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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MICROGRIDS -

Part 3-3: Technical requirements —
Self-regulation of dispatchable loads

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization,comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to prombte ‘interngtional

cd-operation on all questions concerning standardization in the electrical and electronic fieldss To this en
infaddition to other activities, IEC publishes International Standards, Technical Specifications,; Fechnical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEG~PRublication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interestéd.in the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the\International Organizati
Standardization (ISO) in accordance with conditions determined by agreement between the two organizati

d and
ports,
Their
t with
hising
bn for
bns.

THe formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interngtional

cgnsensus of opinion on the relevant subjects since each technical .committee has representation frd
inferested IEC National Committees.

IE[C Publications have the form of recommendations for internatignal use and are accepted by IEC N3
Committees in that sense. While all reasonable efforts are mafle to ensure that the technical content g
Pyblications is accurate, IEC cannot be held responsible for the way in which they are used or fo
misinterpretation by any end user.

In| order to promote international uniformity, IEC National Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their natiehal and regional publications. Any divergence be
arly IEC Publication and the corresponding national @fregional publication shall be clearly indicated in the

IE[C itself does not provide any attestation of conformity. Independent certification bodies provide conf
agsessment services and, in some areas, access to |IEC marks of conformity. IEC is not responsible fq
sgrvices carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

m all

tional
f IEC
r any

htions
ween
atter.

brmity
r any

N¢ liability shall attach to IEC or itsidirectors, employees, servants or agents including individual experts and

members of its technical committe€s*and IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feeg
eXpenses arising out of the ‘publication, use of, or reliance upon, this IEC Publication or any othe]
Pyblications.

Attention is drawn to the,'Normative references cited in this publication. Use of the referenced publicati
inflispensable for the corfect application of this publication.

Attention is drawn te the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall.not be held responsible for identifying any or all such patent rights.

ge or
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r IEC
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The text of this Technical Specification is based on the following documents:

Draft Report on voting

8B/155/DTS 8B/172/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 62898 series, published under the general title Microgrids, can be
found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document will be

e reconfirmed,

e Withdrawn,

—

bplaced by a revised edition, or

e amended.

IMPORTANT - The "colour inside” logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a-colour printer.
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INTRODUCTION

Self-regulation of loads is a phenomenon known very well to transmission system operators,
see Annex A. This effect historically emerged from the dynamic behaviour of electric motors
that were used to directly power mechanical drivetrains, for example for pumps or air blowers.
The higher the rotational speed of the drive, the more active power is used and vice versa. This
effect automatically contributes to frequency stabilization without a supervisory control.

There is also a self-regulation effect on the voltage due to resistive loads. At higher voltages,
the current through a resistive load increases and therefore the active power consumption
increases—as—welThis increased current also flows through the impedance of the upstream
supply network, resulting in a voltage reduction at the load’s point of connection and vice vgrsa.
This leffect helps to stabilise the voltage and is also used indirectly with power system stabiljsers
(PS§). Modulated system voltage at transmission level is translated to corresponding chahges
of aqgtive power consumption of loads at distribution level which dampen low frequéncy ppwer
oscillations.

This|document intends to emulate the above explained beneficial behaviours with dispatchable
load$, which do not affect the functionality with regard to the end useryCand to make this gffect
availgble for frequency and voltage stabilization in microgrids. Dispatchable loads can mpdify
the f@pctive power consumption while maintaining their functionality by keeping syptem
parameters within acceptable ranges. This is usually achieved pby/the use of an internal energy
stordge, for example thermal energy storage in refrigerators).freezers, air conditioners, water
heaters, or electrical energy storage units such as battesies. As the loads respond tq the
freqyency and voltage they experience, no communication channels or complex control systems
are njecessary to include small loads in the commontask of keeping the electric system stable.
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1

This|part of IEC 62898 deals with frequency and voltage stabilization of AC microgrid
dispatchable loads, which react autonomously on variations of frequency and voltage/w
chanlge in active power consumption. Both 50 Hz and 60 Hz electric power systems are covs
This|document gives requirements to emulate the self-regulation effect of loads inclu
synthetic inertia.

The

modulation will not significantly affect the user as some kind of energy storage is involved

effe

self-fegulation of loads is beneficial both in island mode and grid-connected mode.
document gives the details of the self-regulation behaviour but‘does not stipulate which |
shalll participate in this approach as an optional function.

This| document covers both continuously controllable loads with droop control
ON/QFF-switchable loads with staged settings. The/scope of this document is limited to |

TS 62898-3-3:2023 © IEC 2023 -7-
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Part 3-3: Technical requirements —
Self-regulation of dispatchable loads

Scope

loads recommended for this approach are noncritical loads, thisCmeans their p

dtively decouples end energy use from the electricity supply by~the electric network.

s by
ith a
pred.
ding

bwer
hich
The
This
bads

and
bads

connected to the voltage level up to 35 kV. Reactive power for voltage stabilization ang DC

micregrids are excluded in this document.

NOT

can also be applied to loads in other electricity networks, see IEC/ISO Directives, Part 1:2023, C.4.3.2, Exam

NOT

supply are considered as noncritical and therefore dispatchable.

