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Executive summary

This deliverable aims at defining Key Performance Indicators (KPI) for Use-Cases (UC) 1, 2,
3and 7, all related to distributed fluctuating renewable power plants activation by Fraunhofer’s
Virtual Power Plant (VPP). The KPI allow to measure the success of the tests realized within
the work package 6 of REgions project for each UC.

Other UC (4, 5 and 6) are tested by Austrian partners independently from the IEE.vpp.

UC1 and UC3 concerned redispatch respectively in France and Germany, the related KPIs are
then quite similar. Nevertheless, some differences can be pointed out between both:

e In UC1, several sub use-cases with different kinds of orders will be tested.

e In France, the regulation recently changed and now all the power plants connected to
the distribution grid that aims at participating in frequency regulation must ensure that
the speed of the power variation for reserve procurement stay below a threshold value
defined by the DSO in accordance with law. Thus a “ramp limit” is introduced in UC1.

e In Germany, the redispatch 2.0 process is being implemented and the UC3 will be
compliant with this process. In addition antimetric redispatch (which means that 2
simultaneous activations of the same magnitude, one upward and the other downward)
will be tested within UC3 which is not the case in UCL.

UC2 concerned reactive power procurement for primary voltage regulation.
UC7 concerned collateralization of balancing reserves in two countries (Germany and France)
during a congestion occurring in Germany.

On the overall, 17 different KPI are proposed, some of them applying to all the UC tested within

REgions, other specific to some UC according to the kind of procurement that is provided
(active power / reactive power) and countries features.
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Résumé exécutif

Ce livrable a pour objectif de définir des indicateurs clés de performance (KPI) pour les Cas
d’étude (UC) 1, 2, 3 et 7, tous liés a I’activation des centrales renouvelables variables,
raccordées au réseau de distribution, par la centrale virtuelle (VPP) du Fraunhofer. Les KPI
permettent de mesurer la réussite des tests réalisés dans le lot 6 du projet REgions pour chaque
UC.

Les autres UC (4,5 et 6) sont testés par les partenaires autrichiens indépendamment de la
IEE.vpp.

Les UC1 et UC3 sont liés au redispatch, respectivement pour la France et I’ Allemagne, les KPI
correspondants sont donc relativement semblables. Néanmoins, certaines différences entre les
deux doivent étre signalées :

e Dans le UCI, plusieurs sous cas d’étude avec différents types d’ordres d’activation
seront testés.

e En France, la réglementation a changé¢ récemment. Aujourd’hui toutes les centrales
connectées au réseau de distribution d’électricité souhaitant participer au réglage de la
fréquence doivent s’assurer que la vitesse de variation de la puissance pour la fourniture
de réserve en fréquence reste sous une valeur limite définie par le gestionnaire de réseau
en accord avec la réglementation. Ainsi une limite dite de rampe est introduite dans le
UCL.

e En Allemagne, le procédé « redispatch 2.0 » est sur le point d’étre mis en place et le
UC3 va donc étre cohérent avec celui-ci. Ainsi, sera par exemple testé du redispatch
« antimétrique » (c’est-a-dire 2 activations simultanées de méme amplitude, une a la
hausse et I’autre a la baisse) dans le cadre de ce UC contrairement au UC1

Le UC2 est lié a la fourniture/absorption de puissance réactive pour le réglage primaire de
tension.

Le UC7 est lié a la mise en lien de réserves d’équilibrage dans 2 pays (Allemagne et France)
durant une congestion ayant lieu en Allemagne.

Au total, 17 KPI différents sont proposés par le consortium, certains s’appliquant a tous les UC

testés en lien avec la VPP du Fraunhofer, d’autres spécifiques a certains UC selon le type de
service fourni au réseau (puissance active ou réactive) et selon les spécificités de chaque pays.
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Zusammenfassung

In diesem Bericht werden die Leistungsindikatoren (Key Performance Indicators, KPI) fur die
Anwendungsfélle (Use-Cases, UC) 1, 2, 3 und 7 des Forschungsprojektes REgions definiert.
Die KPI beziehen sich auf dezentrale, wetterabhangige, erneuerbare Energieanlagen, die
durch das Vituelle Kraftwerk (Virtual Power Plant, VPP) des Fraunhofer IEE gesteuert
werden. Die KPI ermdglichen es, den Erfolg der Tests zu messen, die im Rahmen des
Arbeitspakets 6 des REgions-Projekts fur jeden UC durchgefiihrt wurden.

Die anderen UC (4, 5 und 6) werden von den 6sterreichischen Partnern unabhangig vom
IEE.vpp getestet.

UC1 und UC3 betreffen den Redispatch in Frankreich bzw. Deutschland, die entsprechenden
KPIs sind also vergleichbar. Dennoch lassen sich einige Unterschiede zwischen beiden
aufzeigen:

e In UC1 werden mehrere Sub-Use-Cases mit verschiedenen Aktivierungsbefehlen

getestet.

¢ In Frankreich haben sich die entsprechenden Regelungen kirzlich gedndert. Nun
missen alle an das Verteilernetz angeschlossenen Kraftwerke, die an der
Frequenzregelung teilnehmen wollen, sicherstellen, dass die Geschwindigkeit der
Leistungsanderung fur die Reservebeschaffung unter einem vom DSO gesetzlich
festgelegten Schwellenwert bleibt. Daher wird in UC1 ein "Rampenlimit"” eingefiihrt.

e In Deutschland wird der Redispatch 2.0 eingefiihrt. In UC3 wird die Beteiligung des
IEE.vpp am Redispatch 2.0 getestet. Zusétzlich wird ein antimetrischer REdispatch
(d.h. zwei gleichzeitige Aktivierungen derselben Grélienordnung mit
entgegengesetzten VVorzeichen) getestet, was in UC1 nicht der Fall ist.

UC?2 betrifft die Beschaffung von Blindleistung fiir die primére Spannungsregelung.
UCY7 betrifft die Besicherung von Regelleistung in zwei Landern (Deutschland und
Frankreich) wahrend eines in Deutschland auftretenden Netzengpasses.

Insgesamt werden 17 verschiedene KPIs vorgeschlagen, von denen einige fir alle UCs von

REgions gelten, wahrend andere fur einige UCs spezifisch sind, je nach der Art der
Beschaffung (Wirkleistung/Blindleistung) und den landerspezifischen Regelungen.
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List of acronyms

AAP — available active power

aFRR — Automatic frequency restoration reserve
DER - Distributed Energy Resources

DSO - Distribution System Operator

FRR — Frequency restoration reserve

FRT - Fault-Ride Through

fRES - fluctuating Renewable Energy Sources
GCVP — Grid Connection Point

IEE.vpp — Virtual power plant of Fraunhofer IEE
IP — Internet protocoll

KPI — Key Performance Indicator

MFRR — Manual frequency restoration reserve
MV — medium voltage

PGF - Power Generating Facility

PGM - Power Generating Module

PVC - Primary Voltage regulation or Control
RE - Renewable EnergyRTE - Réseau de Transport d’Electricité
RR — Replcement Reserve

SVR - Secondary Voltage Control

TSO — Transmission System Operator

UC — Use case

VPN — Virtual private network

VPP — Virtual Power Plant
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1 Introduction

As part of the research project “’REgions’’ with international partners from industry and
research areas, concepts and prototypical solutions for the provision of reactive power and
redispatch through renewable energies in virtual power plants (VPP) are developed and applied.
In order to evaluate whether and how well static voltage can be maintained and redispatch can
be delivered, appropriate Key Performance Indicators (KPIs) are developed and applied based
on requirements and evaluated through field test data.

To evaluate the quantity and quality of reactive power and redispatch delivery, key performance
indicators (KPIs) are developed. With these evaluations, the reactive power and redispatch
quality of fluctuating renewable energy sources (fRES) are assessed and made comparable.
Relevant KPIs will be based on the concept that ancillary services must be provided at a specific
location, within a determined time and with an established tolerance, whereas deviations from
the tolerance band must be avoided at any cost. Application of the KPIs to field test data
demonstrates the general functionality of the methodology and the informative value of
evaluations.

The project “REstable™?, demonstrated the technical ability of wind and solar plants from
France and Germany, grouped in a virtual power plant (VVPP) to provide positive and negative
balancing reserves with a comparable quality to conventional generators. REstable project
nevertheless pointed out several barriers in the actual regulatory framework that prevent full
Renewable Energy (RE) participation and issued recommendations to overcome these
problems.

