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Definitions
Activated capacity
aFRR

Backlash
Connection Point

Droop

ENTSO-E
FCP

FCR

FCR-D
FCR-N

FCR provider

Controller

parameter set

Maintained capacity
Power system

stabiliser

Prequalification

Providing entity
Providing group

Providing unit

TSO
Setpoint

Part ofthe active power output caused by FCR activation
Automatic Frequency Restoration Reserve
General denotation of mechanical deadbéingensitivities/ backlash

The interface at which thgroviding entityis connected to a transmissic
systemor distribution system, as identified in the connection agreem

The ratio of a steadgtate change of frequency to the resulting steady
state change in active power output, expressed in percentage terms
change in frequency is expressed as a ratio to nominal frequency ar
change in active power expressed as a ratio to maximum capacity o
actual active power at the moment the relevant threshold is reached

European Network of Transmission Syt Operators for Electricity
Frequency Containment Process

Frequency Containment Reserve

Frequency Containment Resefee Disturbance

Frequency Containment Resefee Normaloperation

Legal entity providing FCRervices from at least one FCR providing
unit or group

A set of preselected parameter values, selectable with a single signi
a certain parameter set for island operation and another oR€ RN

Theamount ofreservan MW that will be utilized at full activation,
FCR-N 50+0.1Hz, FCR-D at 495 Hz for upwards regulation ark.5
Hz for downwards regulation

An additional functionality of the étomaticVoltageRegulatorof a
synchronous powegenerating module whose purpose is to damp po\
oscillations

Prequalification means the process to verify the compliance BCR
providing unitor an FCR providing group with the requirements set by
the Technicd Requirements for Frequency Containment Reserve
Provision in the Nordic Synchronous Area

FCRProviding Unit orFCRProviding Group

FCRProviding Group means an aggregation of Power Generating
Modules, Demand Urdtand/orReserve Providing Unitand/or Energy
storagesonnected to more than one Connection Point fulfilling the
requirements for FCR

FCRProviding Unit means a single or an aggregation of Power
Generating Modules and/or Demand Uiaitel/or Energy storages
connected to a common Connection Point fulfilling the requirements
FCR

Transmission System Operator

Part of the actie power output that does not include FCR activation

entso®@
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1 Introduction

This document supports the Main docum@mrizhnical Requirements for Frequency Containment Reserve
Provision in the Nordic Synchronous Areéming towards a common Nordic harmonizatiéthe
technical requirements for frequency containment reserves (FCR) within the Nordic power system.

The objective of the frequency containment reserves is to stabilise and maintain the frequency in case of
imbalances. FCR is a fast power activation #wivates automatically and proportionally in response to a
deviation in frequency within certain intervals. FCR for normal operation {RC&abilisesluctuations
between production and consumption in normal operation and FCR for disturbanceB)E@Hilises

large power imbalances that may occur.

In this documentonceptsand terminologies used in the Main document and throughout this document are
explained. In sectiof the process for prequalification is presented. The test procedure is presented in
section3. The applation of the test results in evaluating requirements compliance, incldeliivgitionof
themathematical representations of the dynamic behaviour of FCR providing entities, is explained in
Section4 to provide a better understanding on hawentity's dynamic behaviour is evaluated. FCR

capacity calculation for redime telemetry and data logging purposes is explained in Séxction
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2 The prequalification process

The prequalificatiorprocesshall ensure that the FCR provider is capalblerovidingFCR in accordance
with the requirements from the TSThe prequalification process is harmonized between the Nordic
TSOs, and it is based on the requirements given to the TSOs through the European guidelines from the
European CommissionThe process shall also ensure that the respective TSO has altéssarg
documentation for the FCR providing entities. Furthermore, the process must ensure that the correct
communication links are established and that the required telemetry is received. The required tests,
documentation and data are further describetdisndocument andtatedn theMain documentThe
prequalification process is illustratedkigurel.

Potential FORProvider Reserve Connecting TSO
Inform the TSO about the date
for testing so that the TSO may Request modificationsto the test
send an observer. Present test plan, if needed
plan.
v
Perform tests
v
Formal application for Evaluation If application is
Prequalification of an Reserve ————————— complete. Gonfirmation within 8
Providing Entity weeks.
Incomplete vy

Additional information provided R;;I dl:teiir:;r

within 4 weeks b : .

information
complete
No additions Complete Bvaluation of compliance with
Application is application . thetechnical requirements ~ ¢——
withdrawn " Assoonaspossible, at latest
within 3 months
The Tested Entity is . passed
e < SO
Providing Entity Y 99ing
Not passed
Request for
amendments
no amendment The Tested Entity isnot
. accepted asan FORProviding
" Entity
amendment
Implementation of the
amendments

Figure 1. lllustration of the steps in the prequalification process

1 COMMISSION REGULATION (EU) 2017/1485 of 2 August 2017 establishing a guideline on electricity
transmission system operation
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3 Test procedure

The FCR providing entity shall be synchronized to the grid during the test. The frequency control signal,
normally from the measured grid frequency, is replaceantgpplied tessignal as illustrated iRigure?2.

.| Measurement
recorder
A
FCR providing entity

Govemor / > Grid
Controller Output

power

4
Grid
Simulated input frequency
frequency

Applied test signal

Figure 2. Principle test setup.