2

The

consfitutes requirements of this document. For dated references, only the edition cited apy

For

amendments) applies.

ISO

3

For

H 1 |If agreed between system operator and griduuser, the self-regulating principles outlined in this doc

H2 Accordingto 3.1.7, critical loads with-an electrical energy storage system such as an uninterruptable

Normative references

ollowing documents-are referred to in the text in such a way that some or all of their co

undated references, the latest edition of the referenced document (including

/|[EC 1#025, General requirements for the competence of testing and calibration laborat

iment
le 1.

power

htent
lies.
any

Dries

1 _defimitions—abbreviated , bof

the purposes of this document, the following terms, definitions and abbreviated apply.

ISO and IEC maintain terminology databases for use in standardization at the following

add

resses.

IEC Electropedia: available at https://www.electropedia.org/

ISO Online browsing platform: available at https://www.iso.org/obp
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Terms and definitions

accuracy
<of a measuring instrument> quality which characterizes the ability of a measuring instrument
to provide an indicated value close to a true value of the measurand

Note 1 to entry: This term is used in the "true value" approach. An updated term using the "uncertainty" approach
is in preparation for edition 2 of this document.

Note 2 to entry: Accuracy is all the better when the indicated value is closer to the corresponding true value.

[SOU

3.1.2
clos
proc
seq
and

Note
contin

ell

3.1.3
cont
set O

[SOU

3.1.4
dam
0

posifive quantity J in the expression Aoe‘th(x) of an exponentially damped oscillation, wher

is a
[SOU

3.1.5
dam
for a
#x
ds?

RCE: IEC 60050-311:2001, 311-06-08, modified — Note 1 to entry has been expands

ed-loop control

bss whereby one variable quantity, namely the controlled variable is ‘¢ontinuous
entially measured, compared with another variable quantity, namely the reference vari
nfluenced in such a manner as to adjust to the reference variable

d.]

y or
able,

to entry: Characteristic for closed-loop control is the closed action in_-which the controlled variable

uously or sequentially influences itself in the action path of the closed loop"

RCE: IEC 60050-351:2013, 351-47-01, modified — Note 2-to"entry has been deleted.

rol loop
f elements or systems incorporated in the closéd action of a closed-loop control

RCE: IEC 60050-351:2013, 351-47-11, modified — Note 1 to entry has been deleted.
ping coefficient

periodic function

RCE: IEC 60050-103:2009, 103-05-24]

ping ratio
linear time=invariant system described by the second order differential equation

FZ-S-wO-%+wg-x:0

p f(x)

the value of the coefficient 9,

where

t
X

@0

is the time;
is a state variable of the system;
is the characteristic angular frequency of the system

Note 1 to entry: When 9<1, o, = w, - JI-# is the eigen angular frequency of the system.

[SOURCE: IEC 60050-351:2013, 351-45-19, modified — Note 2 to entry has been deleted.]
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3.1.6

dead band

dead zone

finite range of values of the input variable within which a variation of the input variable does not
produce any measurable change in the output variable

Note 1 to entry: When this type of characteristic is intentional, it is sometimes called neutral zone.

[SOURCE: IEC 60050-351:2013, 351-45-15, modified — Note 2 to entry has been deleted.]

3.1.7
dispptchable Toad
nongritical load
load ffor which the active power consumption can be modified while maintaining the fungtionality
of that load within an acceptable range of parameters

Note [ to entry: Maintaining the load’s functionality is often achieved by use of an internal €nergy storage.
Note P to entry: The use of dispatchability depends on an agreement between grid userand grid operator.
Note B to entry: The feature of dispatchability can be made accessible either by s€lf-regulation or remote control.

Note 4 to entry: The reference point for the conformity assessment is the tegminal of the load.

3.1.8
drogp control
<of dispatchable loads> control loop to control dispatchable loads in such a way that the afctive
power consumption is a function of system frequency),‘voltage, or both

3.1.9
(elegtric) island
part [of an electric power system that is electrically disconnected from the remainder of the
interconnected electric power system hut remains energized from the local electric ppwer
sourges

Note [ to entry: An electric island can be either the result of the action of automatic protections or the resul|t of a
delibgrate action.

Note P to entry: An electric island™Can be stable or unstable.

Note B to entry: Electric jstands can be nested.

[SOUYRCE: IEC 60050-692:2017, 692-02-11, modified — Note 3 to entry has been added.]

3.1.10

faulf ride-through
FRT
ability ‘of’a load to stay connected during specified faults in the electric power system

3.1.11
(frequency) droop
ratio of the per-unit changes in frequency (Af)/f,, (where f,, is the nominal frequency) to the per-

unit change in power (AP)/P.os (Where P . is the reference active power):
0 = (Aflf) | (AP/Pgp)

Note 1 to entry: Frequency droop is f~by-P, whereas the often used characteristic curve is P(y).

Note 2 to entry: The reference active power P, is either the nominal active power or the present active power.

