1 1 18 0 1.8 0 0 0
U6 1 1 16 0 1.6 0 0 0

Figure 5-5 Dispatch parameters
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5.5 Operating Instructions

The main driver for the optimization problems rest on the settings made in the Global
parameters worksheet. Worksheets containing the parameters for buses, branches,
DVPP units and dispatches do not need major modifications. The data has to be
checked for completeness for the corresponding program the user wants to solve. In
the following subsections, the proper settings for the global parameters are outlined to
run the optimization program for FCR or aFRR provision.

5.5.1 Optimizing for FCR Provision

The step-by-step instruction below shows how to run the FCR optimization model for a
12-bus network with 2 distributed generators, a solar photovoltaic system and an ESS.

5.5.1.1 Specifying the input data

(i) Global Parameters: The highlighted parameters in red in Fig 5-6 are the necessary
settings for running the FCR optimization. The greyed out parameters are for
secondary reserve optimization. As shown in Fig 5-6:

• “Solver select” must be set to either “1” or “2” to choose whether the
power flow is run using DC-PF or AC-PF.

• “EM_cost”,“PM_cost”, and “IM_cost” are set to the prices of the energy,
PFC, and inertia markets respectively. In the situation where no market
exists, these parameters act as weights for the objective function. Their
values are thus set such that their sum is equal to 1 as described in 3.2.

• “IPFCMode” is set to “1” if all units must provide theminimum or obligatory
offering made in earlier markets. This is especially the case when PFC
service provision is obligatory and when single units bid in the frequency
containment reservemarket (e.g., islands). On theother hand, thismode is
set to “2” when aDVPP sends offers from units in its portfolio as a single offer
(e.g., in large interconnected systems) . The DVPP can thus redispatch the
FCR service among the different generators, loads, and/or storage in its
collection. The same reasoning goes for the case where a DSO submits a
single bid from different DGs connected to its network.

• The last parameter setting in this worksheet is the “Power base”. This is the
base apparent power used within GAMS to simplify computations having
equations in per-unit basis.
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\\ GLOBAL 
PARAMETERS VALUE DESCRIPTION

\\Periods and 
subperiods

Period 24 \\ Number of periods used in energy markets. Range: {1..96}
Sub_period 60 \\ Number of subdivisions for real-time optimization. Range: {1..120}

Hstart 5 \\ Starting period for optimization
Tstart 2 \\ Starting subperiod for optimization

\\ TSO 
command and 

penalty cost
Penalty cost 750 \\ Penalty cost for not fulfilling TSO requirement [€]

TSO Command 3.9 \\ TSO command for secondary control service (AGC) request [MW]

\\ Command to  
select which 

program to run
Solver select 1 \\ Set this scalar to select program mode

1. DC power flow for inertia and PFC service (IPFC_DCOPF)
2. AC power flow for inertia and PFC service (IPFC_ACOPF)
3. DC power flow for aFRR optimization (aFRR_DCOPF)
4. AC power flow for aFRR optimization (aFRR_ACOPF)

\\ Cost of IPFC 
service provision

EM_cost 22.5 \\ Energy market price [€]
PM_cost 30 \\ Primary frequency control market price  [€]
IM_cost 25 \\ Inertia market price  [€]

IPFC Mode 1 \\ Set this scalar to select mode of IPFC service
1. Compulsory: each unit provides the minimum PFC
2. PFC provided on VPP basis (some units provide more or less than 
offered)

\\ ESS 
parameters

Gamma 0 \\ Self discharge rate of BESS
ESS_lb_final 0.09 \\ Lower bound multiplier for ESS at final period

\\ Other 
parameters

Lambda 500 \\ Cost to avoid simultaneous up/down reg provision [€]
Power base 100 \\ Base apparent power [MVA]

Figure 5-6 Example of global parameter settings for FCR
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(ii) Bus parameter settings: To properly identify the buses, a unique “Bus ID” must be
specified for each one. Additionally, the type of grid that each bus is connected
to must be defined. Whereas “I” represents buses connected to the DVPP’s
internal network, “E” represents the buses external to the DVPP network. In this
sense, the bus labeled, “E”, is the sink where the PFC service must be sent to.
In the case where the DVPP’s network falls short and needs power from the
grid, the same bus(es) connected to external network is the entry point. More
importantly, the maximum and minimum voltage magnitudes “Normal Vmax
(pu)” and “Normal Vmin (pu)” both in per-unit bases must be specified in this
worksheet as shown in Fig 5-7.

BUS PARAMETERS DESCRIPTION

Bus ID \\ Identification of bus for indexing (must be unique)

Bus Type \\ Specification for internal or external bus to the DVPP

Bus  Name \\ Name of the bus

Base kV \\ Base voltage for computation in per unit [kV]

Code \\ Code depicting if the bus is slack (3), PV (2) or PQ (1)

Normal Vmax (pu) \\ Normal maximum voltage in each bus in per unit

Normal Vmin (pu) \\ Normal minimum voltage in each bus in per unit

Bus ID Bus Type Bus  Name Base kV Code Normal 
Vmax (pu)

Normal 
Vmin (pu)

B1 E B1 132 3 1.1 0.95
B2 I B2 66 1 1.1 0.95
B3 I B3 66 1 1.1 0.95
B4 I B4 66 1 1.1 0.95
B5 I B5 20 2 1.1 0.95
B6 I B6 66 1 1.1 0.95
B7 I B7 66 1 1.1 0.95
B8 I B8 20 2 1.1 0.95

Figure 5-7 Example of bus parameter settings for FCR
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(iii) Line parameter settings: these are the parameters that define the network
characteristics such as the line resistances, “Line R (pu)” and reactances, “Line
X (pu)” as well as MVA ratings of the lines,“RATE (MVA)”. Additionally, the line
charging susceptance, “Charging B (pu)” is required for generating a more
complete admittance matrix for computation of the line flows. Finally, the “In
Service” parameter can be utilized in setting the line to its online or offline state.