If the FCR providing entity being testedagquipped with a Power System Stabilizer (PSS) that interacts
with FCR activation, the PSS shall be disabled while performing the tests. During testing, supplementary
active power controls like aFRR shall be disabled so that the setpoint remains uncWatiggd.control
using frequencyvoltage droop is allowedhen it acts on the applied frequency signal
A test set is designed to highlight the properties associated with FCR provision;
9 Steady state activation (stationary performance)
1 Dynamic performance
1 Dynamic stability
9 Linearity
A single test set contains, not including special considerations or possible exemptions;
1T FCRN
1 1 step response sequence
i 7 sine responses
1 FCR-D upwards
1 2 ramp response sequesce

1 5 sine responses
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1 FCR-D downwards
1 2 rampresponse sequerge
1 5 sine responses

Additional tests or considerations may be applicable depending on the FCR proving entities specific
properties and test method. This includes

1 Separate test for frequency measurement loop

9 Linearity test for norcontinuougesponsedor FCR-N

1 FCR-D with separate high performance and high stability parameters
1 Deactivation

The FCR properties depend on both ambient and operational conditions, such as loading level
(powersetpoint), droop settings, water level height (hydieperature of cooling water (thermal), and

many more. All ambient and operational conditions cannot be tested, so the requirements aim to highlight
those most important.

The FCR providing entities must confirm compliance for the relevant operationasr&weerally, it is
required to complete one test set at a minimum of four operational conditions fax AGER-D upwards
andFCR-D downwards:

1) Maximum active power setpowvhere the entity will provide FCR, amdaximum droopand
corresponding controligparameter sets, where the entity will provide FCR.

2) Maximum active power setpoivhere the entity will provide FCR, amiinimum droopand
corresponding controller parameter sets, where the entity will provide FCR.

3) Minimum active power setpointhere the entity will provide FCR, amdaximum droopand
corresponding controller parameter sets, where the entity will provide FCR.

4) Minimum active power setpointhere the entity will provide FCR, amdinimum droopand
corresponding controller paramesets, where the entity will provide FCR.

If the above stated conditions are not applicable or representative for the FCR providing entity, the test
conditions shall be agreed with the TSO prior to performing the teistghe responsibility of the FCR
providing entity owner to clarify uncertainties with regard to necessary testsexample, FCR providing
entities, where the setpoint does not have any influence on the FCR response, can be tested at only one
setpointvalue.Similar exemptions can be given where relevant.

Exemptions giverarelisted below. Generally:

1 If the entity is planned to deliver FCR at a single pasegpoint the tests 3) and 4) can be
omitted.

If the entity is planned to deliver FCR at a sendroop setting, the tests 2) and 4) can be omitted.

If a single parameter set is used for all posetpoins, sine testing at multiple powsetpoing can

be omittedMaximum and minimum droop setting must be testdnk power setpoint where

stability ismost challenging, normally the highest, shall be tested. E.g. hydro power using a single
parameter set for entire powsatpointrange is required to perform stability testing for high

loading only.

1 Providers maghoose to perform tests for only F&fRupwards only FCR-D downwards, or both.
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Subject to TSO approval prior to testing:

1 For technologies where powsetpointdoes not influence the FCR provision capabilities, testing
at a single powesetpointis sufficient for both steady state, dynamic perfance and dynamic
stability. E.g. batteries.

1 The eserve connecting TSO can give additional exemptions for testing requirements where
compliance can be confirmed by the general knowledge of the technology, either from previous
tests of similar units or oén documentation. The potential FCR provider is responsible for
clarifying this prior to testing.

Note also thathe sine testing is simildor FCR-N, FCR-D upwards and~CR-D downwards. Results can
where applicable beeused for confirming compliance feeveral productsassuming the same parameter
set is used.

3.1 FCR-N

3.1.1 FCR-N step tests

A step response sequence is used to determine steady stalé ¢apRcity, backlastand performance.
Synthetic step signals are injected in the frequency measurement hiolp,gives a power response. The
initial two steps, from 50.00 Hz &0.05 Hz and back, are included to highlight the contribution of the
backlash and similar neimear effects. Each new step is injected after reaching steady state power
response for arie sufficient enough tdearly confirm steady state activation.

50.00 HzA 50.05A 50.00A 49.90A 50.00A 50.10A 50.00 Hz

Hz Step response sequence
50.15 ‘ ‘

50.1

50.05 +——

50 -

49.95

49.9

HEN

Figure 3. Input frequency signal for FCR-N step response tests

3.1.2 FCR-N sine tests

Sine tests are used to confirm stability and dynamic performance. Synthetic sinusoidal signals are injected
in the frequency measurement loop, which gives a power response. For each time period, at least five
periods shall be recorded after reaching alstsinusoidal active power output.

The time periods for which to test is T = [10, 15, 25, 40, 50, 60, 70] sedbtiusresponse already

crosses the real axis (Im=0) in the Nyquist plane on the right side of the stability requirement circle for
tested time periods, the testing of time periods less than or equal to 40 seconds can b& beFER
provider may choose to perform tests at more time periods to investigate transfer function values in the
area otherwise interpolated, see Subsedin
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50.1
/ N
- 50 I
/
’
- 49.9
Output: P — = Input: f

Figure 4. Input frequency signal for FCR-N sine tests

3.2 FCR-D

3.2.1 FCR-D upwards stationary performance test

A rampresponse sequence is performed to determine steady state B@Rards capacity and confirm
linear activation of FCHD. Therampsalso provide necessary information about backlash and similar non
linear effects, and can be used for confirming correctchiviy of parameters between FGRand

FCR-D.

For FCR providing entities with switching of parameter sets betweenNF@Rd FCRD, the initial ramp

from 50.00 Hz to 49.50 Hz is used for compliance evaluation, and in that cash RE&Is to be active.

This switchover is only necessary to test (i.e. to keepRC&tive) at a single power setpoint, but for
maximum and minimundroop settings. The ramp sequence remains the same even if switchover testing is
not performed.

Both activation and deactivation $hae tested in the upwards direction. The ramp rate shall be at least
2 mHz/s,e.g a full activation from 50 Hz to 49.5 Hz shall be made within maximum 250 seconds. A faster
ramp rate may be chosen, up todBz/s, i.e. 50 seconds for full activation.