Note 3 to entry: The same principle can be applied for a voltage droop.
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Note 4 to entry: The frequency gradient of a characteristic curve, which describes the power response to frequency,
is the active power change per frequency change. In a 50 Hz system, a droop of o % can be transformed into a
gradient g % (in P /Hz) by the formula g = 200/g; in a 60 Hz system g = 166,7/0.

[SOURCE: IEC 60050-603:1986, 603-04-08, modified — The notes have been added, the
nominal power has been replaced with reference power, and the specific use <of a set> has
been deleted in the term.]

3.1.1

2

frequency response
for a linear time-invariant system with a sinusoidal input variable in steady state of the output

vari
vari

Note
comp

[SOU
have

3.1.1
func
symi
bran

Note

Note
diagrd

[SOU
have

3.1.1
hyst
phen
bran
bran

SEE

€ the ratio of the phasor of the output variable to the phasor of the corresponding
ble, represented as a function of the angular frequency o

to entry: The frequency response coincides with the transfer function taken on the imaginary axis
ex plane.

RCE: IEC 60050-351:2013, 351-45-41, modified — Figure 9, Figure 10-and Note 2 to
been deleted.]

3
tional diagram
olic representation of the actions in a system by functiehal blocks, summing points

ching points linked by action lines
to entry: The action lines do not necessarily represent physical connections, like electrical wires.
P to entry: Functional blocks, action lines, summing points;sand branching points are elements of the fung
m.
RCE: IEC 60050-351:2013, 351-44-01,modified — Figure 1, Figure 2 and Note 3 to
been deleted.]
4
presis
omenon represented by axeharacteristic curve which has a branch, called ascern

ch, for increasing valueshof‘the input variable, and a different branch, called descer
Ch, for decreasing values’/of the input variable

Figure 1.

‘ ylactive power

nput

bf the

entry

and

tional

entry

ding
ding

/ \

ulinput

IEC

Figure 1 — Hysteresis curve of a switchable load
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[SOURCE: IEC 60050-351:2013, 351-45-16, modified — The figure has been added and Note 1

to entry has been deleted.]

3.1.15
hysteresis control
two-state control

control scheme where a device is switched ON when an input variable crosses a threshold value
in a given direction, and is switched OFF when the input variable crosses another threshold

value in the opposite direction

3.1.16

(hysteresis) width
<of hysteresis control> difference of the input variable between the ON and OFF ~swiftq
statgs

3.1.17

immpnity

<to 4 disturbance> ability of a device, equipment or system to performwithout degradati
the gresence of a voltage or frequency disturbance

3.1.18

inerflia,

<in gn electric power system> property of a rotating rigid body according to which it main
its apgular velocity in an inertial frame in the absence of an)external torque

[SOUYRCE: IEC 60050-113:2011, 113-03-02, modified ~The definition has been modified fg
purppse of rotating reference system.]

3.1.19
inerfia constant, <of a rotational energy storage>
H
ratio|of rotational energy stored at nominal frequency and the nominal power

H= Fpax ! Py

Note | to entry: The inertia constant # is half the mechanical starting time 7, .

3.1.20
low-pass filter

hing

DN in

tains

r the

filterlhaving a single‘pass band below a cut-off frequency and a stop band for higher frequencies

[SOURCE_; IE€ 60050-561:2014, 561-02-26, modified — Note 1 to entry has been deleted.

3.1.21

measurand
particular quantity subject to measurement

[SOURCE: IEC 60050-311:2001, 311-01-03]

3.1.22
mechanical starting time, <of a rotating electric machine>
T,

m
time of a rotating mass from standstill to nominal frequency while being accelerated
nominal torque

Note 1 to entry: The mechanical starting time 7 _ is twice the inertia constant H.

with
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3.1.23

microgrid

<in an electric power system> group of interconnected loads and distributed energy resources
with defined electrical boundaries forming a local electric power system at distribution voltage
levels, that acts as a single controllable entity and is able to operate in island mode

Note 1 to entry: This definition covers both (utility) distribution microgrids and (customer owned) facility microgrids.

[SOURCE: IEC 60050-617:2017, 617-04-22, modified — Reworded to avoid redundancy.]

3.1.24
overishoot
Ym
for 4 step response of a transfer element the maximum transient deviation from'-the [final
steadly-state value of the output variable, mostly used in the form of overshoot ratio
SEE|Figure 2 (v,,)
A
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o g o - - ——— - —Ul) = - ——————-
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/: Us :I i
"o, Uo : : ' >
1 | ! t
T FT‘sra ! | i
o ——+ ! 1
s | ]
o |
. '
Ty = TP IEC
u Input variable
U, Initial value of the input‘variable
Ug Step height of the_input variable
v Output variable
vy, V| Steadysstate value before and after application of the step
Ym Overshoot (maximum transient deviation from the final steady-state value)
2-Av Qpnr‘ifinri tolerance limit

T, Step response time
T, Settling time
T, Dead time

Figure 2 — Typical step response of a system

[SOURCE: IEC 60050-351:2013, 351-45-38, modified — The second part of the definition has
been simplified and adapted to the purpose of this document.]
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3.1.25

overshoot ratio

ratio between the overshoot and the difference of steady-state values before and after the
application of the step