BRANCH 
PARAMETERS DESCRIPTION

From Bus \\ Origin bus for line
To Bus \\ Destination bus for line

Line R (pu) \\ Resistance of line [pu]
Line X (pu) \\ Reactance of line [pu]

Charging B (pu) \\ Charging susceptance of line [pu]
In Service \\ Status of line. '1' if line is in service, '0' if line is out of service [-]

RATE (MVA) \\ Line rating [MVA]

From Bus To Bus Line R (pu) Line X (pu) Charging B 
(pu)

In 
Service RATE (MVA)

B1 B2 0.01 0.05 0 1 200
B2 B4 0.012 0.0721 0.0014 1 100
B2 B3 0.012 0.0721 0.0014 1 100
B3 B6 0.012 0.0721 0.0014 1 100
B4 B5 0.01 0.03 0 1 200
B4 B7 0.012 0.0721 0.0014 1 100
B6 B8 0.016 0.048 0 1 125

Figure 5-8 Example of line parameter settings for FCR
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(iv) DVPP units: as shown in Fig 5-9, a unique identification for each of the DVPP or
DG unit is required. Duplicate names are not allowed in this particular “DVPP ID”
columnas the duplicates would be dismissedwithin the optimization environment.
The “Bus Number” which the unit is connected to is also specified. Validation
is carried out while entering the data such that the specified buses in item (ii)
above are the only allowed entries in this column. Furthermore, the category of
the DVPP/DG unit must be stated in the column “Unit type”. The only allowed
entries are “G” for generating units, “D” for demand units and “E” for ESS units. This
worksheet also collects the maximum and minimum active and reactive power
for each units, “PMax (MW)”, “PMin (MW)”, “QMax (MVAr)”, and “QMin (MVAr)”.
Finally, the steady state frequencydeviation aswell as the percentageof inertia to
be providedby each unit are specified in “Delta_fss (%)” and “Inertia (%)” columns
respectively.

VPP 
PARAMETERS DESCRIPTION

DVPP ID \\ Identification of VPP unit for indexing
Bus  Number \\ Bus location to which the VPP unit is connected
PMax (MW) \\ Maximum active power capacity of VPP unit [MW]
PMin (MW) \\ Minimum active capacity of VPP unit [MW]

QMax (Mvar) \\ Maximum reactive power capacity of VPP unit [MW]
QMin (Mvar) \\ Minimum reactive capacity of VPP unit [MW]
Delta_fss (%) \\ Post

‐

disturbance steady

‐

state frequency deviation [%]
Inertia (%) \\ Amount of inertia to be provided by VPP unit [%]

DVPP ID Bus  
Number Unit type PMax 

(MW)
PMin 
(MW)

QMax 
(Mvar)

QMin 
(Mvar)

Delta_fss 
(%) Inertia (%)

DG1 B5 G 40 -40 30 -30 0.08 0.1
DG2 B5 G 160 0 120 -120 0.08 0.1
PV B8 G 40 0 30 -30 0.08 0.1
ESS B8 E 40 0 30 -30 0.08 0.1

Figure 5-9 Example of DVPP/DG parameter settings for FCR
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(v) Dispatches: In this worksheet as shown in Fig 5-10, four main parameters are
outlined here. The status of the unit, which can only take a binary value of 0 or 1,
is specified in the “Commitment” column. The generation/consumption and the
availability of each unit are stated in the “PGen (MW)” and “PAvailable (MW)”
columns. For demand units, the value in “PGen (MW)” represent their active
power load (positive values are expected here and the direction of power flow
is addressed within GAMS). Finally, the column “Qload (MVAr)” represents the
reactive power loads of the demand units.

DISPATCH 
PARAMETERS DESCRIPTION

DVPP ID \\ Identification of VPP unit for indexing
Period \\ Period utilized in energy market scheduling

Commitment \\ Commitment status of VPP unit at each period [-]
PGen (MW) \\ Generation/consumption of VPP unit in each period [MW]

PAvailable (MW) \\ Available real time generation of stochastic RES units [MW]
Qload (MVAr) \\ Reactive power consumption of VPP demand units [MVAr]

DVPP ID Period Commitment PGen (MW) PAvailable 
(MW)

Qload 
(MVAr)

DG1 1 1 30 40 0
DG2 1 0 0 0 0
PV 1 1 120 160 0
ESS 1 1 -20 40 0

Figure 5-10 Example of dispatches of DVPP/DG units for FCR

5.5.1.2 Analysing the output data

After setting up the input appropriately, GAMS is called to do the optimization. The call
to the optimizer will be done by clicking a “solve” button on the Global parameters
worksheet without needing to access theGAMS file. The process of reading the data from
Excel, optimizing by GAMS and writing the results back to excel from GAMS takes only a
few seconds dependent on the device being used. Also, dependent on the selected
solver, which could either be DC-PF, “1”, or AC-PF, “2”, results are written to the output
worksheet in the excel file.

In Fig 5-11, a snapshot of the results from running the problem described above using
“Solver select” = “2” and “IPFC Mode” = “1” is shown. Conversion status = 1 reveals a
successful completion of the optimization problem. The conversion status can take other
values, for example, if the solver cannot find a solution or due to error in data that made
the problem unbounded or infeasible. A full description of the status of the model status
is available at the GAMS solver summary documentation1. The parameter “vGrid_P” is
the sum total of the active power sent to or obtained from the buses connected to the
transmission network whereas “vGrid_Q” is the reactive power counterpart.