10
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50.00 HzA 49.50A 49.70A 49.90A 49.70A 49.50A 49.70A 49.90

Hz Stationary performance test

50.20
50.10
50.00
49.90

49.80 \
49.70
49.60 \
49.50
49.40
49.30
49.20

Figure 5. Input frequency signal for FCR-D upwards ramp response tests

3.2.2 FCR-D upwards ramp response test

Ramp tests are performed to assess the-B@namicperformance. Synthetic steps and ramp signals are
injected as frequency measurements, giving a power response. The initial two step4 (80.80 Hz

and 49.803 49.90 Hz for FCRD upwards) are included to highlight the contribution of the babkla

when injecting the ram@.he ramp should be at a rate-024 Hz/sec.

50.00 HzA 49.80A 49.90A 49.004 49.90

oy Ramp response sequence

50.10
50.00
49.90

49.80

49.70 \ /
49.60
49.50

49.40 \ /
49.30
49.20

4910 \ /
49.00
48.90

Figure 6. Input frequency signal for FCR-D upwards ramp response tests

11
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3.2.3 FCR-D downwards stationary performance test

A rampresponse sequence is performed to determine steady stat® B@Rnwards capacity and

confirm linear activation of FCH®. Therampsalso provide necessary information about backlash and
similar nonlinear effects, and can be used for confirming correct switching of parameters betweéh FCR
andFCR-D.

For FCR providing entities with switching of parameter sets betweenNF@R1 FCRD, the initial ramp
from 50.00 Hz t&0.50 Hz is used for compliance evaluation, and in that caseNF@&eds to be active.
This switchover is only necessary to test (i.e. to keep-NGRtive) at a single powsetpoint but for

both droop settings. The stspguence remains the same even if switchover testing is not performed.

Both activation and deactivation shall be tested in the downwards direction. The ramp rate shall be at least
2 mHz/s, i.e. a full activation from 50 Hz to 50.5 Hz shall be made mvitlaximum 250 seconds. A faster
ramp rate may be chosen, up to 10 mHz/s, i.e. 50 seconds for full activation.

50.00 HzA 50.50A 50.30A 50.10A 50.30A 50.50A 50.30A 50.10

Hz Stationary performance test

50.80
50.70
50.60
50.50
50.40
50.30
50.20
50.10
50.00 -
49.90
49.80

Figure 7. Input frequency signal for FCR-D downwards stationary performanceresponse tests

3.2.4 FCR-D downwards ramp response tests

Ramp tests are performed to assess the-B@Rnamicperformance. Synthetic steps and ramp signals are
injected as frequency measurements, giving a power response. The initial two step4 (50.20Hz
and50.20A 50.10 Hz) are included to highlight the contribution of the backlash when injecting the ramp.
The ramp should be at a rate d®29Hz/sec.

12
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50.00 HzA 50.20A 50.10A 51.04 50.10

o Ramp response sequence

51.10

5100 .
50.90
50.80
50.70
50.60
50.50
50.40
50.30
50.20
50.10
50.00 -
49.90 | |

Figure 8. Input frequency signal for FCR-D downwards ramp response tests

3.2.5 FCR-D sine tests

If the same parameter set is used for HCRpwardsand/or FCRD downwardsas for FCRN, the test
results from test in sectid1.2may be reused.

Sine tests are used to confirm stability. Synthetic sinusrielliencysignals are injected, whigiroduces
a sinusoidapower respons&Vhile testingthe frequencynput shall bean oscillation around 49.70 Hz
(FCR-D upwards)yand 50.3Hz (FCRD downwards)with anamplitude of 0.1 Hz. Alternatively, if agreed
to with the reserve connecting TSO , the test may be performettdguancyinput oscillating around
50.00 Hz whilst providing FCResponse continuously and symmetricaltgund 50.00 Hz, i.e. by
deactivating deadbands/insensitivity used in control loop for-BCR

For each time period, at least five periods shall be recorded after reaching a stable sinusoidal active power
output. The time periods for which to test is T =[10, 15, 25, 40, 50] dedbthe response already

crosses the real axis (Im=0) in the Nyquist plane on the right side of the stability requirement circle for
tested time periods, the testing of shorter time periods can be omhe&CR provider may choose to

perform tests amnore time periods to investigate transfer function values in the area otherwise interpolated,
see Subsectiof.1

13
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50.1
% ! 50 §
« T =
/
’
- 499
Output: P = = Input: f

Figure 9. Input frequency signal for FCR-D sine tests

3.3 Special considerations

3.3.1 Separate test of frequency measurement loop

For providers choosing to use an internal software for generating the required test signals, i.e. steps, ramp:
and snusoidal signals, the frequency measurement loop must be taken into account by including its
properties. This is done by including a time datayresponding to the frequency measurement, [dOp .

There are four options for determining tirae delay

1. Separate test of the frequency measurement loop, by inserting an externally generated frequency
step response to measure the time constant of the response.

50.02

50

49.98

49.96

49.94

Fregeuncy (Hz)

49.92

49.9

49.88

Frequency input

Frequency measured

Figure 107 Example responselflue) from a separate test ofrequency measurement loopby applying a step frequency
change prange

2. Documentation from supplier of the equipment.

14
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3. References to previous tests of equal equipment.
4. Using the default value provided by the T80% WwOAATA"AS.

3.3.2 Linearity test

For entities with a nogontinuous response, a linearity test shall be performed to verify compliance with
the requirement for linearity.

For FCRN, the test consists of a sequence of ramps illustrateijime 11. At 49.9Hz and 50.1 Hz
respectively, enough waiting time shall be applied such that the response has clearly stabilised, before
continuing with the next ramp in the sequence.

50.0 HzA 49.9Hz A 50.0 HzA 50.1 HzA 50.0 Hz

Hy Linearity test sequence

50.20

50.10

50.00 -

49.90

49.80

Figure 11 FCR-N linearity test sequence to be performefbor minimum and maximum capacity.