The REgions project complements these analyses with the aspect of the regionality of ancillary
services and related markets. In order to study these aspects in the REgions project, the
flexibility offered by the different pilot plants of the project is aggregated and tested in seven
Use Cases of regional and inter regional services based on four different ancillary services:
voltage control, congestion management, balancing reserve for frequency control, and a
combination of these services?. Calculation of KPIs and creation of the visual evaluations are
carried out in Python (UC1, UC2) and Matlab (UC3, UC7). The programming methodology or
paradigm with which the KPIs are implemented in Python is Object-Oriented Programming.
For calculating and visualizing KPIs, two modules (kpi.py and plotting.py) including different
classes, methods and objects in PyCharm are defined. kpi.py module calculates the developed
KPIs and plotting.py module visualizes time series and calculated KPIs in kpi.py module. In

! Armines, Enercon, Engie Green, Fraunhofer IEE, Hespul, Hydro Next, Inesc Tec, “REstable project -
Improvement of renewables-based system services through better interaction of European control zones (D3.3 -
Evaluation)”, 2019.

2 Hespul, Fraunhofer IEE, Austrian Institute of Technology (AIT), Engie Green, “REgions project, Use Cases”
2020.
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order to use the code for software product IEE.vpp, the code has to be adapted to data frame of
software.

The labels used for the KPIs indicate the UC number in the first place and the KPI numbering
in the second place, separated by a dash. For example, “KPI1 2-3” denotes the third KPI of UC
2. Even if the KPIs are defined slightly differently for each UC (e.g. the KPIs of UC2 refer to
reactive power, those of the other UCs to active power), they can still be assigned to
supercategories (which are indicated by the number after the dash), as shown in the Table 1.

Table 1 : Overview of the defined KPIs

Category Description KPI number
Fulfillment Number of corridor fulfillments 1-1 2-1 | 3-1 7-1
corridor
Rise time, Minimum rise time 1-2 2-2 | 3-2 7-2
activation time Maximum rise time 1-3 2-3 | 3-3 7-3

Number of rise time fulfillment 1-4 2-4 | 34 7-4
Settling time Minimum settling time 1-5 2-5 | 3-5 7-5
Maximum settling time 1-6 2-6 | 3-6 7-6
Number of settling time fulfillment 1-7 2-7 | 3-7 7-7
Over- Maximum overfulfillment, caused 1-8 2-8 | 3-8 7-8
/undershoots, maximum negative FRR demand
over- Minimum underfulfillment, caused 1-9 29 |39 7-9
/underfulfillment | maximum positive FRR demand
Number of overshoots 1-10 2-10 | 3-10 | 7-10
Number of undershoots 1-11 2-11 | 3-11 | 7-11
Frequency distribution of over- 1-12 2-12 | 3-12 | 7-12
/undershoots
Standard deviation from setpoint 1-13 2-13 | 3-13 | 7-13
Energy of under fulfillment, 1-14 3-14 | 7-14
Energy of over fulfillment 1-15 3-15 | 7-15
Loss energy Loss energy 1-16 3-16 | 7-16
Free band Reactive power free band 2-17

To illustrate the KPlIs, a typical step response as in Figure 1 can be used. The figure shows

the fulfillment corridor to be defined for each UC, the rise time at which the lower limit of the
fulfillment corridor is reached for the first time, and the settling time from which all values lie
within the fulfillment corridor. Using the deviations from the setpoint, the number of corridor
fulfillments, the maximum overfulfillment and underfulfiliment as well as the energies of
overfulfillment and underfulfillment can be calculated, again taking into account the
fulfillment corridor. The single values, represented as points, can also be used to calculate the
number of rise time fulfillment, number of settling time fulfillment, number of overshoots,
number of undershoots, frequency distributions and standard deviation from setpoint.
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Figure 1 : Hlustration of the KPIs using a typical step response
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2 KPI for UC1 on congestion management in France

As explained in details in the deliverables D3.1.1 on REgions Use cases and D3.3.1 “market
interaction and regulatory framework™, redispatch in France is procured jointly with tertiary
reserve (MFRR/RR) through the so-called adjustment mechanism.

Thus, the KPI on UC1 on congestion management must be based on the requirements for
procuring this tertiary reserve.

Here below we remind what are the characteristics of mFRR in France as they are detailed in
the deliverable D1.1 from the project REstable:

The manual FRR in France has a capacity of 1000 MW and is activated for upward regulation
only, it is thought as a complementary solution to symmetric and dissymmetric reserves of
aFRR.

Technical Conditions
e Activation following orders of the TSO

e Full activation within 13 min

e Upward reserve only

e Maximal offered power by each Adjustment Entity at least 50 MW on a 30-min slot
e Offer at 1 MW resolution above a threshold defined in the contract with TSO

e Maximal guaranteed duration of use > 1 h per activation

e Guaranteed daily reserve energy > 2 h at contracted nominal power

Procurement schemes
e mMFRR is tendered by the TSO with mandatory volumes: selected adjustment Entities

have to offer on the balancing market the capacity contracted with the TSO

e Offers of adjustment entities day-ahead at 16.30

e Adjustment Entities are activated following economic merit-order (except in case of
priority given to grid safety)

e Remunerated for marginal capacity at varying weekday and weekend tariff + energy
price on the balancing market

Communication / Software Interfaces
e Until 2015, orders of TSO transmitted to Reserve Responsibles by phone

e Starting from 2016, orders passed via interface protocol called “TAO”, web or machine-
to-machine, secured transactions with IP-VVPN for alerts and orders

We also remind the KPI proposed in REstable for a/mFRR that can be applied within REgions
for UC1:

The following KPIs have been defined in order to quantify the amount of the reserve provided
and its quality. In the text FRR is used for both aFRR and mFRR, both types of product were
tested in the REstable project.

KPI 1-1 (fulfillment corridor) is defined as follows:
|BRDFulfilCorr,true|

RRDFulfilCorr,true ~ B ) B - )
| RDFulleCorr,true' | RDFulfllCorr,false|

Project REgions, Deliverable D6.1: Key Performance Indicators 11
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where ]BRDFulfilCorr,true = {1 | llfC(t) < P(t) < ulfc(t)}a ]BRDFulfilCorr,false =
{0 lfc(t) = P(t) Vulfc(t) < P(t) }, IBrpruifitcorr,truel i cardinality of
Brpruifiicorr,true » A Rrpruiriicorr,true 1S the ratio or proportion of all true events, that
reactive power is inside fulfillment corridor. The upper limit of fulfillment corridor is defined
w (1.002-s(t) |t>10

asulfe(t) = {1.005-5(0 It =10
{0.998 -s(t) |t>10

0.995-s(t) |t=10"
where s(t) is the setpoint.

, the lower limit of as lifc(t) &

KPI 1-2 (minimum rise time) is defined as follows:

Atmin,rt = min{lAtrtl} )

where Atyr = tre — tacr, tre & {t|P(8) = 095 S50 }, taee € {E ] (ISO] — Is(E - D) >
0}and sgee & [s(O] | Is@®]— Is(t—-1)] >0.

KPI 1-3 (maximum rise time) is defined as follows:
Atmaxre = max{|At,.|} .

KPI 1-4 (ratio of satisfied rise time) is defined as follows:

FEret
Ryt true = - nrue '
where n is the number of all times of true and false events and F¢ 1y & {|Aty¢| | Aty <

10 }.

KPI 1-5 (minimum settling time) is defined as follows:

Atmin,st = min{lAtstl} )

where Atst = tst — Lactr Lst = {t I IP(t)l < |O-002 ) Sactl } and Lact = {t | (lS(t)l -
s(t—1)]) >0}

KPI 1-6 (maximum settling time) is defined as follows:
Atraxse & max{|Atg|}.

KPI 1-7 (ratio of satisfied settling time) is defined as follows:
_ Fst,true

Rst,true - n ’

where n is the number of all times of true and false and Fy; ¢y & {|Atg| | Atse < 603},

Deviations from setpoint are defined as follows:

P(t)-s(t
dev,e (P(8), (1) = 2

KPI 1-8 (maximum relative overshoot) is defined as follows:
devmax,rel,oversh = max{ldevrell} :

KPI 1-9 (minimum relative undershoot) is defined as follows:
devmax,rel,undersh S min{ldevrell}-

Project REgions, Deliverable D6.1: Key Performance Indicators 12
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KPI 1-10 (Ratio of overshoots, number of over fulfillments) is defined as follows:

|]Brel,over5h,dev,true|

Rrel,oversh,dev = B 1B
| rel,oversh,dev,truel | rel,oversh,dev,falsel

Where ]Brel,oversh,dev,true = {1 | devrel < +0-002}1 ]Brel,oversh,dev,false =
{0 | devrel > +0.002 }v |Brel,oversh,dev,true| iS Cardina"ty Of II33rel,oversh,dev,1.“rue ’ and

Rye1overshaev 1S the ratio or proportion of all true events, that relative overshoot deviation is
under +0.2%.