1https://www.gams.com/latest/docs/UG_GAMSOutput.html#UG_GAMSOutput_ModelStatus
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Conversion Status

1

DVPP ID
Active Power 

Gen [MW]
PFC 

[MW]
Inertia 
[MW]

Reactive 
Power Gen 

[MVar]

vGrid_P ESS -20.0000 0.0000 0.0000 30.0000
-154.5032 PV 120.0000 0.0000 0.0000 -39.9101

DG1 30.0000 0.0000 0.0000 -15.6118
DG2 30.0000 0.0000 0.0000 -30.0000

vGrid_Q
81.9474

Dispatches

Figure 5-11 Example of output of PFC service with AC-PF model

In Fig 5-12, the branch flows are shown. Expected active and reactive power flows
values are given as well as % of line ratings. At a glance, the last column shows the relative
loading of each line either in the internal network of the DVPP or the distribution network.

From bus To bus
Active Power 
Flow [MW]

Reactive 
Power Flow 

[MW]

Line Rating 
Result [MVA]

Line Rating 
Actual 
[MVA]

% of Line 
Rating

B1 B2 -155.5395 76.7658 173.4518 200 86.73
B2 B1 155.5395 -76.7658 173.4518 200 86.73
B2 B4 -98.9218 14.2158 99.9381 100 99.94
B2 B3 -58.4115 52.8171 78.7499 100 78.75
B4 B2 98.9218 -14.3620 99.9590 100 99.96
B4 B7 0.0000 -0.1459 0.1459 100 0.15
B4 B5 -99.6875 10.8476 100.2760 200 50.14
B7 B4 0.0000 0.0000 0.0000 100 0.00
B3 B2 58.4115 -52.9679 78.8511 100 78.85
B3 B6 -59.0209 49.3070 76.9067 100 76.91
B6 B3 59.0209 -49.4661 77.0088 100 77.01
B6 B8 -59.6630 46.6229 75.7190 125 60.58
B5 B4 99.6875 -10.8476 100.2760 200 50.14
B8 B6 59.6630 -46.6229 75.7190 125 60.58

Branch Flows [MW]

Figure 5-12 Example of line flows from PFC service with AC-PF model
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5.5.2 Optimizing for aFRR Provision

In this section, the operating instruction mirrors what was described in Section 5.5.2 but
with some differences. In the global parameters worksheet, the required parameters to
run the optimization are a bit different. Furthermore, in the description of the “DVPP units”
and “Dispatch” worksheets, more parameters need to be specified.

5.5.2.1 Input data

(i) Global Parameters: The highlightedparameters in red in Fig 5-13 are the necessary
settings for running the aFRR optimization. The greyed out parameters are
previously described for FCR service provision. As shown in Fig 5-13:

• “Period” signifies the number of periods for cleared offers in the energy
markets. In most wholesale markets where hourly auctions are the norm,
this value will be 24. In markets where bids are submitted in 15 minutes
intervals, the value is expected to be 96 etc. Subsequent references to
energymarket auctions and cleared offers assumes the hourly clearance,
i.e., Period = 24.

• “Sub_period” is the number of intended subdivisions for each period
stated above. For example, if the real-time optimization for secondary
control is to be done every minute, this parameter would be set at
60. If, however, the optimization is preferred every 5 minutes, then this
parameter should have a value of 12.

• “Hstart” and “Tstart” specify the starting period and subperiod for
the optimization. Since this work considers a rolling-time horizon, the
optimization does not always start at “1”. If the TSO sends a command
for secondary control activation at 13:45 for example, then the “Hstart” is
set to 13 and “Tstart” = 45 if a 60 minute sub_period division is considered.

• “Penalty cost” is the opportunity cost incurred by the DVPP manager
for the inability to fulfil the TSO command. This cost has to be chosen
strategically, and relative to the operation cost and DAM of all DVPP units,
such that it’s the last option for the optimization problem.

• “TSO Command” is the automatic activation request by the system
operator for frequency restoration in the power network.

• “Solver select” must be set to either “3” or “4” to choose whether the
power flow is run using DC-PF or AC-PF.

• “Gamma” defines the self discharge rate of the BESS to capture realistic
operation mode of the BESS as described in Section 4.3.6. If there is no
BESS in the DVPP portfolio, this value is assigned a value of 0.

• “Lambda” is an optimization cost chosen to avoid simultaneous provision
of up/down regulation by the same unit at the same instant of time. The
choice of this value is left to the user who has an overall oversight of all
the operation and other costs in their system. As such, this cost must be
chosen so that it is higher than all operation and energy market costs but
lower than the “Penalty cost”.
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• The last parameter setting in this worksheet is the “Power base”. This is the
base apparent power used within GAMS to simplify computations having
equations in per-unit basis.

\\ GLOBAL 
PARAMETERS VALUE DESCRIPTION

\\Periods and 
subperiods

Period 24 \\ Number of periods used in energy markets. Range: {1..96}
Sub_period 60 \\ Number of subdivisions for real-time optimization. Range: {1..120}

Hstart 5 \\ Starting period for optimization
Tstart 2 \\ Starting subperiod for optimization

\\ TSO 
command and 

penalty cost
Penalty cost 750 \\ Penalty cost for not fulfilling TSO requirement [€]

TSO Command 3.9 \\ TSO command for secondary control service (AGC) request [MW]

\\ Command to  
select which 

program to run
Solver select 3 \\ Set this scalar to select program mode

1. DC power flow for inertia and PFC service (IPFC_DCOPF)
2. AC power flow for inertia and PFC service (IPFC_ACOPF)
3. DC power flow for aFRR optimization (aFRR_DCOPF)
4. AC power flow for aFRR optimization (aFRR_ACOPF)

\\ Cost of IPFC 
service provision

EM_cost 22.5 \\ Energy market price [€]
PM_cost 30 \\ Primary frequency control market price  [€]
IM_cost 25 \\ Inertia market price  [€]

IPFC Mode 1 \\ Set this scalar to select mode of IPFC service
1. Compulsory: each unit provides the minimum PFC
2. PFC provided on VPP basis (some units provide more or less than 
offered)