Both activation and deactivation shall be tested in the upwards and downwards direction respectively. The
ramp rate shall be at least 0.5 mHz/s, i.e. a full activation from 50.0 Hz to 49.9 Hz shall be made within
maximum 200 seconds. A faster ramp rate maghosen, up to&Hz/s, i.e. 50 seconds for full

activation.

For FCRD upwards andCR-D downwards, the linearity is evaluated using the ramp sequence in
subsectior8.2.1

3.3.3 FCR-D with separate high performance and high stability parameters

Instead of using one set of FdRparameters that qualifies with all requirements, the provider may choose

to use a combination offagh performancgarameter set andhégh stabilityparameter set. The high
performance parameters are used to achieve gaddrmance during a frequency disturbance. They are

2 The default value is purposefully set to a high value to ensure a margin.
3 The Nordic TSOs areuerently working to define the value.

15



Supporting Document on Technical Requireme e n t S O@

for Frequency Containment Reserve Provision
the NordicSynchronous Area

active for a limited time, after which the entity switches to the high stability parameters to ensure stable
operation.

When using the high performance parameters, the entity is allowed to havee re@ldity margin,

which in turn allows for a faster response. The stability margin, i.e. the radius of the stability margin circle
around the Nyquist point, may be reduced maximally to a fourth of the general requirement when applying
the high performare parameters. The high stability parameters set must comply with the general stability
requiremenand with the dynamic performance requirements for fNCRs described in the Main

document.

FCR-D providing entities utilising separate parameters for pigtiormance and high stability, shall
perform separate sirand stegesting for each parameter set, with switching disabled. The ramp tests shall
be performed per the general instructions, with parameter switching active.

3.3.4 Deactivation

FCR-D providing enities shall fulfil the same requirements for deactivation as stated for activetien
testing is then performed per the general instructions above, where deactivation is tested the same way as
activation.

Some FCRD providing entities will be allowed texist within a limited quota for entities with a grace
period of 15 minutes where the deactivation requirement does not apply, as described in the Main
document. Such entities will not be required to perform sine testing. When performing testing on such
entities enough resting time shall be applied between each activation in the step and ramp sequences
respectively, so that each activation is unhindered by previous activations and the gracé&lperiod.
detailed testing arrangements for such entities naeiagbeed with the TSO.

16
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4  Evaluation of compliance

This chapter provides detail on how the requirements should be understood, and how they are evaluated
from the test results. The TSOs will provide the necessatydlB to automatically perform all

calcultions and evaluations of test results, and hence this information is provided for those who want to
understand the inner workings of that tool, or to create tools of their own.

4.1 Deriving FCR-N and FCR-D transfer function values from testing

The requiremets for stability and partially for performance is given by frequency domain criteria.
Therefore, the frequency domain response, i.e. the transfer function, of FCR providing entities must be
derived. Since not all frequencies are tested, the transferdanstderived by evaluation of tests at

specific period.

disturbance
! d
—>(3 > F(s) —3Z—> G(s)

Y

FCR providing System
entity

Figure 12: lllustration of the system used for evaluation of compliance with requirements in frequency domain.

The frequency domain requirements are expressedwatdated assuming linearity of the evaluated
system, i.e. no mechanical deadbands/insensitivities/backlash. Sulthaawrcharacteristics may in
reality be present in the FCR providing entities being tested. A method to account for théseanities
is also presented in this section. The method is also applicable should the backlash be zero.

In short, the transfer function is derived dgalculation using
1 Stegramptests to evaluate backlash and stationary FCR activation

9 Sine tests at varying period times to evaluate phase shifts and magnification
(damping/amplification) between the injected frequency signal and the FCR response

The transfer functionfahe FCR proiding entity is the curve created the transfer function values, and
theinterpolatedvalues between them.

41.1 Base values

To calculate the magnification and phase shift, it is necessary to determine what is the stationary active
power step response and thecklash scaling factor to compensate for thelim@arity.

Using the test sequersautlined inSection3 and shown irFigure 13, Figure14 andFigure 15, the
stationary active power step response from a 0.1 Haratep(0 is calculaed, not including the

contribution of the backlasltror FCRD it is calculated for a 0.2 Hz step.

Y0 s sifﬁsD.

Yo c w (4.2)

17
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50.15 70
50.1 60
— 50.05 50 2
T =
> ]
(&}
S 50 — 40 2
=0 (=1
T 4995 30 £
b
49.9 20
49.85 10

Frequency Input ~ =—— Active Power Output

Figure 13 Example response (blue) from input frequency (orange) according to FCR step test.

50.2 80
50.1 75
50 70 —
~ S
L 499 65 2
Z o
< 49.8 60 2
=0 (=1
o )
d 49.7 55 2
= i3]
496 50 <
495 45
49.4 40

Frequency input ~ =—— Active power output

Figure 14. Example response (blue) from input frequency (orange) according to FGR upwards stationary performance
test
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Figure 15. Example response (blue) from input frequency (orange) according to FCR downwards stationary
performance test.
To account for the backlastiQ , the result@reused to calculate the per unit value as
YO YO YO Y0
co BUe U B: L a0 4.2)
c¢Yu
Based on the total backlash in per ugi®( ), a backlash scaling factbiis obtained fronTable1?.
Table 1. Backlash scaling factor (h) as a function of total backlash in per unit ( o
cO 0.00 0.01 0.02 0.03 0.04 0.05 0.06
h 1 0.999 0.998 0.997 0.996 0.994 0.992
c¢O 0.07 0.08 0.09 0.10 0.11 0.12 0.13
h 0.99 0.988 0.986 0.984 0.981 0.979 0.976
c¢O 0.14 0.15 0.16 0.17 0.18 0.19 0.20
h 0.974 0.971 0.968 0.965 0.962 0.959 0.956
c¢O 0.21 0.22 0.23 0.24 0.25 0.26 0.27
h 0.953 0.95 0.946 0.943 0.94 0.936 0.932
c¢O 0.28 0.29 0.30
h 0.929 0.925 0.921
The backlash factd€) and thesteadystate powefactor a0 completes the calculation of the
normalsation factorQ used to derive the gain and phase shifts of the sine tests
YO
5 4.3