KPI 1-11 (ratio of undershoots, number of under fulfillments) is defined as follows:

|Brel,undersh,dev,true|

Rrel,undersh,dev = )
|Brel,undersh,dev,true|+ |Brel,under5h,dev,false|

w (1 |devyy =—0.002
where By undersh,dev = {0 | devrreell < —0.002"

KPI 1-12 is the statistical frequgncy distribution of relative deviation from setpoint.

KPI 1-13 (corrected sample standard deviation) is defined as follows:

sstd = [-LEL,(P@); - 5©)?

KPI 1-14: Energy of under fulfillment

Ehur : Sum of under fulfillment as an amount of energy per hour. It’s not allowed to consider
over fulfillment in terms of compensation. According to current FRR rules no under
fulfillment is allowed. The best value is zero (EHur = 0.0 MWh/h).

KPI 1-15: Energy of over fulfillment

Ehor1o : Sum of over fulfillment which exceeds 10% as an amount of energy per hour. It’s not
allowed to consider over fulfillment lower than 10% in terms of compensation. According to
current FRR rules no over fulfillment with more than 10% is allowed. The best value is zero
(Ehor10 = 0.0 MWh/h).

KPI 1-16 (loss energy) is defined as follows:

The loss energy during a field test is calculated

Eloss = fAAP(t) _P(t) dt,

or with consideration of an overestimation of the available active power (AAP) which
corresponds to the “b” in the offset correction function

Ess = [ AAP(t) — P(t) — b dt.

Moreover, the minimum needed loss energy is calculated, which can be reached if the set point
would be fulfilled exactly.

Eloss,min

= fprovord,pos(t) + |Sneg ® - Spos(t) dt

Two conditions have to be considered: to only calculate the loss energy during the field test
protocol or if the real time schedule is different to the AAP.

Project REgions, Deliverable D6.1: Key Performance Indicators 13
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More specifically, the following sub-use cases of UC1 were defined by the French producers
involved in REgions:

Sub use case 1: Preventive curtailment
The TSO sends in advance a Maximum value of Power that the pool must not exceed for a
certain duration.
The order is then dispatched amongst the power plants according to certain criteria
(proportional to power, proportional to feed-in-tariff, maximum power losses, etc.)
The following picture gives an illustration of the sub use-case 1:

12000

10000
BODO

8400 f *— Producticon

"""" Curtailment order

4000

0000 04:48 0%:36 14:24 15:12 (R 00
Figure 2 lllustration of preventive curtailment

Sub use case 2: Curative curtailment

The TSO observes its network in real time and sends set-points every 15 minutes to the VPP
according to its precise needs.

The order is then dispatched amongst the power plants according to certain criteria
(proportional to installed power, proportional to instantaneous power, proportional to feed-in-
tariff, maximum power losses, etc.)

The following picture gives an illustration of the sub use-case 2:

Project REgions, Deliverable D6.1: Key Performance Indicators 14
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12000
10000
BOOD

o p *— Production

"""" Curtallment order

4000
2000

D
00:00 04:43 F): 36 14:24 15:12

Figure 3 lllustration of curative curtailment

Sub use case 3: Zero injection mode

Power plants are asked to stay online but with 0 production and ramp back to AAP with a max
slope of AMW/min.

This test allows to show the power plants can be ordered to stop producing without opening the
breaker at the point of coupling.

The following picture gives an illustration of the sub use-case 3:

12000
10000
B0
000 *— Production
s Curtallment arder

4000

2000

0000 .93 i 36 14:24 19112 [RrHE

Figure 4 Illustration of zero injection mode
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Sub use case 4: Preventive curtailment with delta set-point

Pool is submitting a bid on the local congestion market -x% of its AAP.

A set-point in delta of the AAP of the pool is dispatched amongst the power plants.
The following picture gives an illustration of the sub use-case 4:

12000
1000
ROOD
2000 *— Production
"""" Curtallment order
000

2000

]
0000 048 0836 14:24 19112 0000

Figure 5 Illustration of preventive curtailment with delta set-point

Table 2 Summary of the different sub-use cases to be tested

Sub-use case Implications for IEE Implications ofr French
producers
Preventive curtailment  Constant P set-point Define the scenarios of
Smart Distpach curtailment
Define dispatch criteria
Curative curtailment P set-point updated every  Define dispatch criteria
15 min Provide time series of P set-point
Smart Dispatch (scenarios)
Zero injection mode Set-point of 4AMW/min Check the delay before
until back to AAP decoupling of the plant
Preventive curtailment  Delta set-point Define the scenarios of
with delta set-point Smart Dispatch curtailment

Define dispatch criteria

Moreover, since REstable project, the French regulation evolved to integrate European grid
codes RfG “Requirements for Generators” in a decree published the 9™ of June, 2020. The
article 32 from this decree specifies that “on the HTA grid [Medium Voltage grid in France],
the speed of the output power variations that is due to a voluntary action from the producer is
detailed in the technical reference documentation of the distribution system operator and must
not exceed SMW/minute. The standard value is set at 4MW/minute.”

Project REgions, Deliverable D6.1: Key Performance Indicators 16
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To determine the maximum output power variation in one minute enabled for a new installation
that need to be connected to the MV grid, Enedis proposes, in the last version of the technical
documentation called Enedis-PRO-RES_12E (not yet published), to calculate the voltage
variation at the secondary circuit of the HV/MV transformer this installation is planned to be
connected to due to the output power variations of all the installations connected downstream
the transformer. This voltage variation must not exceed 1% in one minute. To perform this
calculation uses the following simplified scheme:

V_HTB

1

7_HTB
Z_transfo
P_ldBQ_dB
V_IdB &
APmax_nouveau || APmax_existant déterminer
AOmax_nouveau || AQmax_existant

Figure 6 Simplified scheme for calculating the maximum output power variation of a
new power installation

Where:
e V_HTB is the voltage upstream the transformer on the HV grid
e Z HTB isthe impedance of the HV grid upstream
Z_transfo is the impedance of the transformer
P_JdB is the active power at the busbar before any output power variation from the
installations connected downstream the transformer
e (Q_JdB is the reactive power at the busbar before any output power variation from the
installations connected downstream the transformer
e APmax_nouveau is the active power variation from the installation to be connected

Project REgions, Deliverable D6.1: Key Performance Indicators 17
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e DQmax_nouveau is the reactive power variation from the installation to be connected
calculated from APmax_nouveau and depending the regulation mode of the
installation

e APmax_existant is the sum of the active power variations from all the installation
already connected to the MV grid downstream the studied transformer

e AQmax_ existant is the sum of reactive power variations from all the installation
already connected to the MV grid downstream the studied transformer calculated
from APmax_existant and depending the regulation mode of the installations

e V_JdB is the voltage at the busbar

As REgions project focuses on power plants connected to the MV distribution grid, this “ramp
constraint” must be considered when the activation order is sent by the VPP to the different
power plants in order to solve a congestion (UC1).
As the particular characteristics of the MV grid is not known exactly, the default maximum
active power variation of 4AMW/minute could be applied in our case. The VPP enables to set a
ramp limitation to the activation orders sent to power plants. Thus, the default value of
4AMW/minute will be tested for the above sub-use cases and extra sub use-cases with other ramp
limitation values could also be tested.
The figure below shows a typical downward activation order sent to an installation in order to
solve a congestion with the respect of the AMW/minute ramp limitation.

P

AAPIZ'H
AAP.4

P’

to t0+1 min t1 lt1+‘I min

dT, dT,
Figure 7 Ramp requirements of UC1

At time t=to, a downward activation order is sent by the VPP to the installation which must
reach the output power P’ from the output power measured (the available active power — AAP).
Even if the installation could reach P’ faster, the output power variation speed must not exceed
4MW/minute. The installation reaches P’ in dT1 > 4 minutes. At t=ts, the installation output
power may increase to come back to the new AAP if it has changed. If the power variation is
higher than 4MW, it must take more than 1 minute (here dT2) to reach this new value.