\\ ESS 
parameters

Gamma 0 \\ Self discharge rate of BESS
ESS_lb_final 0.09 \\ Lower bound multiplier for ESS at final period

\\ Other 
parameters

Lambda 500 \\ Cost to avoid simultaneous up/down reg provision [€]
Power base 100 \\ Base apparent power [MVA]

Figure 5-13 Example of global parameter settings for aFRR
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(ii) Bus parameter settings: The description in Section 5.5.1.1 applies in this case but
with some extra additions. As shown in the second half of Fig 5-14, the traded
power and regulation allowance need to be known for aFRR. The “Traded Power”
specifies the cleared power trade which the DVPP is expected to exchange with
the main bus through the PCC. “UP SR offer” and “Down SR offer” are the cleared
up and down regulation offer for secondary reserve.

BUS PARAMETERS DESCRIPTION

Bus ID \\ Identification of bus for indexing (must be unique)

Bus Type \\ Specification for internal or external bus to the DVPP

Bus  Name \\ Name of the bus

Base kV \\ Base voltage for computation in per unit [kV]

Code \\ Code depicting if the bus is slack (3), PV (2) or PQ (1)

Normal Vmax (pu) \\ Normal maximum voltage in each bus in per unit

Normal Vmin (pu) \\ Normal minimum voltage in each bus in per unit

Bus ID Bus Type Bus  Name Base kV Code Normal 
Vmax (pu)

Normal 
Vmin (pu)

B1 E B1 132 3 1.1 0.95
B2 I B2 66 1 1.1 0.95
B3 I B3 66 1 1.1 0.95
B4 I B4 66 1 1.1 0.95
B5 I B5 20 2 1.1 0.95
B6 I B6 66 1 1.1 0.95
B7 I B7 66 1 1.1 0.95
B8 I B8 20 2 1.1 0.95

Bus ID PERIOD
Traded 
Power 
(MW)

UP SR 
offer 
(MW)

Down SR 
offer 
(MW)

B1 1 87.22 3.90 3.33
B1 2 68.83 23.17 19.81
B1 3 79.07 24.62 19.70
B1 4 81.93 25.13 20.10

Figure 5-14 Example of bus parameter settings for aFRR

(iii) Line parameter settings: See line parameter settings in Section 5.5.1.1 (iii).
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(iv) DVPP units: as shown in Figs 5-15 & 5-16, more parameter settings are required for
aFRR service than for primary control evacuation. The parameter descriptions in
Section 5.5.1.1 (iv) are valid for secondary control and other parameters are briefly
outlined in this section. “Ramp up” and “Rampdown” are especially important for
thedispatchable resources, ESS anddemandunits in theDVPP. These rampvalues
should be set based on the “Period” settings defined in the global parameters (i)
above. If the daily wholesale market is based on hourly auctions for example,
then the ramps should be per hour. The inclusion of “Ramp startup” and “Ramp
shutdown” in the parameter listing is especially for generation units that have a
different ramp during startup or shutdown actions. This value can be set to the
normal ramp up or down values if there is no ramping difference during the start-
up or shutdown.

VPP 
PARAMETERS DESCRIPTION

DVPP ID \\ Identification of VPP unit for indexing
Bus  Number \\ Bus location to which the VPP unit is connected

Unit type \\ Keyword stating DVPP nature as a generator [G], demand [D] or ESS unit [E]
PMax (MW) \\ Maximum active power capacity of VPP unit [MW]
PMin (MW) \\ Minimum active capacity of VPP unit [MW]

QMax (Mvar) \\ Maximum reactive power capacity of VPP unit [MW]
QMin (Mvar) \\ Minimum reactive capacity of VPP unit [MW]

Ramp up (MW) \\ Active power ramp up [MW]
Ramp startup 

(MW) \\ Startup ramp [MW]
Ramp down 

(MW) \\ Active power ramp down [MW]
Ramp shutdown 

(MW) \\ Shutdown ramp [MW]

DVPP ID Bus  
Number

Unit 
type

PMax 
(MW)

PMin 
(MW)

QMax 
(Mvar)

QMin 
(Mvar)

Ramp 
up 

(MW)

Ramp 
startup 
(MW)

Ramp 
down 
(MW)

Ramp 
shutdow
n (MW)

DG1 B6 G 100 20 50 -50 200 200 200 200
DG2 B9 G 5 0.5 20 -20 100 100 100 100
PV B4 G 50 0 30 -30 50 50 50 50
ESS B8 E 50 0 30 -30 50 50 50 50

DEM1 B1 D 5 0 0 0 0.5 0.5 0.5 0.5
DEM2 B3 D 20 0 0 0 2 2 2 2

Figure 5-15 Example of DVPP parameter settings for aFRR (1)
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The other set of parameters described in Fig 5-16 include costs used to compute
the regulation hierarchy and ESS parameters. “Gen_0” and “Gen_ commit”
specify the generation and commitment status of each DVPP unit respectively
before 1st period of the current operation horizon. These parameters are the last
generation and commitment status of a unit at the final period of day D-1 if the
daily wholesale market is being considered.

“Reg up cost” and “Reg down cost” are the up and down regulation provision
cost of each DVPP unit. This cost could be the same or different based on the
operation specifics of the overall DVPP as described in Section 4.2. “DAM cost” is
the operation cost of DVPP unit utilized during energy market auction. This cost is
included so that a new reassignment of generation/consumption will not be done
at real time. The expected adjustment is done based on the quoted regulation
prices.

Finally, ESS parameters are specified. These include “ESS ch cap” and “ESS
dis cap” which are the maximum charge and discharge capacities of the ESS.
Additionally, the charging and discharging efficiencies for each energy storage
system are introduced under the columns “ESS ch eff” and “ESS dis eff”. For
thermal storage systems that are connected to Solar Thermal Unit (STU), the
parameters are in thermal units and have to be assigned appropriately. The
charge and discharge capacities have to be input in thermal units while the
conversion from the thermal to electrical units are carried out within the optimizer.