4 The total backlash is not allowed to be above 0.3 p.u.
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4.1.2 Gain and phase shift
A transfer function value can be defined as
1 The gain that describes the magnification of the output relative to the input signal, and;

1 The time shift that describes the phase shift of the output relative to the input signal.

0.15 35
0.1 T =l 30
! 1 1
: 1 1
| —
005 : 5 =
T ! =
= 1 o
(=] |
g O | [y 20 2
= | | I (=
g < | | g
“ 005 | ' v - 15 ©
Rl : (o <
| I | |
' ' L
01 | : i 10
I
I : L
-0.15 5
Frequency input ~ ——Active power output
Figure 16. Example response (blue) from input frequency (orange) for FCR sine test
The angular frequency corresponding to a certain time period, T, can be calculated as
1 — (4.9
The gain in per unit is calculated as
0 4.5
% (4.5)

Whereod is the amplitude of the power output (MV), is the amplitude of the frequency in@rtdQis
the normalization factor.

The phasdi (QQ "Qi )@fte transfer function for a certain angular frequency/time period is calculated as
<.0 OJT

whereT is the time period (ndYois the time difference (s) of the input frequency signal and output
power signal, as shown Figure16.

When evaluating compliance, the transfer function values of the FCR proeidligis used together
with the transfer function values for the model of the power sys@im, Note thatOi is different
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between FCRN andFCR-D, and between stability and performance for FERlue to different
dimensioning inertidevels and regulating strengths in the systéhe gain and phase shift for the power
system transfer function is calculatedheut use of measurementgjuatiors (4.7) and(4.8) show the
transfer functions for FCRI andFCR-D respectively. The values used for stability and performance are
provided in sectiond.2.2 4.2.3and4.3.4

s Eo 1 [PUI (4.7)

s e T PU (4.8)
Where
1 — and"Yis the tested time periods.

"Qis the nominal frequency, 50 Hz

Q is the load frequency dependency

H is the inertia constant of the Nordic power system
Y is the nominal power of the Nordic power system

In addition, the transfer function values of the dimensioning disturbance profile feNF&Rormance
O , is calculated for the tested period timiess derived from the characteristics of the syste
imbalances/disturbances, expressed by the transfer function in eqd&@)pnsing a time constant of 70
seconds.

_P
X% p
An example of the results after calculating gain and phase shift for each tested time period is given in

Table2, for FCRN. Note that onlythe white cells are derived from testing, while all others are theoretical

values, which are equal for every té&ble 3 shows the transfer function values based on testing in
combination with the theoretically derived transfer function values for tvepsystem transfer function.

Table 2. Example values for calculation of transfer function values for FCRN providing entity and for power system

Qs (4.9)

Period 0 0 Q (stability) "0 Q (performance)
time,
Y(s)

SOQ's [AOQQ (degrees)| SO Qs |AO0Q Q 0 O ADD g

(degrees) (degrees)

10 0.2349 87.56® 1.9808 -87.8163 1.2517 -84.9735
15 0.2194| 104.2934 2.9793 -86.7265 1.8685 -82.4843
25 0.2161| 117.3542 4.9511 -84.5546 3.0679 -77.5989
40 0.2278| 122.6276 7.8668 -81.3279 4.7411 -70.6173
50 0.2404| 123.5015 9.7712 -79.2059 5.7509 -66.2615
60 0.2553| 123.7382 11.63® -77.1134 6.6675 -62.1783
70 0.2721| 123.7617 13.45% -75.0552 7.4897 -58.3803

Using the transfer function values, the results can be combirmeadctdate the transfer functions for
evaluaion of compliance. The needed information is the real part, the imaginary part and the gain of the
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inverse of the sensitivity transfer functier— and the gain of closed loop transfer function values,
I‘O’;'QI -‘Y’TQI .

The lastcolumnof Table3 is the distance to the Nyquist point, as illustrateBigure17. Note that the
transfer function value offinitely high frequency/low time period is included in the figure, in transfer

function value given by (0,0and that thénterpolated values between that and the 10 second period time
transfer function valudllustrated by a green dashed lireincluded in tle evaluation of compliance.

Table 3. Example values for calculation of transfer function values for compliance evaluation of FGR stability

Period time;Y(s) Real part of inverse of Imaginary part of inverse of Gain of the inverse
sensitivity transfer function, | sensitivity transfer function, sensitivity function
Y 0Q0 O Vap OQO0 1 Q0 Qs

0 0 0 0

10 0.5349 0.002D 0.5349

15 0.3768 -0.1973 0.4253

25 0.1008 -0.5795 0.5882

40 -0.3465 -1.1829 1.2326

50 -0.6812 -1.6403 1.7761

60 -1.0404 -2.1596 2.3971

70 -1.4158 -2.7504 3.0934

Table 4. Example values for calculation of transfer function values for compliance evaluation of FCR
performance requirement

Period time,"Y(s) Closed loop transfer function, Disturbance profile, 5
Q) 0

10 1.769D 43.9937

15 2.9296 29.3386

25 4.7328 17.6213

40 5.1822 11.041

50 4.8346 8.8531

60 4.4188 7.3983

70 4.0296 6.3623

Figurel7 illustrates the Nyquisturve and=igure18the closed loop transfer function values in relation to
therequirementsWhen evaluating the requirementdHigure17 andFigure18, a 5 %tolerance will be
applied to take into account measurement uncertainties, etcetera. The tolerance iEigeeslifias the
shaded blue area around the requirenadtdr the tolerance has been applied by scaling the requirement
with 0.95. The tolerance is included in the dashed liffégire 18 by scaling the requirement with 1/0.95.
The tolerance has not been included able2, Table3, or Table4.
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Figure 17. Example response of transfer function values (green dots) and transfer function (green liref)the gpen loop
response given bysecond and thirdcolumn of Table 3, which qualifies for the stability margin requirement (blue circle of

radius » 35— 8 ) and does not enclose the point1,0) (red cross)

Yoga
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Figure 18 Example response of transfer function values (orange dots), transfer function (orange solid line) of the closed
loop responsegiven by second column ofable 4, which qualifies for the performance requirement (orange dashed ling)
given by third column of Table 4.