Project REgions, Deliverable D6.1: Key Performance Indicators 18



’lq Smart Grids Plus

ERA-Net

3 KPI for UC2 on voltage support in France

Large parts of KPI on reactive power in this deliverable were prepared in the master's thesis
"Key Performance Indicators for Evaluation of Provision of Reactive Power through Virtual
Power Plants™,

TSOs and DSOs use reactive power, among other measures, to keep voltage values at all
connection and interconnection points of the networks within the permissible limits. The focus
of this deliverable is exclusively on the topic of static voltage maintenance, which takes place
in a time range from seconds to a few minutes. This must be distinguished from other topics
that are fundamentally part of the voltage maintenance task area, such as short-circuit power or
the Fault-Ride Through (FRT) capability of generating systems, which, however, are not the
subject of this deliverable. In addition, only primary voltage regulation or control (PVC) will
be tested in REgions, while secondary voltage control (SVR) is excluded. PVC requirements
determined by RTE are only considered for definition of KPIs from the perspective of the power
generating facility (PGF). Reactive power can be provided automatically by either voltage
control mode, reactive power control mode or power factor control mode*. Hence, there can
correspondingly be three different setpoints which are voltage, reactive power or power factor
(cos ¢ or tan @) setpoints. The setpoint that is dealt with in REgions project is reactive power.
The second use case (UC 2) of REgions project concerns voltage support for the transmission
grid (63kV and over) in France. Voltage support is currently procured via bilateral contracts
with all conventional generators connected to the transmission grid. fRES connected to the
distribution grid (20kV and under) do not participate to this mechanism. Yet, these medium
voltage (MV) power plants already provide reactive power to the distribution grid following
regulation laws defined by the DSO and are able to do much more. The TSO RTE (electricity
transmission system operator of France) anticipates that overvoltage situations will become
more frequent as fRES capacities increase following France’s ambitious goals.

In order to develop the KPIs, it is essential to analyze what requirements the grid operators have
for Distributed Energy Resources (DER) to provide reactive power. Figure 8 to Figure 11 show
requirements for the provision of reactive power defined by the French DSO Enedis and TSO
RTE.

3 Ali Esmaeili, “Key Performance Indicators for Evaluation of Provision of Reactive Power through Virtual
Power Plants”, Master Thesis, November 2020

4 The European Commission, Commission Regulation (EU) 2016/631 (NC RfG), 2016.
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Figure 8 Requirement for the provision of reactive power at the GCP defined by DSO

Enedis®

5> Enedis, « Modalités du contrdle de performances des Installations de Production raccordées au Réseau Public

de Distribution géré par Enedis », 2017.
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Figure 10 Depiction of reactive power control of PGM at GCP®

1n P — Q/P,q profiles, PF is the abbreviation of power factor ( cos ¢ = cos(arctan(Q/Ppom)) )-

" Enedis, 2017, op. cit ;.

8 Enedis, « Principe et conditions de mise en oeuvre d’une régulation locale de puissance réactive pour les
Installations de Production raccordées au Réseau Public de Distribution HTA », , 2017.
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Figure 11 U — Q/Pqx-profile requirement of PGM for the provision of reactive power
at the GCP defined by RTE?®

Three general dimensions are defined, within which the created KPIs or evaluations alter (see
Figure 12). The first dimension is the perspective from which the KPIs can be developed. They
can be defined either from viewpoint of network operators or viewpoint of PGF or power plant
operators. The second dimension depicts the goal of reactive power provision. It specifies the
extent to which the PGF can either contribute to maintaining the voltage in its own network
(horizontal interchangeability), to compensating for the reactive power balance vis-a-vis the
upstream network operator (vertical interchangeability), or to the fulfillment of both goals.

The final dimension checks and analyses in each individual case, if reactive power provision is
technically and economically sensible. It is imperative to consider the respective specific
network situation in detail in order to identify the most technically and economically sensible
reactive power provision option in the given case. However, the focus of the analysis is on
evaluations from a technical perspective related to the activation and provision of reactive
power, not on economic analysis, because of having no access to investment costs of PGFs
(e.g. costs of converters), grid connection costs (e.g. cables and transformers) and operating
costs (costs of maintenance and losses), which need load flow simulation.

9 Réseau de Transport d'Electricité (RTE), « Chapitre 4 — Article 4.2.1 — Réglage de la tension et capacités
constructives en puissance réactive », 2014
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Figure 12 Dimensions of possible evaluations'®

The KPI system from PGF perspective developed in this deliverable is divided according to the
categorization of the final selection of requirements into the areas of "Provision” and
"Activation”. The KPIs for the activation and the provision of reactive power are structured
according to the classification in Figure 13.

L KPI System for Q Provision J

Activation KFls Provision KPIs
Availability or

Fulfilment Corridor reliability of
demanded Q

Deviations from Free Band Q Reactive hours
Setpoint

Sample Standard
Deviation

Figure 13 KPI system for reactive power provision from PGF operator perspective
(drawn in draw.io)

Activation Times

Maximum Deviations

Statistical Analysis

10 Ali Esmaeili, 2020, op. cit.
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KPIs in the narrower sense are the proportion of the values within the fulfillment corridor for
the activation of the reactive power and the availability of demanded reactive power for the
provision. In order to explain the status of these KPIs or to investigate the causes, further KPIs
are developed, such as the reaction times and deviations from the set point or statistical
analyses.

To define three summarizing KPIs, firstly the proportion of the values within the fulfillment
corridor for the entire delivery period, secondly the availability of the service for the entire
delivery period and thirdly the aggregation of these two KPIs into a higher-level KPI are used.
All of the KPIs marked accordingly in Figure 13 are calculated separately for activation and
deactivation phases, or inductive (overexcited) and capacitive (underexcited) reactive power in
consumer counting arrow system, depending on the defined KPIs, as this involves two different
conditions.

In order to define the KPIs related to PVC requirements of power generating modules, it is
needed to determine the tolerance band or fulfillment corridor of PVC.

Upper limit of fulfillment corridor:

o (1.002-s(t) |t>10
ulfe(®) = {1.005-5(0 |t =10
Lower limit of fulfillment corridor:

o (0.998-s(t) |t>10
lfe(®) = {0.995-S(t) |t =10
Where s(t) is the reactive power set point changing at a certaintime t € N in seconds, t = 10
is the limit of rise time of actual value of reactive power or step response (dynamic state), and
from t > 10 steady state starts.
For the evaluation of the reaction or response to the setpoint, the proportion of the values within
the fulfillment corridor is calculated and for further analysis the activation/deactivation time
and the deviations from the setpoint are calculated.
B o fl | life(®) < Q) < ulfe(t)

QFulfilCorr = | | otherwise

Where Q(¢) is the actual or real value of reactive power or step response and B gy, riicorr 1S
the Boolean (IB) value (true or false) of reactive power fulfillment corridor.

KPI 2-1 is defined as follows:

|BQFulfilCorr,true |

R ; =
FulfilCorr,true
Q f |BQFulfilCorr,true|+ |IBQFulfilCorr,false| '

where BQFulfilCorr,true = {1 | llfC(t) < Q(t) < ulfc(t)}, IBQFulfilCorr,false =
{0 | llfC(t) = Q(t) \% UIfC(t) < Q(t) }v I[BQFulfilCorr,truel is Cardina"ty of IBQFulfilCorr,true )
and Roruiriicorrtrue 1S the ratio or proportion of all true events, that reactive power is inside
fulfillment corridor. KPI 2-1 applies to two states, the first state occurs at 10" second after
setpoint change in dynamic state and the second state is steady state. Finally, KPI 2-1 is also
applied for both states together as total ratio.

The use case of KPI 2-1 is demonstration of activation quality and how much percent is the
tolerance band or corridor is fulfilled and how much is violated. Violation of requirement can
cause over/under voltages at the grid connection point.

Two points in time are considered determinative after setpoint change. First, the time after a
setpoint change at which the actual value or step response exceeds 0.995 of setpoint for the first
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time (rise/build-up time At,;) and second, the time at which the step response exceeds
+0.2% of setpoint for the last time is calculated for At (settling time). The maximum
permitted rise time for activation and deactivation is 10 seconds and the maximum permitted
settling time for activation and deactivation is not determined in RTE requirements, but
according to requirements for generators it can be up to 60 seconds; therefore, 60 seconds is
considered for maximum settling time for activation and deactivation time.