Vm! Vo = Vo)

3.1.26

over-voltage ride through

OVRT

ability of a load to stay connected during a limited duration rise of system voltage

3.1.27

power system stability
capdbility of a power system to regain a steady state, characterized by the' ‘synchropous
operption of the generators after a disturbance due, for example, to variation of power or
impedance

[SOURCE: IEC 60050-603:1986, 603-03-01]

3.1.28
primary control
<for factive power> control of generators or loads by their individual controllers which enqures
that the active power flow is a function of the power frequency or network voltage

3.1.29

rebound effect
aggregated increase or decrease of power consumption after synchronised demand resppnse
deadtivation

Note | to entry: The risk of oscillating reboundeffects is small when there is a high diversity in the time congtants
of the|relevant dispatchable loads, which define\the need to switch from on to off and vice versa.

3.1.30
resorution
smallest change in the measurand, or quantity supplied, which causes a perceptible change in
the indication

[SOUYRCE: IEC 60050-311:2001, 311-03-10]

3.1.31
rate jof change of frequency

ROCIOF

first-prder-derivative in time of the frequency

d77di

3.1.32

secondary control

<of active power in a system> coordinated control of the active power supplied to the network
by particular generators

Note 1 to entry: The secondary control usually has an integrative component to ensure steady state accuracy of
the controlled variable.

[SOURCE: IEC 60050-603:1986, 603-04-05, modified — Note 1 to entry has been added.]
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3.1.33

self-regulation

<of loads> inherent feature of loads to react under certain conditions autonomously on
variations of frequency or voltage or both with a change in the power exchange with the electric
power network

Note 1 to entry: In this document active power is considered only, Q(U) is not covered.

3.1.34
simulated electric power system interface
grid simulator

SEP§t
assefnbly of test equipment with variable voltage and variable frequency output emulating a
poweér system at the point of connection

Note | to entry: Normally, a SEPSI is voltage source converter with AC/DC/AC structure.

3.1.35

state of energy
SOE
ratio| between the currently stored energy from an energy storage-at specified operatjonal
conditions and the maximum storable energy when fully charged, typically expressed jas a
percentage

Note | to entry: Stored energy is the energy which is physically contaified in an energy storage. The stored gnergy
is indgpendent of the charge or discharge power.

[SOUYRCE: IEC 62933-1:2018, 3.2.4, modified — In\the term, “charge” has been changegd to
“enefgy”, the definition now comprises all kinds of.energy storage and Note 1 to entry has peen
addgd.]

3.1.36

step|response
time|response of a linear time-invariant system, which initially is in steady state Up| V,,
prodliced by application of a stepfunction Aug(r) = K ¢(¢) to one of the input variables, where

Ave(t) = v(t) — Vg and Au () = u(@- Uy

Note | to entry: The step response of a linear time-invariant system is proportional to the time integral of its impulse
respopse.

[SOUYRCE: IEC 60050-351:2013, 351-45-27, modified — Figure 5 and Note 2 to entry have peen
delefed.]

3.1.37
step|response time
for a| step response the duration of the time interval between the instant of the step change of
an inpuf variable and the instant when the output variable reaches for the Tirsi time a specified
percentage of the difference between the final and the initial steady-state value

SEE Figure 2 (Tg,).

Note 1 to entry: In the case of PT1-behaviour of a first order low-pass filter with a transfer function K / (1+7), the

output variable reaches 0,95 of the difference between the final and the initial steady-state value after 3 . Therefore,
the bandwidth of £ 5 % is an often-used bandwidth around the targeted value.

[SOURCE: IEC 60050-351:2013, 351-45-36, modified — The original note has been deleted and
Note 1 to entry has been added.]
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3.1.38

synchronisation

<of dispatchable loads> aggregated response of different dispatchable loads within a
synchronous area by simultaneously switching on or off so that the adjustments of their active
power consumption coincide with each other

Note 1 to entry: Synchronisation of dispatchable loads can contribute to frequency instability.

Note 2 to entry: Desynchronisation of dispatchable loads refers to the practice of avoiding synchronisation in the
electric power system.

3.1.39

synthetic inertia
<in gn electric power system> capability of a grid connected converter to emulate thefeffgct of
inert|a of a synchronous generator to a prescribed level of performance

3.1.40

time|response
varigtion in time of an output variable, produced by a specified variationyof one of the |nput
varigbles, under specified operating conditions

[SOURCE: IEC 60050-351:2013, 351-45-09, modified — Note 1 to entry has been deleted.

3.1.41
torque

comj;léonent of a moment of force M along a given axispassing through the origin point,|thus
T = M-e, where e is the unit vector of the axis

Note | to entry: Torque is the twisting moment of force with“respect to the longitudinal axis of a beam or shaft.

[SOURCE: IEC 60050-113:2011, 113-03-26,_modified — The note to entry was reformatted.

—_

3.1.42
trangfer function
for allinear time-invariant system the ratio of the Laplace transform of an output variable tp the
Laplace transform of the corresponding input variable, with all initial values equal to zero

[SOUYRCE: IEC 60050-351:2013, 351-45-39, modified — Note 1 to entry has been deleted.