4.1.3 Frequency measurement loop

If tests are done using internal software in the governor for generating test signals, and thus not including
the frequency measurement loop, this must be accountedtfadalculatonthe transfer function.

The approximate frequency measurement loop impact, as determined by 3&cfida included in the
FCR providingentities transfer function as a first order filter with a time constant , as shown in
equation(4.10).

o~ P
Of w50 (4.10)

Where"@d s the transfer function not including the frequency measurement loop.

When calculating the transfer function values for the FCR proviglitigy, the transfer function values
derived from sine testingremultiplied with transfer function values of tffiest orderfilter for the
respective time periods tested.

00 QY (4.11)

__ P
Y Q op
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4.2 Evaluation of FCR-N requirements

4.2.1 Evaluation of FCR-N requirement for stationary activation

The capacity of an FGR providing entity is determined based on the step response sequence
measurement outlined in Subsect®f.1and examples of the responssh®wn inFigure19.

50.15 70
50.1 60
— 50.05 50 2
: H
> ]
(&}
g 0 a0 2
=0 (=1
g g
T 4995 30 £
<
49.9 20
49.85 10

-Frequency Input ~ =—— Active Power Output

Figure 19. Example response (blue) from input frequency (orange) according to FCR step test

First, the total backlash is calculatas|

s Jts Fis It s

(4.12)

and the resulting FCRI stationarycapacity is assuming compliance with performance and stability

o Ihs Ibs ¢
fe 'AnE (413)

Linear response upwards and downwards is confirmed by comparing the steps in each direction

s s
ENEE (4.14)

4.2.2 Evaluation of FCR-N requirement for dynamic performance

The dynamic performance requirements are confirming that the stationary capacity is actikrateity .
For the stepfrom illustrated inFigure 19, following three requirements shall be fulfilled for all four steps:

1. 90 ¢ ™®dP0 s

2. Y s MU s

3. 0 s Ui s
In the equations above;
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Y0 s the activated power 60 seconds after applying the step signal
7 is the activated power 180 seconds after applying the step signal

Y0 is the steady state FGR activation i.e. the value where the power stabilizefsthe step in the test
illustrated inFigure19Y0 Y0 hYv andYu .

‘O is the activateénergy60 seconds after applying the step signal

(0] YO 6Q0 (4.15)

50.05 70

65
50 60
— =
z 55 2
) ]
S 49.95 50 2
3 [=8

o

o 45 2
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(=]
49.9 40 =

35

49.85 30

Frequency Input —— Active Power Output

Figure 20. Example responsef a single stepblue, from input frequency, orange, according to FCRN step test from 50 to
49.9 Hz

Compliance with the FCRI dynamic performance requirement is also evaluated in frequency domain by
comparing the FCR providing entities response with the required system response the transir

function of the FCR providing entitgerived as described 8ub®ction4.1 Notethat the requirement
applies also to the interpolated values between the testimtl times. The performance requirement is

I 0 P 4.16
p &i' o} Oi (4.16)
Wheres is the Laplace operator aadl is in per unitAnd
O 8
8 ﬁ v o§ ot 8 1 8 (4.17)
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p ,
— ®@ i 8t
Ol X patr e (4.18)

"Qis the nominal frequenc§y0 Hz
Yy isthe nominal power of the Nordic power system for average inertia B/é00 MW

'O isthe inertia constant of the power systiemaverage inertia leveb—————
h

O isthe load frequency dependerz61

The compliance evaluationmt®e visualized aBigure21. Other visualisations may also add value for
providers evaluating the FCR proving entity during analyses or tuning. See appendiceslfor detai

Performance
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©
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10 20 30 40 50 60 70

Time period [s]

Figure 21 Example response of transfer function values (orange dots), transfer function (orange solid line) of the closed
loop response which qualifies for the performance requirement (orange dashed line).

4.2.3 Evaluation of FCR-N requirement for dynamic stability

The dynamic stability requirements are confirming that the response of the FCR provision is contributing
correctly to damp frequency oscillations in the system.

Compliance with the FCRI dynamic stalbity requirement is evaluated using the Nyquisteria for the
open loop transfer function, given by equati¢h49) and(4.20). "Oi is the transfer function of the FCR
providing entity,derivedas described in sectiom Subgction4.1 Note that the requirement applies also
to the interpolated values between the tested period times.
o - P
P &i Os 5 (4.19

2 &i o pxEAYIip &O O mn (4.20)
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entso®@

Where,

0 i : - [p.u]

and
0 is 2.31 themaximum sensitivity
s is theLaplaceoperator

"Qis 50 Hz
Y is23000 MW
O is

h
0 is0.005 (the load frequency dependence)

"Oi given in per unit.

(4.22)

The Nyquistdiagram can be visualized asHigure22, also shown in the Main document. The graphical
representation of the stability criteria, is that the Nygaist/e created by the transfer function values and
the interpolation between theshould not enclose the poini(0) and should not pass inside the stability

margin circle.
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Figure 22 Nyquist diagram of the Nyquistpoint (-1,0), FCRN stability margin requirement (blue) together with an
example response (@en).