Setpoint value at time of setpoint change or activation (s,.;):

Sace 2 Is@| | [s@®] - Ist-1D] >0,

where |s(t)| — |s(t — 1)| > 0 determines the time of setpoint change and |s(t)| is absolute
value of s(t).

Rise time (At,) of step response:

tre 2 {t1Q() = 0.95 sS4 }, taee Z {t | (IsO] = [s(t—=DI) >0}

Aty = tre = tace

where t,., & {t|Q(t) = 0.95-5s,. } is the time when Q(t) reaches to lower limit of
fulfillment corridor (0.95 - s,.) and tgaer & {t | (Is(t)| — |s(t —1)]) >0} is the time of
setpoint change or activation time.

Minimum rise time, KPI 2-2, is defined as follows:
Atmin,rt “ min{lAtrtl}

Maximum rise time, KPI 2-3, is defined as follows:
Atmaxre & max{|At,.|}
where |At,..| is the cardinality or elements of all At,..s during test.

The use case of KPI 2-2 and KPI 2-3 is determination of minimum and maximum time that
the setpoint is reached to 0.95 - s, for the first time.

Ratio of satisfied rise time (Ry¢ ¢rye):
Fretrue 2 {|Aty| | Aty <10},
where F,. 1, IS the frequency of times when At,.. < 10 comes true.

KPI 2-4 is defined as follows:

R _ Frt,true
rt,true — n )

where n is the number of all times of true and false events.
KPI 2-4 demonstrates how much the PVC could meet the rise time requirement (10 sec).

Settling time (At,;) of response time:

tst = {t | |Q(t)| = |0-002 ) Sactl }1 Lact = {t | (lS(t)l - |S(t - 1)') > 0}

Ats = tse — tact

where tg; is the time at which the absolute value of step response (]Q(t)|) exceeds 0.2% of
activation setpoint value (]0.002 - s,.|) for the last time or |Q(t)]| stays under |0.002 - s, |
permanently.
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Minimum settling time, KP1 2-5, is defined as follows:
Azl:min,st = min{lAtstl}

Maximum settling time, KPI 2-6, is defined as follows:
Atmax,st = max{lAtstl}

Ratio of satisfied settling time (Rg¢ ¢rye):
Fst true & {|Ats| | Ats < 60}

KPI 2-7 is defined as follows:

Fst, true
n

Rst,true -

The use cases of KPI 2-5to

KPI 2-7 are like those for rise time and they show whether or not the step response can also be
kept at a steady state tolerance band within the permissible rise time of 10 seconds and
settling time of 60 seconds.

All of the notations for settling time are like rise time; accordingly, notations for settling time
formulas are not written again. In addition, the rise and settling time KPIs for deactivation phase
are calculated after a setpoint change using the same formulas at the time of deactivation of
Setpoint sgeqce = IS | Is(®)] — [s(t —1)| <O.

For evaluation of deviations from setpoint, the maximum values of the over/undershoot are
determined.

Relative deviation from setpoint is defined as follows:
Q(t)—s(t
dev,(Q(0),s(1) = £,
where dev,.;(Q(t),s(t)) is the relative deviation or change between step response or actual
value of reactive power (Q(t)) and setpoint value (s(t)).

Maximum relative overshoot deviation from setpoint in both activation and deactivation phases,
KPI 2-8, is defined as follows:

devmax,rel,oversh = max{ldevrell} )

where devaxreroversn 1S the maximum relative overshoot deviation from setpoint and
|dev,¢;| is the cardinality of relative deviation(dev,..;).

KPI 2-9 is defined as follows:

devmax,rel,undersh = min{ldevrell}a
where dev,,gyx rerundersn 1S the maximum relative undershoot deviation from setpoint.

The use case of to

KPI 2-9 is to show how much the maximum over/undershoot from setpoint would be. If these
values get out of permissible ranges too much, they can cause unnecessary over/under
voltages at the grid connection point.

Ratio of frequency values of maximum permitted over/undershoot in both activation and
deactivation phases
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According to RTE requirements, over/undershoot deviation of Q(t) from setpoint should be
less than +0.2% of setpoint.
Maximum overshoot:
B ger {1 | dev,; < +0.002

rel,oversh,dev = 0 | devrel > +0.002
where dev,,; is the relative deviation from setpoint and B,¢; opersn qer IS the Boolean (B) value
(true or false) of relative overshoot deviation.

KPI 2-10 is defined as follows:

|]Brel,over5h,dev,true|

Rrel,oversh,dev = B 1B )
| rel,oversh,dev,truel | rel,oversh,dev,falsel

def

where ]Brel,oversh,dev,true = {1| devrel < +0-002}’ ]Brel,oversh,dev,false = {0 | devrel >

+0.002 }’ |Brel,oversh,dev,true| is Cardina"ty of [Brel,oversh,dev,true ’ and Rrel,oversh,dev is the

ratio or proportion of all true events, that relative overshoot deviation is under +0.2%.
Miximum undershoot:

1 |dev,, = —0.002

{0 | dev,..; < —0.002

def
]Brel,undersh,dev =

KPI 2-11 is defined as follows:

|[Brel,undersh,dev,true|

Rrel,undersh,dev = B 1B
| rel,undersh,dev,true| [ rel,undersh,dev,false|

The use case of
KPI1 2-10 and KPI 2-11 is demonstration of percentage of satisfied or violated maximum
over/undershoot.

KPI 2-12 is the statistical frequency distribution of relative deviation from setpoint. The
reason that

KPI 2-12 is not a formula is that the calculation of it is a process; thus, it is not possible to
define a formula for it.

KPI1 2-12 illustrates the existing frequency distribution of deviations from setpoint or to what
extent a certain relative deviation from setpoint can be maintained.

Corrected sample standard deviation (sstd or .s) from setpoint,
KPI 2-13, is defined as follows:

sstd = [ EL, 00 - 5O,

where n is the number of elements of cardinality of Q(¢t) (i.e. n is all seconds at which Q(t) is
sampled) from the time of setpoint change to the next setpoint change. Q(t); is the value of
Q(t) at every second after setpoint change. Corrected sample standard deviation is calculated
for every setpoint change during the test. Since the setpoints change every time, it is
mathematically wrong to calculate standard deviation over the whole test. Therefore, standard
deviation is to be calculated for each setpoint separately.

The use case of KPI 2-13 is to demonstrate how close the reaction of the power generating
module is to the setpoint, when there is a change in setpoint, since the field test data are discrete
and are sampled every second. It generally elucidates the performance of the power generating
module to setpoint change. The larger the sstd would be, the more Q(t) is deviated from s(t).
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For the evaluation of reactive power free band,

KPI 2-17, is defined as follows:

Free Band Q = (available P — Q capability) pgr — (minimum P — Q capability)so ,
where Free Band Q is the area between two capability diagrams'!, (available P —
Q capability)pgr Is the available reactive power of the power generating facility at grid
connection point and (minimum P — Q capability)rs, IS the minimum reactive power
requirements of the relavent network operator (DSO or TSO).

In the following the KPIs are evaluated for examplary field tests. The field tests are done in
“Parc éolien Les Hauts Pays”'? on October 2012 and December 2015. Before evaluation of KPI
results, some time series are to be illustrated to clarify the field test data better. Figure 14 depicts
time series of active power, reactive power, line-to-line voltages and per unit voltage of wind
farm.

Essai 1 Données

60000

40000

active power (kW)

20000

— Qrotar

-2000
-4000
-6000

reactive power (kvar)

-8000
-10000

240000

239500

Voltage (V)

239000

238500

Voltage (pu)
2

mmmmmm

Figure 14 Active power, reactive power and voltage time series of test 1 of wind farm (plotted in Python)*3

The first plot from top of Figure 14 maps out the active power of wind farm in kW which is
about 65 MW and stays unchanged during setpoint change. The second plot lays out the reactive

1 Ali Esmaeili, 2020, op. cit.
2 meaning “Les Hauts Pays” wind farm
13 Ali Esmaeili, 2020, op. cit.
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power of wind farm in kvar. The setpoint changes at 09:38:06 (start of activation mode) and
gets back to the previous value at 09:40:12 (start of deactivation mode). The third plot draws 3
line-to-line voltages and average of 3 voltages of wind farm together. The last plot maps out
the per unit value of voltage (U/U,) which is the reference voltage plot for implementation of
KPlIs.

Since the reference voltage (U/U,.) oscillates, it is not possible to take reactive power as
setpoint; therefore, voltage is taken as a setpoint in field test data.