VPP PARAMETERS DESCRIPTION

Gen_0 commit \\ Commitment status of the VPP unit before 1st period [-]
Gen_0 (MW) \\ Active power generated by VPP unit before 1st period [MW]

Reg up cost (Eur) \\ Up regulation cost of VPP unit [€]
Reg down cost 

(Eur) \\ Down regulation cost of VPP unit [€]

DAM cost (Eur) \\ Operation cost of VPP unit during DAM participation [€]
Et Min (MWh) \\ Minimum daily consumption of demand [MWh]

ESS ch cap (MW) \\ Charge capacity of Energy Storage System [MW]
ESS dis cap (MW) \\ Discharge capacity of Energy Storage System [MW]

ESS ch eff (%) \\ Charging efficiency of Energy Storage system [%]
ESS dis eff (%) \\ Discharging efficiency of Energy Storage System [%]

Gen_0 commit Gen_0 
(MW)

Reg up 
cost 
(Eur)

Reg down 
cost (Eur)

DAM 
cost 
(Eur)

Et Min 
(MWh)

ESS ch 
cap 

(MW)

ESS dis 
cap 

(MW)

ESS ch 
eff (%)

ESS dis 
eff (%)

1 100 8 8 15 0 0 0 0.9 0.9
0 0 8 8 20 0 0 0 0.9 0.9
1 20 2 2 0 0 0 0 0.9 0.9
1 30 5 5 0 0 50 50 0.9 0.9
0 5 10 10 0 120 0 0 0.9 0.9
1 5 15 15 0 480 0 0 0.9 0.9

Figure 5-16 Example of DVPP parameter settings for aFRR (2)
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(v) Dispatches: In addition to the generation/consumption, availability and
commitment statuses of DVPP units described in Section 5.5.1.1(v), other
parameters are expected to be set for secondary control. The startup status of
the units at the respective periods, which can only take binary values of 0 or 1,
must be specified. Finally, the maximum up and down regulation provision by
each unit must also be specified under the columns labelled “Reg max up” and
“Reg max down”.

DISPATCH 
PARAMETERS DESCRIPTION

DVPP ID \\ Identification of VPP unit for indexing
Period \\ Period utilized in energy market scheduling

Commitment \\ Commitment status of VPP unit at each period [-]
PGen (MW) \\ Generation/consumption of VPP unit in each period [MW]

Start up \\ Start up status of VPP unit [-]
Reg max up (MW) \\ Maximum up regulation that VPP unit can provide [MW]

Reg max down (MW) \\ Maximum down regulation that VPP unit can provide [MW]
PAvailable (MW) \\ Available real time generation of stochastic RES units [MW]

DVPP ID Period Commit
ment

PGen 
(MW) Start up Reg max 

up (MW)

Reg max 
down 
(MW)

PAvailable 
(MW)

DG1 1 1 30 1 0 0 40
DG2 1 0 0 0 3.5 0 0
PV 1 1 120 0 0.45 0 160
ESS 1 1 -20 0 0 0 40

Figure 5-17 Example of dispatches of DVPP units for aFRR
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5.5.2.2 Processing the output

The output from running the secondary control optimization tool serve as inputs to the
controllers for each of the units in the DVPP portfolio. As such, these results must be
appropriately processed, conscientiously analysed, and transferred to the end user in
the right format and within a reasonable time-frame. Essential results needed by the
respective DVPP units are their active power generation/consumption set-points. After
the optimization is done in the GAMS environment, the set-points are written into a GAMS
Data eXchange (GDX) file. This file is then transferred to eachDVPP unit where customised
tools for reading and utilizing the data points for their respective devices have been setup.

The following gives a turnkey description of the tool for a DVPP manager who has set
up their units in Matlab simulink environment. In this scenario, a Matlab m-file is written
that accesses the GDX file and obtains the respective active power set-point for each of
the units contained in its portfolio. Figure 5-18 shows a snapshot of such m-file content.
It should be noted that fast communication apparatus might be required to ensure that
data is transferred quickly and without lags. In this example of data access shown, the
GDX file is located in the DVPP manager’s cloud environment. Then, the set-point can be
read directly from cloud. The speed of data-access, in this case, will then be based on
the availability and speed of internet at both DVPP management and respective unit’s
end.

D:\OneDrive - Universidad Pontificia Comillas\Documents\data.m Wednesday, 15 June 2022 13:50

import GAMS.*
import GAMSTransfer.*

% Results of the frequency containment reserve service provision
fcr = Container("C:~\GAMS\Studio\workspace\VPP_RTM\FCR.gdx" );

% Results of the real-time DVPP operation result for secondary control
afrr = Container("C:~\GAMS\Studio\workspace\VPP_RTM\aFRR.gdx");

% Parameter description and numerical values
fcr_data = fcr.describeParameters();
afrr_data1 = afrr.data.pActive_power.records;
afrr_data2 = afrr.data.pReg.records;

-1-

Figure 5-18 Matlab m-file for processing GDX
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6 Preliminary Case Studies and Results

The following sections present exploratory test cases used to illustrate the developed
models. In Section 6.1, two scenarios for Frequency Containment Reserve (FCR) provision
that can be followed by back of the envelope calculations are presented. The results
from the developed GAMS model are further validated with a commercial tool (Power
System Simulator for Engineering (PSS/E)) used for simulating electrical power transmission
networks in steady-state conditions as well as over timescales of a few seconds to tens of
seconds. One of the value additions which the FCR tool has over the PSS/E is reduction
of user interaction. The workflow has been designed and implemented such that the
execution of the algorithm acts as a black box. Any conceivable simulation test and
update of parameters can be directly done from the excel workbook. Additionally, the
power flow formulation in the tool has been used within an optimization problem. While
the test reported has been made simple to be able to utilize the PSS/E for its simulation,
power systems and inherent operation characteristics aremore complex. Thus, they need
an interface that affords making small changes quickly while the model adapts such
changes and returns solutions in useful formats promptly. The developed tool is thus more
robust and presents a more nuanced user interaction. With respect to secondary control
(aFRR), in Section 6.2, case studies that show the redispatch capability of the developed
tool for secondary control are presented.