3.1.43

uncegrtainty
<of |a measurement> parameter, associated with the result of a measurement, | that
chargcterizes.the dispersion of the values that could reasonably be attributed to the measurand

Note [ focentry: This term is used in the "uncertainty" approach.

Note 2 to entry: The parameter can be, for example, a standard deviation (or a given multiple of it), or a half-width
of an interval having a stated level of confidence. Various ways of obtaining uncertainty are defined in ISO/IEC Guide
98.3, Guide to the expression of uncertainty in measurement (GUM).

Note 3 to entry: Uncertainty of measurement comprises, in general, many components. Some of these components
can be evaluated from the statistical distribution of the results of a series of measurements and can be characterized
by experimental standard deviations. The other components, which can also be characterized by standard deviations,
are evaluated from the assumed probability distributions based on experience or other information.

[SOURCE: IEC 60050-311:2001, 311-01-02, modified — The notes are reformatted, and GUM
in Note 2 to entry is written in full.]

3.1.44

under-voltage ride through

UVRT

ability of a load to stay connected during a voltage dip
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Note 1 to entry: In some documents the term “low voltage ride through (LVRT)”, is used for the same capability.

Note 2 to entry: As a synonym for voltage dip, voltage sag is also used.

3.1.45

voltage dip

voltage sag

sudden voltage reduction at a point in an electric power system, followed by voltage recovery
after a short time interval, from a few periods of the sinusoidal wave of the voltage to a few
seconds

[SOURCE: IEC 60050-614:2016, 614-01-08]

3.1.46
voltage droop
ratio|of the per-unit change in voltage (AU)/U, (where U, is the nominal voltage) to’the pef-unit

change in active power or reactive power

Note ] to entry: The active power voltage droop is U(P), whereas the often-used characteristic curve is P(U)
Note P to entry: The reactive power voltage droop is U(Q), whereas the often-used-characteristic curve is Q([).
3.2 | Abbreviated terms and symbols

3.2.1 Abbreviated terms

BIPM Bureau International des Poids et Mesures

EES Electrical energy storage

EMS Energy management systems

ES Energy storage

EUT Equipment under test

FRT Fault ride through

GUM Guide to the expression‘of uncertainty in measurement
OVRIT Over-voltage ride throgugh

RMS Root mean square

ROCOF Rate of change ‘of frequency

SEPBI Simulated. electric power system interface
SOE State ‘of .-energy

THD Total-harmonic distortion
UVR|T Under-voltage ride through
3.2.2 Symbols

f frequency

H inertia constant

P active power

T torque

T mechanical starting time

Ty measurement time window

T settling time

Ty, step response time

T dead time
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T time constant

U voltage

Ug initial value of the input variable

Ug step height of the input variable

u input variable

v output variable

Vo steady-state value before application of the step

V. steady-state value after application of the step

Ym overshoot (maximum transient deviation from the final steady-state value)

2-Avg specified tolerance limit

4 Requirements on self-regulation

4.1 General
4.1.1 Operational ranges

The purpose of 4.1.1 is to define immunity ranges in which thedispatchable loads shall confinue
to fupction as designed to support microgrid stability, notwithstanding intentional disconnefting
according to 4.2.3 and 4.3.3 (switchable loads).

NOTH 1 IEC TS 62749 indicates fluctuations of frequency afd voltage which can be expected during normal
operation of power systems. During exceptional conditions, wider frequency tolerances can be applied tempégrarily
in order to maintain the continuity of electricity supply.

a) Hrequency ranges for frequency stabilization:
1) 5 % during continuous operation,
2) £15 % during short events up t0"5 min;

NOTH 2 In dynamic response, power swings are different in electrical islands as well as in weakly connected grids
compared to the core of a synchronous zone.

b) \oltage ranges for voltage) stabilization:
1) +10 % or —15 % _during continuous operation,
2) +20 % or —30-%/during short events only up to 5 s.

NOTH 3 The widesshall-not-trip area even for a longer time is explained by FRT requirements including UVRT at
70 % [U,, and OVRTat 120 % U, for several seconds.

The |valuesain” items a) and b) listed above are recommended as default values. Indivjdual
micrpgrid _designs may require different values.

NOTHE4——\Aithinth 4 1 th teal ateotac: for diff tlood beodiff. tintad ing to
vt te—operatofarrangesthe—tohtror- strategte storairefre Rt 1oaas— tatoeairrereRrtateaaceorf g

their priorities, see Annex C.
4.1.2 Continuous and discrete control

In the field of digital controllers, the term "continuous" is defined by the sampling frequency,
the duration of the control cycle, and other dynamic parameters. In this document, the
differentiation between discrete versus continuous refers to frequency and voltage
measurement at input level.

In this document the differentiation between continuously controllable versus switchable loads
concerns mainly the output level, i.e. gradual power modulation versus ON/OFF.
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4.1.3 Dead band

A dead band should be activated only after a risk-benefit evaluation. The default is to have the
dead band deactivated. An example of a dead band is given in Figure 3.