Figure 15 elucidates plot of actual voltage (step response) and setpoint voltage simultaneously.

Essai 1 Données
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Figure 15 Actual and setpoint voltage time series (plotted in Python)4

After setpoint change there are three phases. The first phase which is the first 10 seconds after
change demonstrates the dynamic state which is highlighted with light violet colour. No
requirements are defined during the dynamic state. The second phase occurs at the 10'" second
of setpoint change where the value of voltage must be under +£0.5% of setpoint value. This
phase is highlighted with medium violet colour. The last phase is the steady state which occurs
after 10" second where actual value of voltage must be under +0.2% of setpoint. This phase is
highlighted with dark violet colour.

The following figures, Figure 16 to Figure 19 show the KPIs based on this field test data. KPI
2-17 is not analysed because of having not enough field test data.

14 Ali Esmaeili, 2020, op. cit.

Project REgions, Deliverable D6.1: Key Performance Indicators 29



Quality at 10th second

L/

Quality of fullfilment corridor

Quality of steady state

Emm Fulifiled
mmm Not Fullfiled

Total quality

Smart Grids Plus
ERA-Net

May 2021, Ali Esmaeili

Figure 16 KPI 2-1: Quality of fulfillment corridor (plotted in Python).*

Table 3 KPI12-2 to KPI 2-6: Minimum and maximum rise and settling times (plotted in

Python). 16
Mode Min. rise time (s) Max. rise time (s) Min. settling time (s) Max. settling time (s)
Activation mode 30 30 30 30
Deactivation mode 20 20 20 20
Temporal fullfilment ratios
Rise time Settling time
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May 2021, Ali Esmaeili

Figure 17 KPI 2-4 and KPI 2-7: Quality of temporal fulfillment (plotted in Python).

15 Ali Esmaeili, 2020, op. cit.
16 Ali Esmaeili, 2020, op. cit.
17 Ali Esmaeili, 2020, op. cit.
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Table 4 : KPI 2-8 and KPI 2-9: Maximum deviations from setpoint (plotted in Python).

18

Mode Max. relative overshoot Max. relative undershoot
Activation mode 0.00136 -0.01881
Deactivation mode 0.00743 -0.00066

Deviation fullfilment ratios

Overshoot

Activation mode

Deactivation mode

Undershoot

. ‘ B Fullfiled
B Not Fullfiled

May 2021, Ali Esmaeili

Figure 18 KPI 2-10 and KPI 2-11: Quality of relative over/undershoot deviation from

18 Ali Esmaeili, 2020, op. cit.
19 Ali Esmaeili, 2020, op. cit.
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Histogram of relative deviation from setpoint

Median of relative deviation: 0.00465%
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Figure 19 KPI 2-12: statistical frequency distribution of deviations from setpoint
(plotted in Python). 2°

Table 5 KPI 2-13: Corrected sample standard deviations for all setpoint changes
(plotted in Python). 2!

Start of setpoint End of setpoint Sample Standard Deviation (sstd)
09:38:06 09:40:12 0.002299
09:40:13 09:41:00 0.002067

20 Ali Esmaeili, 2020, op. cit.
2L Ali Esmaeili, 2020, op. cit.
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4 KPI for UC3 on Antimetric REdispatch 2.0 in Germany

Redispatch in Germany has so far generally been carried out through bilateral coordination
between transmission system operators and large conventional power plants. The new
Redispatch 2.0 (RD 2.0) process, to be introduced in spring 2022, will not only be much more
automated via the platform of the connect+ project, but will also include renewable energies
(RE).

The participation of renewable energies in redispatch is a novelty in Germany, which
Fraunhofer IEE intends to demonstrate within UC3 using wind power plants in the German
federal state of Schleswig-Holstein. At best, the demonstration is to run via the connect+
platform.

Redispatch always consists of a combination of power reduction and increase at different
locations in the grid, which are separated from each other by a grid congestion. Ideally, power
reduction and increase should not only correspond in their amount, but also in their timing.
They should therefore start and end at the same time and be symmetrical and synchronous in
opposite directions. Figure 20 illustrates this “Antimetric Redispatch” by using Renewable
Energies (RE), namely the power generation of two wind farm clusters P1 and P2, respectively.
The sum of both power generations Psym during the redispatch ideally corresponds to a
horizontal line. If this is not the case, what can be stated for current redispatch processes (see
D6.3), an imbalance of generation and consumption occurs, which can increase the demand of
the power system for balancing reserve.

Renewable energies can be controlled relatively quickly and are often integrated into virtual
power plants. As part of UC3, antimetric Redisptach of wind turbines in Schleswig-Holstein
will be tested and evaluated, ideally via the connect+ platform.

Figure 20 shows an ideal demonstration process where the active powers P of the wind farms
exactly match the set points s. In addition, it illustrates the demonstration process using an
unchanging available active power (AAP). Under real demonstration conditions, AAP is time-
varying.

P 4 P2
Wind farm 1: Active power F’1 (= set point sﬂ)
AAP1 — — Wind farm 1: Available active power AAP1
g Wind farm 2: Active power P2 (= set point 32)
8—AAP P NSNS e Wind farm 2: Available active power AAP2
Z v ROV 0 e Precurtailment by redispatch power P
2 = =RD 2.0 request: Decrease by PRD
AAP2 = ==RD 2.0 request: Increase by PRD
Paum=P1* Py
AAP2 - PRD

0 1 2 3 4 5 6 7 8 9
Time [min]

Figure 20 : lllustration of Antimetric REdispatch by two wind farms

The KPIs for Antimetric REdispatch are defined as follows, in accordance with Chapter 3.
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KPI 3-1 (fulfillment corridor) is defined as follows:
|BRDFulfilCorr,true|

RRDFulfilCorr,true = )
“BRDFulfilCorr,true"" “BRDFulfilCorr,false'

where ]BRDFulfilCorr,true = {1 | llfC(t) < P(t) < ulfc(t)}a ]BRDFulfilCorr,false =

{0 | llfC(t) = P(t) v ulfc(t) =< P(t) }’ “BRDFulfilCorr,truel is Cardina”ty of

Brpruifiicorr,true » 3 Rrpruiriicorr,true 1S the ratio or proportion of all true events, that

reactive power is inside fulfillment corridor. The upper limit of fulfillment corridor is defined
; w (1.002-s(t) |t>10

asulfe(t) = {1.005-5(0 It =10

0.998-s(t) |t>10

{0.995 -s(t) |t=10"

KPI 3-1 can be applied to P1, P2 and Psum. In case of Psum, S(t) is defined as the sum of the

setpoint of wind farms cluster 1 and 2: sg,,,, (t) = s1(t) + s,(t).

, the lower limit of as lifc(t) &

KPI 3-2 (minimum rise time) is defined as follows:

Atminre & min{|Aty|},

where Aty; = tre — tace, tre = {E|P(8) = 095 S4¢¢ } Laee 2 {t | (IsO] = [s(c=1D) >
0}and sgce & [s@] | [s@®]— Is(t—1] >0.

KPI 3-3 (maximum rise time) is defined as follows:
Atraxre = max{|At,|} .

KPI 3-4 (ratio of satisfied rise time) is defined as follows:

R _ Frt,true
rt,true — n '

where n is the number of all times of true and false events and Fy; ;e & {|Aty| | Aty <
10 }.

KPI 3-5 (minimum settling time) is defined as follows:

Atmin,st = min{lAtstl} )

where Atgy = tgr — tace, toe = {t | IP(E)] < 10.002 - sqce| }and toer = {t | (Is(O)] —
Is(t—1)]) >0}.

KPI 3-6 (maximum settling time) is defined as follows:
Atmax,st = max{lAtstl} '

KPI 3-7 (ratio of satisfied settling time) is defined as follows:

R _ Fsgtrue
sttrue — n

where n is the number of all times of true and false and Fy; ¢y & {|Atg| | Atse < 603},
Deviations from setpoint are defined as follows:

P(t)-s(t
devyo(P(D),5(1) = “222.
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KPI 3-8 (maximum relative overshoot) is defined as follows:

devmax,rel,oversh = max{ldevrell} :

KPI 3-8 can be applied to P, P2 and Psym.

KPI 3-8 can be interpreted as caused maximum negative balancing reserve demand Pmaxner if
the grid frequency is higher than 50 Hz:

Praxnpr = max{devg,s(t)}| f(t) > 50Hz and devg,s > 0

KPI 3-9 (minimum relative undershoot) is defined as follows:

devmax,rel,undersh = min{ldevrell}-

KPI 3-9 can be applied to P, P2 and Psym.