6.1 FCR Provision Test Cases and Results

To show how the model works, an 8-bus system test case is analyzed for the compulsory
provision of inertia and PFC service [44]. The test system allows to easily confirm the
obtained results. Since both up and downwards inertia and PFC services need to be
considered, two scenarios are considered for the simple test case: (1) high generation,
(2) high demand. These two scenarios stress the provision of upward anddownward I+PFC
services, respectively. Indeed, a high generation scenario poses more likely problems to
additional power injection due to I+PFC service activation. Under these categorizations,
each of the scenarios were further investigated under the following two broad sets:

(i) Initial dispatch without I+PFC service provision and fixed voltage magnitudes
at PCC. In this case, the scheduled generation is checked for feasibility and
presence of overloaded lines.

(ii) Updated dispatch with I+PFC service provision. The model is then run with PFC
provision to guarantee the provision of the scheduled services at real time.

6.1.1 8-bus test system

Using thepower network shown in Fig 6-1, the high generation and highdemand scenarios
were analysed and evaluated. The capacities of the DGs are 40 MW each whereas the
RES1 is a PV of 160 MW and RES2 is an ESS of 40 MW which can discharge and charge up
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to its capacity The inertia and PFC for all generators have per capacity rates of 10% and
8%, respectively. This corresponds to amandatory service as defined by current operation
procedures.

B1 B2
B3 B6

B4

B5

B7

B8

L1

L2

L3

L4

L5

L6

L7

DG1

RES1 RES2

L8

DG2

Figure 6-1 Power network

Prices used for the energy, inertia and PFC evacuation, λEM, λIM and λPM, are,
respectively, e22.5/MWh, e30/MW and e25/MW in all scenarios. The considered prices
are artificial and they do not necessarily reflect real prices, but they carry out a weighting
function, giving heremoreweight to inertia than PFCs or energy. However, if amandatory
provision of I+PFCs is considered, λIM and λPM will not be used since each element has to
provide the required amount of I+PFCs.

6.1.2 High Generation

The active and reactive power demands were set to 0 and all generation is transmitted
to the main grid at bus B1. Table 6-1 shows the power generation schedules with the
capacities and available generation of the units. The difference between generator
capacity, P̄k, and available generation, P̌k, is mainly of concern for RES generation that
cannot increase power above the available generation.

Initial Dispatch without I+PFC service provision For the initial dispatch, line flows and
voltage magnitudes were within limits. The active and reactive power generation values
are shown in Table 6-1. Figure 6-2a) shows the active (red) and reactive (green) power
flows across the network.

In Figure 6-2b), using the PSS/E, power flow results obtained were close to those from
themodel developed. The percentage loading of the line against their actual ratings are
also revealed. The main difference in the two figures is the presence of line (B2-B4) at its
maximum rating (100%) using PSS/E in contrast to 98% loading of the line obtained from
the developed I+PFC model.
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Table 6-1 High generation: Initial and updated dispatch

P̄k P̌k

Initial Updated

pk qk pk qk

[MW] [MWh] [MWh] [MVar] [MWh] [MVar]

DG1 40 40 30 -15.6 33.2 23.5
DG2 40 40 30 -30 33.2 -30
PV 160 120 120 -39.9 110.4 -23.2
ESS 40 40 -20 30 -16.8 30

B2 B3 B6 B8B1

B4
B7

B5

-149.1

40.8

149.1

-40.8

-57.3

11.45

57.3

-11.59
-58.2

8.81

58.2

-8.96

-59.3

6.57

59.3

-6.57

-96.4
17.2

96.4
-17.3

-98.8

11.8

98.8

-11.8

0
-0.1

0
0

-20

30R
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-40.1R

30

-30R

30

-15.6R80% S 60% S

60% S 60% S

120% S 0% S

50% S

a) GAMS

b) PSS/E

Figure 6-2 High generation initial dispatch: active and reactive power flows

Updated dispatch with I+PFC service provision When the model is run with PFC service
provision as a constraint, some network constraints are violated (e.g., the limits of line
L3). Provision of the service implies slightly additional generation from the scheduled
generators and this might warrant some reschedule of some plants. In this case, it was
observed that the active power generations were re-dispatched to maintain line flows
within limits. The ESS at bus B5 charged less while the additional deficit was supplied by
the DGs at bus B8. Active and reactive power generation values for the updated case
are also shown in Table 6-1.
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In this scenario of high generation, active power was sent to the main grid through
the PCC at bus B1 while reactive power was obtained from the grid. The reactive power
dispatch across the network is needed to maintain the fixed voltage constraints in the
network. Figure 6-3 shows the evolution of the active and reactive power flow across the
network from both the developed I+PFCmodel in Figure 6-3a) and PSS/E in Figure 6-3b). It
is observed that line flows in both cases are within bounds and the fully loaded line (B2-B4)
are both present in each solution obtained. Other active and reactive power flows follow
the same trend comparing both solution sources.
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-158.3

26.5
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-158.27
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99% S
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50% S

a) GAMS

b) PSS/E

Figure 6-3 High generation dispatch with PFC service provision: active and reactive
power flows

6.1.3 High Demand

To properly see the effect of this, DG2 was taken out of service to have a real demand-
saturated case. Additionally, the PV was set to less than 10% of its maximum capacity.
Active power demand at buses B3 and B7 were 24 and 90 MW respectively while reactive
power demand at bus B3 was 18 MVar. Table 6-2 shows the power generation schedules
with the capacities and available generation.