PA Py
Pget Pget
/ A1
: !
/ . / ’ ] ).
Joet 4 dead 4
_band_
IEC - > IEC
a) without dead band b) with deadand

Figure 3 — Example of P(f) self-regulation before and after activating the dead band

4.1.4 Accuracy and resolution

Frequency measurement accuracy shall be at least £+50<mHz, as shown in Table 1.| The
freqyency measurement shall be performed on a measurement time window with a maximum
length of T, = 1 s and the measurement window shall be,coordinated with the time quality Igvels

of Table 3. The manufacturer shall declare the accuracy level depending on the targeted|time
domain as given in Table 3.

NOTH 1 Measurement sampling frequency (used by,A/D and D/A converters) and calculation methods are up [to the
manufacturer.

Table 1 — Declared frequency measurement accuracy levels

Level Accuracy level
mHz

FQ1 +1

FQ2 +10

FQ3 + 50

NOT[E Examples,for frequency measurement requirements in protection relays, primary control and secondary

contfol are givenin EN 50549-1:2019 [18]1, 4.9.3, or system operation guideline Regulation (EU) 2017/1485 [17],
Artidle 130 and-Annex V.

The quality of the frequency measurement equipment should ensure that the required levels of
measurement accuracy in Table 1 are attained, considering all sources of uncertainty in the
measurement process.

Voltage measurement accuracy shall be at least 1 % of U,, shown in Table 2. The
manufacturer shall declare the accuracy level depending on the time domain as given in Table 3.

T Numbers in square brackets refer to the Bibliography.
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Table 2 — Declared voltage measurement accuracy levels

Level Accuracy level

Va1 £0,1% U,

vQ2 0,25 % U,

Va3 £1% U,

NOT
(18],

NO
is in

E 1 Examples for voltage measurement requirements in protection relays are given in EN 50549-1:2019

4.9.3.

E 3 The higher the accuracy of frequency and voltage measurement, the better the behaviour of the load

principle, other things held constant.

The
to th

NOTH
the sl
meas
100 9

4.1.9 Step response objective

The

dela
case|
serig

band

accuracy levels above are to be translated in output accuracies (active)power) acco
b gradient of the relevant & factor of the droop.

2 The relationship between measurement accuracy and the active power output accuracy is determin
bpe of the characteristic curve. For example, a P(f) gradient of 40 %/Hz connects the input accuracy (freq
irement accuracy) of £50 mHz with an output accuracy of +2 % of the reference power, whereas a gradi
/Hz relates a +10 mHz measurement accuracy to an output accuracy of\1.% of the reference power.

general principle is to pursue a satisfactory dynamic performance, i.e., to avoid any

ding

ed by
Lency
ent of

arge

or overshoot. Shorter step response times arfe hence preferred in general. Howevgr, in

that a load requires time to change its level of\active power consumption, Table 3 gi
s of common step response times T, and associated settling times T, (specified toler

delta v of 5 %) in ascending order of yerit.

Table 3= Time quality levels

es a
pnce

Level Step response times Settling times Comparable service

(primary condition) (secondary condition)

Q1 3 cycles 10s For example very fast current control

[Q2 200sms 10s For example fast current control

Q3 Ts 10s For example signalled load shedding

Q4 30s 10s For example primary frequency contro|

Q5 5 min 10s For example secondary frequency con

trol

Q6 15 min 10s For example tertiary frequency contro

The dynamic performance ratio is measured as overshoot ratio with the overshoot divided by
the difference between steady-state values before and after the step response, shown in
Table 4.
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Table 4 — Performance quality levels

Level Performance quality as Damping ratio Description
overshoot ratio with 2 decimals
. - Critically damped

PQO Overshoot ratio < 0 0,707 (aperiodic limit case)

PQ1 Overshoot ratio < 0,1 ~0,54 Excellent

PQ2 Overshoot ratio < 0,15 ~0,5 Very good (typical value)

PQ3 Overshoot ratio < 0,2 ~0,47 Good

FQ4 Overshoot ratio = 0,3 ~0,425 ALCEPLdDIe
4.1.6 Damping
Power system dynamics can be approximated in a simplified case with a second order ord[nary
differential equation:

(1) + 29wy (1) + wax(t) = 0 (1)

where
9 is the damping ratio;
wq | is the characteristic angular frequency;
X is the controlled system variable.
A damping ratio of 3 = x/§/2 for a load results iman overshoot ratio of less than 5 %. Acceptable
ranges for damping ratio are within a bandwidth of =10 % and +5 % of this value. More
information on damping is given in AnnexiD.
During the conformity assessment for the different performance quality levels in accordpnce

with

is determined.

4.2
4.2.1

Freq
mod
activ

Table 4, the overshoot ratio,,which gives an estimate of the resulting damping coeffig

Frequency stabilization
General

uency stabilization by dispatchable loads is achieved through a frequency-sensitive cq
b (P(f) load regulation) of the load's controller, where the dispatchable load will adju
e power.consumption level in response to a change in power frequency. The load incre

its a

consunption at lower frequency or negative ROCOF. The objective of this self-regulation

ctive.power consumption at higher frequency or positive ROCOF and decreases its p

ient,

ntrol
5t its
ases
bwer

is to

contain nominal frequency without major deviations and to improve frequency quality.