KPI 3-9 can be interpreted as caused maximum positive balancing reserve demand Pmax,pgr if
the grid frequency is lower than 50 Hz:

Praxppr = min{devys(t)}| f(t) < 50Hz and devyps < 0

KPI 3-10 (Ratio of overshoots) is defined as follows:

|[Brel,oversh,dev,true|

Rrel,oversh,dev ~ 1B 1B
| rel,oversh,dev,true| [ rel,oversh,dev,false|

Where IB3rel,oversh,dev,true ] {1 | devrel < +0-002}, IB3rel,(wersh,dev,false =
{0 | devrel > +0.002 }1 “Brel,oversh,dev,truel is Cardina“ty of IB37‘6l,oversh,dev,tfrue ' and

Rye1overshaev 1S the ratio or proportion of all true events, that relative overshoot deviation is
under +0.2%. KPI 3-10 can be applied to P1, P> and Psuym.

KPI 3-11 (ratio of undershoots) is defined as follows:

|Brel,undersh,dev,true|

Rrel,undersh,dev = B B )
| rel,undersh,dev,true|+| rel,undersh,dev,false|

w (1 | devyy = —0.002
where rel,undersh,dev = {0 | devrell < —0.002"
re :

KPI 3-11 can be applied to P1, P2 and Psym.

KPI 3-12 is the statistical frequgncy distribution of relative deviation from setpoint. KPI 3-12
can be applied to Py, P2 and Psym.

KPI 3-13 (corrected sample standard deviation) is defined as follows:

sstd = \/ﬁ n(P(t); — s(t))?
KPI 3-13 can be applied to P1, P2 and Psym.

Deviations of Psum(t) from the horizontal line of ssum(t) can be converted into demand for
balancing energy Egr caused by the redispatch by taking into account the grid frequency f(t).
This requires the grid frequency to be recorded during the test.

KPI 3-14 is either the caused positive balancing energy demand E, cgr if the grid frequency is
lower than 50 Hz,
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Epcpr = X devgps(t)] f(t) < 50Hz and devg,s <0
(Where devabs(t) = PSum(t) - Ssum(t))

or the avoided negative balancing energy demand En agr if the grid frequency is lower than 50
Hz,

Enapr = Z devg,s(t)| f(t) < 50Hz and devg,s > 0

KPI 3-15 is the caused negative balancing energy demand Engr if the grid frequency is
higher than 50 Hz,

Encgr = 2devg,s(t)| f(t) > 50Hz and devgy,s > 0,

or the avoided positive balancing energy demand Epgr if the grid frequency is higher than 50
Hz:

Epapr = Z devg,s(t)| f(t) > 50Hz and devg,; < 0

KPI 3-16 (loss energy) is defined as follows:

The loss energy during a field test is calculated

Ejpss = fAAP(t) — P(t) dt,

or with consideration of an overestimation of the available active power (AAP) which
corresponds to the “b” in the offset correction function

Eoss = [AAP(t) — P(t) — b dt.

Moreover, the minimum needed loss energy is calculated, which can be reached if the set point
would be fulfilled exactly.

Eloss,min = jprovord,pos(t) + |Sneg (t)l - spos(t) dt

Two conditions have to be considered: to only calculate the loss energy during the field test
protocol or if the real time schedule is different to the AAP.
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5 KPI for UC7 on international collateralisation of balancing reserve
during congestion (France and Germany)

Irrespective of the regulatory framework??2, it is technically possible to shift the provision of
balancing reserve from one wind farm to another. From a technical point of view, this shift is
possible across balancing groups and even national borders, since the location of the balancing
reserve delivery has almost no influence on the grid frequency. Shifting the provision of
balancing reserves makes it possible to offer balancing reserve even if part of the plants are
ramped down for congestion management. Shifting the provision of balancing reserves thus
increases the scope of action for grid operators, who today have to exclude plants that provide
balancing reserve when carrying out their congestion management, at least in Germany?*. In
addition, shifting the provision of balancing reserves is in line with the requirement to allow
cross-border exchange of balancing reserves via the MARI and PICASSO platforms and the
possibility to perform pool-external collateralization of balancing reserve provision.?>2

The demonstration of UC7 is divided into two phases. In period 1, the German wind farm cluster
runs in curtailed mode to be able to deliver positive balancing reserve (pos. aFRR). The French
wind farm cluster runs in a uncurtailed mode. In period 2, the German wind farms cluster gets
curtailed to zero due to a (simulated) congestion. The French wind park cluster takes over the
aFRR provision of the German one by being curtailed by the same amount and thus performs
the aFRR collateralization.

Figure 21 illustrates the demonstration process using an unchanging available active power
(AAP). Under real demonstration conditions, AAP is time-varying.

22 See REgions D3.1.1 on Use Cases

23 Poplavskaya, K., Joos, M., Krakowski, V., Knorr, K., & De Vries, L., “Redispatch and balancing: Same but
different. Links, conflicts and solutions.” In 2020 17th International Conference on the European Energy Market
(EEM) (pp. 1-6). IEEE.

24 https://www.bdew.de/media/documents/Awh_2020-05-RD_2.0_Branchenl%C3%B6sung_Kerndokument.pdf
3 https://www.regelleistung.net/ext/tender/remark/download/128359720

2 https://www.regelleistung.net/ext/download/Konsultation MfRRA_MARI_PICASSO
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<— period 1 —><— period 2 —>

)
]
% AAP1 [ laFRRrange
—— P, : Active power
EAAP -P o 1 P
8 a - AAPW: Available active power
o " .
g -------- P_rrg: Ordered positive aFRR capacity
= PaFRR ------ Precurtailment to offer PaFRR
£ = =Feed-in decrease for congestion management
& 0
tO t1 t2
o]
g
2 [ ]aFRRrange
£ AAP2 —— P, Active power
8 — = AAP_: Available active power
T AAP,-P___ 2
5 arkky o e PaFRR: Ordered positive aFRR capacity
S PaFRR ------ Curtailment for F'aFRR collateralisation
oy
(g
L 0
t, t, t
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Figure 21 : lllustration of the demonstration process for international collateralisation of balancing reserve during
congestion (UC7)

The KPIs for UC7 are taken from the predecessor project REstable?” and are repeated here for
the sake of completeness.

The following time series can directly be exported from the VPP to use them for further
calculations.

- Active Power P(t)

- Auvailable Active Power AAP(t)

- Real Time Schedule RTS(t) = APP(t) - Parrr(t)
- Ordered positive FRR Capacity (Provision set point)  Provord,pos(t) or Parrr(t)

- Set point FRR s(t)

- Actual Value FRR (Activation) av (t) = P(t) - RTS(t)

The following time series are calculated to further calculate the KPIs of UC7. The formulas for
the upper and lower limit of the fulfillment corridor consider the requirements for aFRR and
are adapted to official public formulas?.

Acceptance Channel
- upper limit uacyprr (t) = max{s(t — 5min), ..., s(t)}
- lower limit lac prr(t) = min{s(t — 5min), ..., s(t)}

Fulfillment Corridor
- upper limit ufc(t)
- lower limit Ifc(t)

27 https://www.restable-project.eu/wp-content/uploads/2019/08/REstable-D3.3-Evaluation-Public.pdf
Bhttps://eepublicdownloads.entsoe.eu/clean-

documents/nc-tasks/EBGL/EBGL_A21 181218 ALL%20TSOs%20proposal_aFRRIF_explanatory_document_
for%20submission.pdf?Web=0
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ufcarrp(t)
(max{SMW, uac(t) + 5SMW,uac(t) = 1.1} | uac(t) =0 A s(t) =0
_ ) max{s(t) + 5MW,s(t) * 1.1,uac(t) + 5MW,uac(t) * 1.1} |uac(t) =0 A s(t) #0
N imax{SMW, uac(t)} |uac(t) <0 A s(t)=0
max{s(t),uac(t)} | uac(t) <0 A s(t) #0
lf capcr(t) =
(min{—SMW, lac(t) — S5MW,lac(t) x 1.1} | lac(t) <0 A s(t) =0
min{s(t) — SMW,s(t) * 1.1,lac(t) — 5MW,lac(t) x 1.1} |lac(t) =0 A s(t) #0
imin{—SMW, lac(t)} | lac(t) >0 A s(t) =0
min{s(t), lac(t)} | lac(t) >0 A s(t) #0

Provided aFRR Capacity (Provision)

- Positive Provy,s(t) = AAP(t) — P(t) + s(t)

The values within the fulfillment corridor are one main metric to determine a KPI regarding the
activation quality.