4.3 Evaluation of FCR-D requirements

4.3.1 Evaluation of FCR-D requirements for stationary activation

The capacity of an FGIR upwardsproviding entity is determined based on tampresponse sequence
measurement outlindd Subsectior8.2.1and shown irFigure23, and foran FCRD downwards

providing entity is deermined based on thiampresponse sequence measurement outlined in Subsection
3.2.3and shown irFigure24.
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Figure 23. Example response (blue) from input frequency (orange) according to FGR upwards stationary performance
test
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Figure 24: Example response (blue) from input frequency (orange) according to FGI® downwards stationary

The FCR-D upwardsandFCR-D downwardssteadystate activatiorran be calculateds
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4.3.2 Evaluation of FCR-D requirements for dynamic performance

The FCRD dynamic performance is evaluated using the rampiteSsbsectior8.2.2and3.2.4 The
FCR-D upwardsentity is subjected to a frequency input ramp from 49.9 Hz to 49.0 Hz with a slope
of -0.24 Hz/s for FCRD upwardsThe FCR-D downwardsentity is subjected to a frequency input ramp
from 50.1 Hz to 51.0 Hz with a slope oR@Hz/s.
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Figure 25. Calculation of FCR-D upwards capacity and FCRD downwards capacity. The green area indicates positive
energy contribution while the red area indicates negative energy contribution.

Usingthe values as illustrated Figure25, thefollowing requirements shall be fulfilled for the ramp
response:

1. dogs OO S(MW)
2. Ogs ogi B0 $(MWs)
where

Y0 i is the activated power5 secondsfter the start of the ramp
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Y0 is the steady state FGR activation calculated isutsection4.3.1
Oy, is the activate@nergyfrom the start of the ramp @5 seconds after the start of the ramp, that is

8
Og YO 6 Q0 (4.24)

If the FCR providing entity does nhtlfil the performance requirement, it can still provide the partial
compliant provision. l.e., the FCR capacity 0 , IS minimum of the three requirements pawer
activationperformancestationary performancand energy supplement performance.

<

0 g

H Q8
T80 O

hyo 5 7 030 (4.25

0 7 iid

4.3.3 Evaluation of FCR-D requirements for dynamic performance for deactivation

The FCRD deactivation performance will be evaluated similar to the evaluation of activation performance
in subsectio.3.2 unless a grace time is given in accordance with subsex8ch

4.3.4 Evaluation of FCR-D requirements for dynamic stability

The dynamic stability requirements are confirming that the response of th® FpE¥ision is
contributing correctly to damp frequency oscillations in the system.

Compliance with the FC® dynamic stability requiremeiig evaluated using the Nyquistiteria for the
open loop transfer function, given by equati¢h26) and(4.27). "Oi is the transfer function of the FCR
providing entity, as described in sectibid. Note thathe requirement applies also to the interpolated
values between the tested period times.

» &0 Os Uﬂ (4.26)
2k &O o pxEAYIip &O O n (4.27)
Where
o i — T pu] (4.28)

For FCRD upwards andCR-D downwards And,
0 is2.31
i isthe Laplace operator

"Qis 50 Hz
Y is23000 MW

0 is

h
O is0.005 (the load frequency dependence)
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& i s given in per unit.
&P is the steady state FER upwardsor downwardsactivation
Crcro is FCRD upwards or downwards capacity (see Equaazb)).

Compared to stability evaluation for FENR the factor——— is included to account for possible

performance scaling, and is applicable in cases where the FCR praaiditydgs unable to fully comply
with the performance criteria, but is allowed to sell the part of the stationary capacity under the
precondition thattiis accounted for in the stability evaluation.

The Nyquistdiagram can be visualized asHigure26. The graphical representation of the stability

criteria, is that the Nyquisturve created by the transfer function values and the interpolation between
them, should not enclose the poirtt,) and should not pass inside the stability margin circle.

Stability Nyquist
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Figure 26. lllustration of FCR-D stability requirement (blue) together with an example responsegteer). The example
response fulfils the stability requirement since itdoes not enter the blue circle or encircle the red cros$he orange circle

indicates the reduced stability requirement for entities utilising high performance parameters in accordance with
subsection3.3.3
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4.4 Evaluation of requirement of switch over between FCR-N and
FCR-D

Requirements for entities providing both FGRand FCRD by switching of parameters is verified by

documenting the stationary delivery of the entity at 49.5 Hz or 50.5 Hz forD-@Rvards and FCR

downwards respectively. The total stationary FCR respshak be equal to the sum of the two individual
stationary responses of FENRandFCRi D with their respective parameter sets.

Referring toSubsectior8.1.1, 3.2.1 and3.2.3the relevant values are found from #tationary
performance testesults illustrated ifrigure 19, Figure23 andFigure24.

The verification criteridor the simultaneous provision BCR-N and FCRD upwards, refrring toTable
5, is given as

Ms Y Yos d0s TBIUO S (4.29)

The verification criteridor the simultaneous provision BZR-N and FCRD downwards, referring to
Table®, is given as

s YO Yos s B0 S (4.30)

Table 5. Relevant values for showing compliance for switching between FGR and FCR-D upwards
Relevant testresults Value Notation referring to figures
From Figure23 (FCR-D Combined FCRN and FCR MO S
upwards) D steady state activation
From Figure23 (FCR-D FCR-D steady state Y YOs
upwards) activation
FromFigure19 (FCR-N) FCR-N stationary capacity SO

Table 6. Relevant values for showing compliance for switching between FCGR and FCR-D downwards

Relevant test Value Notation referring to figures
FromFigure24 (FCR-D Combined FCRN and FCR MO S
downwards) D steady state activation

From Figure24 (FCR-D FCR-D steady state Y YOS
downwards) activation

FromFigurel19 (FCR-N) FCR-N stationary capacity SR

4.5 Evaluation of linearity requirement

For FCR providing entities performing the linearity tests of se@&i8rg the compliance is evaluated by
confirmingthatthe measurement resuétee in line withthe linearity requirement.e. that the response is
within the blue area of the requirement

Themeasured-CR responsscaled by the capacity shall be plotted againsirntantaneoufequency
deviation. For FCRN, this is illustrated ifFigure27 with the lineary requiremenindicated by the blue
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area The coordinates of the blue area are givenahle7. Note that the actual test will contain more data
points.