64



POSYTYF Deliverable 5.3

Table 6-2 High demand: Initial and updated dispatch

P̄k P̌k

Initial Updated

pk qk pk qk

[MW] [MWh] [MWh] [MVar] [MWh] [MVar]

DG1 40 40 30 -21.6 22 8.1
PV 160 12.8 12.8 -55.9 6.8 -2.2
ESS 40 40 -12.8 30 1.2 3.2

Initial Dispatch without I+PFC service provision. In the initial case, the provision of
downwards I+PFC services would lead to an overload of line L3 (initial branch flow > 95%)
due to increased active power consumption. Figures 6-4a) and 6-4b) show similar active
and reactive power flows from the developed I+PFC model and PSS/E, respectively. In
this case, the provision of downwards I+PFC services would lead to an overload of line
(B2-B4) due to increased active power consumption.
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0

24
18
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Figure 6-4 High demand initial dispatch: active and reactive power flows
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Updated dispatch with I+PFC service provision. In this scenario, the ESS at bus B5
discharged instead of charging as in the initial case. Additionally, the PV and DG1 were
re-dispatched to satisfy (3.8). Finally, the deficit of the demands at buses B3 and B7 was
supplied from the grid. Table 6-2 shows the updated active and reactive generation.

6.2 Regulation Provision for Secondary Control

In this subsection, two scenarios will be investigated; 1) a static TSO command for
regulation and 2) subsequent commands by system operator which necessitates the
rolling optimization function. The test system used for the simulations in this section is the
same as shown in Fig 6-1. However, there are three (3), instead of four (4) units. The
WPP and Photo-voltaic (PV) plant remain connected to Bus 5 of the network while there
is a single DG connected to Bus 8. In the test scenarios outlined below, only up and
down regulation provision is considered. This implies that the offers from stochastic units
are considered unchanged during RTO. In subsequent deliverable, more nuanced test
cases will be described and simulated. For ease of analysis, but without loss of generality,
the simulated market is organised such that it is cleared every 15 minutes. Additionally,
the number of sub-divisions for the real-time optimization is set set to 1 minute such that
”Sub_period” = 15 (see Fig 5-13). Thus, the secondary control service provision has to be
maintained throughout a full ”Period”. Figure 6-5 shows a 6-hour block of cleared energy
and reserve offers for the WPP, PV, and DG. The reserve market offers include the up
and down regulation provision by each unit of the DVPP. For the internal re-dispatch
organization of the DVPP, the regulation costs for the WPP, PV and DG are 2, 4, and 8
e/MW respectively. Other parameter settings are highlighted in Table 6-3.

For the scenarios in Sections 6.2.1.1 and 6.2.1.2, it should be noted that the starting
period of activation for regulation provision is at h = 15 as shown in Fig 6-5.
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Figure 6-5 Cleared offers
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Table 6-3 Other parameter settings for aFRR

Parameter Value Description

Period 96 Number of periods used in energy markets
Sub_period 15 Number of subdivisions for real time optimization
Hstart 15 Starting period for optimization
Tstart 1 Starting subperiod for optimization

Penalty cost 750 Penalty cost for not fulfilling TSO requirement [€]
Lambda 500 Cost to avoid simultaneous up/down reg

provision at same period [€]
Power base 100 Base apparent power [MVA]

TSO Command 3 TSO command for secondary control [MW]
Solver select 4 AC power flow for aFRR

6.2.1 Static regulation requests

6.2.1.1 Up Regulation Provision by DVPP

In this scenario, it is supposed that the power system is experiencing a supply deficit
because consumption is more than electricity generation. The TSO then needs positive
balancing energy and issues up-regulation command (see value in Table 6-3) to the BSPs
connected to its network (and in this case, the DVPP is the BSP). At this instant, two of
the DVPP units are online, the PV and DG while the WPP is offline. Furthermore, the DVPP
has two options to provide regulation from the units in its portfolio. The WPP and DG both
have up regulation availability.

After running the re-dispatch algorithm, the unit that provides the up regulation is the
WPP. The reason for this is relatively easy to consider as it has the lowest regulation
provision cost in the portfolio. The curious thing, however, is that this unit was not
committed at the period of requesting the regulation service which begs the question
of why it was selected. There are a couple of points that supports its choice. i) the WPP
is a fast ramping unit that can be brought online very quickly and deliver the amount of
power needed, and ii) its start-up cost was not considered and thus assumes a value of
zero (0) at any period in the optimization.

These two factors explain the choice. Indeed, the only scenario where the WPP does
not provide regulation is when its start-up cost was set to a value higher than the sum of
the operation and regulation cost of the DG. Figure 6-6 shows the scheduled and final
generation of the units after regulation provision. The PV and DG remain unchanged.
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Figure 6-6 Scheduled vs final generation after up regulation provision

6.2.1.2 Down Regulation Provision by DVPP

In down regulation provision scenario, the system is experiencing a surplus in supply
because consumption is less than electricity generation. The TSO then needs negative
balancing energy and issues down-regulation command. In this case, ”TSO command”
= -3 MW. The two possible directions is for generating units to produce less and/or for
consumption units to take on more load. For the DVPP, only the DG can provide down
regulation as shown in Fig 6-5b). After running the re-dispatch algorithm, the unit that
provides the regulation is indeed the DG. Figure 6-7 shows the scheduled and final
generation of the units after regulation provision. The WPP and PV remain unchanged.
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Figure 6-7 Scheduled vs final generation after down regulation provision
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6.2.2 Rolling optimization - Recurrent request for regulation

In this section, several TSO commands issued to the DVPP within the operation window is
presented. The data utilized is same as in Section 6.2.1 above with a few modifications.
The ‘Tstart’ is updated simultaneously as the TSO issues its regulation command at different
time instants. In this case, after a first up regulation request of at ‘T=5’, a down regulation
request is issued at ‘T=9’, and finally another up regulation request at ‘T=12’. For up
regulation provision, both the WPP and DG have availability for this, whereas only the
DG can provide down regulation in the evaluated time window.