The fulfillment corridor is determined for each time stamp by the upper border to
overfulfillment and the lower border to underfulfillment and considerates positive and negative
tolerances as well as ramp up periods. The quality of the activation is measured by the share of
actual values, which are within the fulfillment corridor. The KPIs are subdivided into positive
and negative activation and set point zero.

KPI 7-1 (fulfillment corridor) is defined as follows:
avfulfill_corr,pos(t) = true | lfC(t) < avpos(t) < qu(t)
H(avfulfill_corr,pos)n

(avfw fill_corr,pos)n (true) + H (avpy fm_corr‘pos)n (false)

(true)
29

avfulfill_corr,pos,share_true =

Set point zero
avfulfill_corr,zero (t) = true | lfC(t) < avzero(t) < qu(t)

H (avfuifin_corr,zero),, (true)

H(avfulfill_corr,zero)n(true) + H(avfulfill_corr,zero)n (false)

avfulfill_corr,zero,share_true =

Total quality of activation
avfulfill_corr(t) = true | lfC(t) < av(t) < ufc(t)

2 H4 (E) £ absolute frequency of an event E within a quantity m

(x), = Sequence of a variable value x with n elements
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H(a"fuz fill corr), (true)

H(a”fulfill_corr)n (true) + H(avfulfill_corr)n (false)

AVruifill_corr,share_true =

The quality of provided power is measured by the basic (theoretical) possibility to activate the
full positive aFRR at any time. The availability is given if the contracted aFRR is provided
100%. The availability is calculated for each time stamp.

| Prov,os(t) = Proverqpos(t)

1
Provavailable,pos(t) = { 0 | else

Positive Provshare_available,pos = (Provavailable,pos)n 30

In order to generate one summarizing over-all KPI, which shows the test result in one single
number, the activation and the provision KPI are aggregated considering their temporal
weighting.

AVruifill_corr,share_true * tshare_act + Provshare_available * tshare_prov

KPI7—-1= 31

tshare_act + tshare_prov

To evaluate the deviations from the set point, the system first determines the maximum values
for overfulfillment and underfulfillment as well as the share of fulfilled requirements, and
secondly a statistical frequency distribution of the relative deviations from the target value.

H(Dev over)n (true)
H(Dev over)n (true) + H(Dev over)n (false)

D €Vover,share_true —

KPI 7-2 is defined as: Minimum activation time tgce min = Min{(Atgee)n}

KPI 7-3 is defined as: Maximum activation time t,c¢ max = max{(Atgee)n}
Share of fulfilled requirements tacr true = Heatger), (Atact < tactmax)

KPI 7-4 is defined as tacr share true = t““nﬂ

KPI1 7-5 (minimum settling time) is defined as follows:

Atmin,st = min{lAtstl} )

where Atg = tge — tace, toe 2 {t [ [P(0)] < [0.002 - 54| }and toee & {t | (Is(®)| —
|s(t—1)]) >0}

KPI 7-6 (maximum settling time) is defined as follows:

% m = arithmetic mean of a quantity m
3L The KPIs of provision and activation are aggregated regarding their time share.

tshare act £ time share of activation periods

tshare_prov £ time share of provision periods
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Atmax,st = max{lAtstl} .

KP1 7-7 (ratio of satisfied settling time) is defined as follows:
__ Fsttrue

R =
st,true n !

where n is the number of all times of true and false and Fy; ¢y & {|Atg| | Atse < 603},

Deviations from setpoint are defined as follows:

_ P(®)-s(®)
devrel(P(t)z S(t)) - Is(t)
Relative deviations from set point  Dev,;(t) = —av(?(;)s(t)

av(t) — s(t) |[s(t) >0

Absolute deviations from set point Devg, (t) = {S(t) — av(t) |s(t) <0

KP1 7-8, maximum overfulfillment (relative) is defined as:

Devyemax,over = Max{(Devye)n}
Maximum Overfulfillment (absolute) Devyps max,over = max{(Devgpys),}

KPI1 7-9, minimum underfulfillment (relative), is defined as:

Devyeimaxunder = min{(Devy¢)n}
Maximum underfulfillment (absolute) Devapys maxunger = min{(Devgps)n}

KPI 7-10 (Ratio of overshoots) is defined as follows:

|Brel,oversh,dev,true|

R =
rel,oversh,dev |Bret,oversh,dev,truel+ |Brel,oversh,dev,false|
def def
Where rel,oversh,dev,true = {1 | devrel < +0-002}1 IBrel,oversh,dev,false =
{0 | devrel > +0.002 }1 “Brel,oversh,dev,truel IS Cardma“ty of ]Brel,oversh,dev,true ' and

Rye10versh.aer 1S the ratio or proportion of all true events, that relative overshoot deviation is
under +0.2%.

KPI 7-11 is defined as

H(Dev under)n (true)
H(Dev under)n (true) + H(Dev under)n (false)

D €Vynder,share_true —

To calculate the (de-)activation time, the time after a setpoint change is calculated at which the
actual value reaches or exceeds the setpoint for the first time. The maximum permitted
activation time t(act,max) Or deactivation time t(deact,max) is 300 s for aFRR.

Set point change (activation) Sact =S() | |s(@®)] > |s(t—1)]

Activation time (setpoint reached) At,.; = t(av = sget) — t(Sact)
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KPI1 7-12 is the statistical frequgncy distribution of relative deviation from setpoint.

KPI 7-13 (corrected sample standard deviation) is defined as follows:

sstd = \/ﬁ L (P(®); — s(1))?

KPI 7-14: Energy of under fulfillment

Ehur : Sum of under fulfillment as an amount of energy per hour. It’s not allowed to consider
over fulfillment in terms of compensation. According to current FRR rules no under
fulfillment is allowed. The best value is zero (EHur = 0.0 MWh/h).

KPI 7-15: Energy of over fulfillment

Ehorio : Sum of over fulfillment which exceeds 10% as an amount of energy per hour. It’s not
allowed to consider over fulfillment lower than 10% in terms of compensation. According to
current FRR rules no over fulfillment with more than 10% is allowed. The best value is zero
(Ehor10 = 0.0 MWh/h).

KPI 7-16 (loss energy) is defined as follows:

The loss energy during a field test is calculated

Eppss = fAAP(t) — P(t) dt,

or with consideration of an overestimation of the available active power (AAP) which
corresponds to the “b” in the offset correction function

Eoss = [AAP(t) — P(t) — b dt.

Moreover, the minimum needed loss energy is calculated, which can be reached if the set point
would be fulfilled exactly.

Eloss,min = jprovord,pos(t) + Isneg (t)l - Spos(t) dt

Two conditions have to be considered: to only calculate the loss energy during the field test
protocol or if the real time schedule is different to the AAP.

Accepted values are defined as follows:

The accepted values are all values up to upper border of the acceptance channel (without
tolerances), which means that values above (with tolerated overfulfillment) cannot be
remunerated. The allocable accepted values can be lower than the accepted values. That means
during the deactivation ramp phases not all values can be remunerated which are within the
acceptance channel.

Accepted Values (positive aFRR)
acc,,s(t) = {min{av(t),uac(t)}, av(t) > 0 Auac(t) >0
. 0 else

aCCpos = faccpos(t) dt

Allocable Accepted Values (positive aFRR)

t—-301

aaccyos(t) = Spos(t) + min {accpos () — Spos(t); max {O,J Spos(t) — aaccpos(t)dt}}
t

-1
aaccyos = faaccpos(t) dt

Underfulfillment with Penalisation (positive aFRR)
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max{O, Ifc(t) — accpos(t)} [lfc(t) >0
0 lelse

unfpos(t) = {
unfpos = funfpos(t) dt
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6 Conclusions

This report defined the key performance indicators (KPI) for use cases (UC) 1, 2, 3 and 7 of
the REgions research project. The KPIs make it possible to measure the success of the tests
for the control of renewed energies by means of a VPP to provide regional power services.
The tests are performed for each UC as part of Work Package 6 of the REgions project.

The calculation formulas of the KPIs were given individually for each UC. In addition, the
KPIs were also explained and illustrated in a cross-UC manner by means of a typical step
response.

The completed definition of the KPIs enables the uniform and automated evaluation of the
tests.
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