This approach emulates the known behaviour of a constant torque rotating electric machine
which is directly connected to the electric power system. It avoids the P(f) = const behaviour of
some loads, for example inverter-controlled drives, as this P(f) = const control strategy is
responsible for the degradation of the self-regulation effect.
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4.2.2 Continuously controllable loads

4.2.2.1 P(f) control function components

4.2.21.1 General

The P(f) control function consists of different components as described below and which are
added together in the combined function of 4.2.2.2. Each component of the combined function
can be fine-tuned via the k-parameters or disabled by choosing £ = 0.

4.2.2.1.2 Frequency response with proportional droop (proportional-component)

torq
qual

The
(2) a

P

set

mangagement system (EMS). k4. ¢ is the gradient in %/Hz of the power setpoint. For the cf

of g

Anngx E.

4.2.2.1.3 Frequency response being proportional to df/ds (derivative-component)

The
start

freqyency noise (see the Bode diagram in Figure 4), an input filter is necessary
com{ensation and to level qut the noise above a certain cut-off frequency. It is recomme

tou
valu

NOTH 1 The cut-off frequency f,

NOTH 2 A PT{ filter is after 1 time constant r at 63 % and after 3 ¢ at 95 % of the final value.

Therroportional-component uses a droop function based on the idea to emulate a con

e. The quality levels of the dynamic behaviour for step response time and perform
y (overshoot ratio) are given in 4.2.3.

P(f) control function based on the emulation of constant torque is formulated as For
hd Formula (3):

P(f): Fyet +4P(f)
AP(f):Pset 'k1c,f '(f_fset)

s the power setpoint of the dispatchable load, set\directly by the user or via an en

adient k4., see Annex B. A development.of Formula (3) is theoretically explaing

ng time T, two times the inertia constant i (T, = 2H). As the differential amplifies

e for the angular speéed of the grid phasor a first order low pass with z = 10 ms as de
and with settingsipossible within the interval from 2 ms to 100 ms.

ut-off fOr a first order low pass with the transfer function 1/(zs+1) equals 1/z.

4 A

5tant
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mula
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bd in

derivative-component delivers~synthetic inertia by emulating inertia with a mechapical
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Figure 4 — Bode diagram of a typical differential loop
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[SOURCE: IEC TR 61850-90-7:2013, Figure 12.]

Figure 5 — Time domain response of first order low-pass filter

The ferivative-component is formulated as Formula (2) and Formula (4).

df
4P = Pset' k3c,f E (4)

where k3 ¢ is the gradient in %/s2.

4.2.2.2 Combined function

The function formulated as Formula (5)uses Py, as given setpoint by the user or EM§| and

modulates this set value according-to the frequency measurements. The relevant functjonal
diagfam is provided in Figure 6.

P(f) = Fset +AP(f) = Pset'[1+k1c,f'(f_fset)"'kSc,f'%:l (5)

kic|or k3c; = Owmeans that the function is disabled. Ranges and default values for the
k-patameters afre given in 4.2.4.

Y

Power setpoint |Pset, f

Erequency setboint
= Y ™

/e == > >
set . > /(7 s+1) |—| k1o 1 L p{ + > > P )

Low pass filter k, factor Limitation  Active power
I = 111y s+1) > dflar Iy »é—»*
Low pass filter Derivative ks factor IEC

Figure 6 — Functional diagram of a combined frequency control function for
continuously controllable dispatchable loads
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4.2.3 Switchable loads
4.2.3.1 Digital hysteresis controller

A cluster of dispatchable loads where the individual load follows a staged disconnection and
staged reconnection does emulate droop characteristics. The switching from one state to
another depends on an internal system state (e.g. temperature as an indicator for the state of
charge of an internal thermal energy storage) and the measured grid frequency.

The setpoint is the desired internal state (e.g. temperature level or SOE), and the ON-OFF
hysteresis shifts the switching thresholds of the two-state controller upwards and downwards
respectivety A example of @ hysteresis controtter used—mgrid—frequency Tegutatign is
illustrated in Figure 7.

50,2 ? 40
50 30
49,8 20
49,6 10
T 494 (NS
a0 [0 4 =10
49 - -20
48,6 ———— ' - S e -40
02/09/2005 15:00 02/09/2005,16:00 02/09/2005 17:00 02/09/2005 18:00
Grid 1 (Hz) Frzbox (C) ------- Is On «ueeeee T_high (C) -+~
Cabinet (Hz) Frz con (C) » T_low (C)

IEC

[SOURCE: Reproduced from.[26], with the permission of the author.]

Figure 7 {(Example of a hysteresis controller to control the temperature
of a freezer in response to variations in grid frequency

The function‘of a hysteresis controller is formulated as Formula (6) and Formula (7).

o1 .
ﬁ!\!mrm-:set-pomi-ahysteneslswlom (6)
OFFireshold = Setpoint +%hysteresiswidth (7)

NOTE Here, the ON state means that the energy storage is charged (e.g. an electric boiler heats up or a fridge
cools down).