100 - _ —— Mandatory target response
—— Allowed outcome FCR-N

50 1
9
3

c 0 A
=]
o
u
1]
(vl

_50 -

=100 1

49.90 49.95 50.00 50.05 50.10
Frequency [Hz]

Figure 27. Example response (red dots) of stationary activation of FCRI for an FCR providing entity, compared to
requirement for linearity (blue area).

Table 7. Coordinates of the corners irFigure 27.
Counter-clockwise starting from the minimum activation at 49.9 Hz.

Frequency [Hz] | Response [%0]
49.90 95

49.90 105

49.91 105

50.10 -95

50.10 -105

50.09 -105

49.90 95

Similarly, the plot for FCRD is illustrated inFigure28 with the linearity requirement described Bgble
8. Note that the actual test will contain more datmts.
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Figure 28 Example response (red dots) of stationary activation of FCI® upwards and FCR-D downwards for an FCR
providing entity, compared to requirement for linearity (blue area).

Table 8. Coordinates of the corners inFigure 28 Counter-clockwise starting from the minimum activation at 49.9 Hz and
50.1 Hz respectively. Left FCRD upwards regulation, right FCR-D downwards regulation.

Frequency [Hz] | Response [%] Frequency [Hz] | Response [%0]
49.90 0.0 50.10 0.0

49.85 0.0 50.15 0.0

49.50 95 50.50 -95

49.50 120 50.50 -120

49.54 120 50.46 -120

49.90 10 50.10 -10

49.90 0.0 50.10 0.0

4.6 Capacity determination for operational points within the tested
interval

The capacity will in general be determined at four operational points, i.e. the four combinations of
[maximal setpoint, minimal setpoint, highest droop, lowest droopfi= hin hQy haQ

as described in Sectidh The capacitiefor each operational poiaredetermined by equatiqd.13) for
FCR-N, equation(4.25) for bothFCR-D upwards and~CR-D downwards
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When themaximalcapacity(# i 1), i.e. capacity for the lowest droo@)( ), has been determined
for the highest and lowest setpoint in the téisls ( hiry ), the maximal capacity for any setpoint in
between ¢ i 1) can be calculated througjhear interpolation. Correspondingly the minimal capacity
(# i 1) for any setpoint can be calculated from the minimal capacity for the highest and lowest
setpoint. Thus, the maximal capacity (from the lowest droop setting) and the minimal cpamitthe
highest droop setting) can be calculated for any setpoint in between the highest and lowest setpoint.

The actual capacityd] for the operational point is determined not only by setpoint, but also by the droop
setting. The capacity for any dipsettingd ‘Q jis determined by linear interpolation of the capacity from
the lowest droopd ) and the capacity from the highest droop (), which in turn are interpolated for
the setpoint per the previous paragraph. The interpolationgescelied mathematically in Equat{dt81).

i oir
0 in o in 0 in 0 in ir‘]n nir‘]
. in in
0 {in 6 in 0 in 0 in — —
tn tn
0Qn o 0 0 t aQ @ (4.31)
in in
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h EA&AA. «~
6i fn an o
Qn 1

This procedure is valid for both FAR and FCRD. If the entity is tested at more than 2 setpoint vatres
more than two droop levelthe linear interpolation is done based on the two testedspondingalues
in-between which theoughtvaluelies.

The above given set of equations are examples to indicate how the interpolation in general shall be
performed. If the equations haveld® modified to suit an FCR providing entity this shall be documented
in the application and approved by the reserve connecting TSO.
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Figure 29. First step of the linearinterpolation to determine the maximal capacity for setpoints between
the minimum and maximum tested setpoint.
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Figure 30. Second step of the linear interpolation to determine the minimal capacity for setpoints betwe#re minimum

and maximum tested setpoint.
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Figure 31 Third step of the linear interpolation to determine theactual capacity for droop levelsbetween the minimum
and maximum testeddroop.

Once the maximum and minimum capacity are datexdfor the maximum and minimum setpqittie
prequalified capacities in between can be calculated with Equdtiit) as shown by the examples
below.The tests have in the example been performed for two segptihMW and 50 MW, and two
droop levels, 4% and 8%. The test results are summarigeabla9 below. Theinterpolation is also
shown graphically ifrigure29, Figure30 andFigure31.

Table 9. Example outcome of testing at four operational points.

Setpoint [MW] | Droop [%] | Capacity [MW]
10 4 2
50 4 3
10 8 1
50 8 1.5

Assume that the capacity shall be calculated if a setpoint of 27 MW and a droop level of 6% are chosen.

By application ofEquation(4.31):
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4.7 Capacity determination for uncertain or varying responses

The delivered response from an FCR providing entity may be partly uncertain, due to e.g. stmchastic
periodic consumption of the entity. The delivered response shall then be calculated as the difference
between the active power output after the activation, and the active power output that would have occurred
if the entity had remained not activatedidis illustrated for two types of varying loadsHigure32 and

Figure33.

Example 1 illustrates a situation where the load variations are independent of if the entity has been
activated or not. If it is possible to determine that the variations are independent of actilvasiavill be
excluded from the capacity calculation dgriprequalification and operation. To do this assessment the
application has to include suitable data and documentation.

Example 2 illustrates a situation where the variations are not independent of the delivery. In such a case
the capacity shall be detemmaid from the response that is ensured, i.e. the minimum of the response curve
after activation.

Figure 32 Example response where variations are independent of the delivered response.

Figure 33 Example response where the variations are not independent of the delivered response.

5 FCR capacity calculation for real-time telemetry and data logging

The TSOs have to be able to monitor the capafitpaintained reserves in re#ine in order to ensure
operational security and to predict thehaviourof the systemAccess to logged data of the reserves
enables the TSOs to ensure the quality of the product and precision in disturbance analysis as well a
possibility for providers to optirsé their products.
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