Fig 6-8 shows the result from recurrent runs of the redispatch tool based on the
updates of TSO requests. The first up regulation request coincides with that described in
Section 6.2.1.1 with the WPP providing the regulation at low cost compared to the other
units in the DVPP. During the second phase of down regulation request, the DG, the only
unit with down regulation reserve during this time frame provided the down regulation
request while the WPP returned to its default operation. Finally, the wind power plant
provided the up regulation again as requested by the TSO at ‘T=12’ while the PV simply
kept to its available generation throughout this time-period.
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Figure 6-8 Scheduled vs final generation for rolling optimization
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7 Conclusions and Future Work

This deliverable presents Task 5.3 on Real-Time Operation (RTO) modeling of DVPPs for
ancillary service provision. An overview of the control services required during real-
time to ensure security and reliability of systems operation was delineated. The control
services that the DVPP participate in are the primary (FCR) and secondary frequency
control (aFRR) services. For both services, a re-dispatch model was developed with the
objective of minimizing the penalty levied on the DVPP by the system operator. This was
done by choosing a deviation-minimization objective for the FCR and a re-dispatch cost-
minimization objective for aFRR.

For FCR, the focus is solely on the primary frequency part in the optimization model.
The main objective of the FCR model is to guarantee of the evacuation of the scheduled
primary frequency offers made in earlier energy markets. Additionally, the model has
been made generic enough to capture mandatory or market-based reserve approach.

aFRR, in the same vein, comes after exhaustion of the FCR service and seeks to
restore system parameters to their nominal values. In that light, the new regional
balancing market framework in Europe (PICASSO) was described and the guidelines
which participating countries have to adhere to was also briefly highlighted. Since the
Secondary Reserve Market (SRM) is a paid service and thus beneficial for the DVPP, the
appropriate objective andconstraints for avoiding penaltieswas developed for theDVPP.

Considering the activation and service delivery time-frame for both FCR and aFRR,
some techniques were utilized to ensure that the developed tool had a quick turnaround
time. The factors included in this are the time to get the input, the optimization model
solution time and time to write the output to its intended user. With respect to the
optimization model, non-linear, non-convex parts of the model were linearized using
proven techniques. At the same time, optimization of parameter reading and writing
was done for input and output data respectively. A user manual was thereafter outlined
for the users.

Finally, to illustrate the developedmodel, somepreliminary test caseswere introduced.
These tests revealed the optimal decision-making routine of the re-dispatch tool. In the
next deliverable, more nuanced tests will be designed and carried out to further test the
limits of the re-dispatch tool.
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Annex

A Voltage Control Service

In addition to the maintenance of system frequency within certain bounds, another
important quantity that must be kept within certain bounds is the system voltage.
Power systems are typically split into 3 functional zones: generation, transmission and
distribution. Whereas frequency is a global variable in steady state, voltage magnitudes
are local variables in steady state and power quality requirements dictate that these
magnitudes are within certain limits. The voltage magnitude limits depend on voltage
level of the network and the operational state: normal operation or operation under
contingency. Generally, voltage control is carried out by the TSO or the DSO, according
to the functional zone, by activating appropriate resources. The control of high voltage
networks activates reactive power reserves, whereas voltage control for low voltage
networks may involve changing active power set points. In medium and low voltage
network and under large ND-RES penetrations, some generation may be curtailed to
lower the voltage levels. For HV networks, common voltage control methods include:

• Tap changing transformers

• Shunt devices (SVC, STATCOM)

• Generation resources

• Flexible demand

DVPPs can contribute to the voltage control by offering appropriate resources.
Network connection requirements define minimum requirements with respect to the
reactive power provision of generation and demand (reactive power - voltage margins,
power factor, etc.). Offers for voltage control resources can be assigned through a
market-based scheme or defined through a mandatory scheme. In Spain, for example,
the designed voltage control service is partially a mandatory non-remunerated service
and partially an optional service remunerated according to fixed regulated prices and
in function of the significance and performance of the offered optional quantity. The
importance of voltage control for security and reliability underlies the definition of the
mandatory service that must be provided as a minimum; the reactive power capacity
exceeding the minimummay be offered and is remunerated at the fixed regulated price
if the system operator accepts it.

Conversely, given the local nature of voltage control and since it was impossible
to establish a competitive market for all zones, no market-based voltage control has
been set up in Spain or many other European power systems. Note that local markets
could be set up in theory, requiring the delimitation of the market (area of influence).
The market setup has to possess some of the desirable market economic characteristics
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such as efficiency, cost recovery for all participants, incentive compatibility and revenue
adequacy. Furthermore, in the market design, some knowledge of the behavior of all
agents/participants is needed, i.e., information about only one agent, e.g., the DVPP, is
not enough.

The voltage control is structured as a cascaded control, where in case of the
transmission network, the voltage of so-called pilot buses is controlled by making use
of reactive power reserves within the zones of the pilot bus. During activation of the
cleared market offers in real time, the TSO or the DSO issues set points to the voltage
control providers such that voltages are kept within the established bounds. The voltage
control provider needs then to activate its resources to comply with the set point at
its connection point. The DVPP for instance can internally re-dispatch its resources to
minimize opportunity costs. If a DVPP owns a network, the DVPP is also in charge of the
voltage control of its own network. This should, however, not be confusedwith the voltage
control of the transmission and distribution network to be carried out by the TSO or DSO.
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