EXAMPLE With a temperature-controlled device in form of an electric boiler, having a setpoint of 55 °C and a width
of the hysteresis of 10 °C, the ON threshold would be 50 °C and the OFF threshold would be 60 °C, as the thermal
energy storage is charged when water is heated up and discharged when it cools down.

In order to avoid oscillations caused by synchronisation of switchable loads after a major
frequency or voltage deviation, it should be ensured that the aggregated response of loads is
always in a dispersed manner, so that a synchronised group of loads quickly diverges and
rebound effects are minimized.
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This can be achieved by several possible approaches, for example by adding non-deterministic
elements in the load's control structure, increasing the heterogeneity of different loads, or
converting the ON-OFF hysteresis into a kind of long-duration pulse width modulation. Annex F
provides more information.

For conformity assessment, a computer simulation should be carried out to examine the cluster
behaviour of multiple loads after being activated for frequency or voltage regulation. The
expected behaviour is that the cluster disperses more quickly after being partly synchronised
and does not escalate into a synchronised oscillation.

4232 Combined function

The pombined function of different controller logic components similar to 4.2.2.2 is formu|ated
as Fprmula (8) and Formula (9).

1 ) L, df

ONthreshold = setpoint - EhyStereS'Swidth + k1 s,f’ (f - fset ) + k3s,f E (8)
T _ o o

OFFipreshola = Setpoint + EhYStereS'swidth + kst - (f = fsot I Kas g o (9)

NOTH 1 A k factor = zero means that the function is disabled.
NOTH 2 ON/OFF-thresholds refer to indicators (e.g. temperature or'the state of energy (SOE)) of an energy sforage
(ES) perving as functional electrical energy storage (EES). Fherefore, these switching levels in the twofstate

contrgller and the relevant k factors are different values than.th€ & factors in the continuously controllable mgde as
there fthe k factors modify the active power directly.

4.2.4 Recommended default values

The flefault value for the k4 ¢ is an equivalent droop of 5 % with a settable range of 2 % to 12 %.

NOTH 1 In a 50 Hz system, a 5 % droop, €quals a gradient of 40 % of actual power per Hz. In a 60 Hz sysfem, a
5 % droop equals a gradient of 33,3 %/Hz.”In both cases, the full power is activated or deactivated at +5 % pf the
nominjal frequency.

The default value for the k3¢'is the ratio of the mechanical starting time 7,,, and the nominal
freqyency f,. The defaultvalue of the mechanical starting time 7,, is 10 s (respectively an
equiyalent inertia constant H = 5 s) and shall have a settable range of 1 s to 30 s.

NOTH 2 Usual neminal frequencies are 16,7 Hz, 50 Hz, 60 Hz and 400 Hz.

NOTH 3 Ina.50"Hz electric power system, a mechanical starting time of 10 s results in k5 (= 10 s / 50 Hz= 02 s2.

4.3 | Voltage stabilization

4.3.1 General

Voltage stabilization by dispatchable loads is achieved through a voltage-sensitive control mode
(P(U) load regulation) of the load's controller, where the dispatchable load will adjust its active
power consumption level in response to a change in system voltage. The load increases its
active power consumption at higher voltage and decreases its power consumption at lower
voltage. The objective of this self-regulation is to contain nominal voltage without major
deviations and to improve voltage quality.

This approach emulates the known behaviour of an ohmic resistor or a constant current source,
having a constant or linearly rising current with rising voltage. It avoids the P = const behaviour
of some loads as this means a negative differential resistance which is equal to a reduction of
effective short circuit power.
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4.3.2 Continuously controllable loads

4.3.2.1 P(U) control function components

4.3.2.11 General

The P(U) control function consists of different components as described below and which are

added together in the combined function of 4.3.2.2. Each component of the combined function
can be fine-tuned via the k-parameters or disabled by choosing & = 0.

4.3.2.1.2 Voltage response with proportional droop (proportional-component)

The jproportional-component uses a droop function based on the idea to emulate a constant
currgnt source or an ohmic resistor. The quality levels of the dynamic behaviour for [step
resppnse time and performance quality (overshoot ratio) are given in 4.1.5.

The P(U) control function based on the emulation of constant current is formulated as Formula

(10) ko Formula (12).
P(U) = Py + 4P(U) (10)
1(U) = Iconst=Fset “k1cu (11)
AP(U)=1(U)- AU = Pyt -kyoy - (U = Usget) (12)

The P(U) control function based on the emulation of /inear current (constant ohmic resistgnce)
is foymulated as Formula (10), and Formula (13) texFormula (15).

(L) = L (13)

Rconst
PU)=—— .2 (14)

onst

AP(U)=——v? U2,

Rconst Rconst
1 2

= ‘[Z'Uset'(U_Uset)"'(U_Uset) } (15)

onst

2
=Pset 'k2c,U '[2 ’ Uset ’ (U - Uset ) + (U - Uset) :|

P is the power setpoint of the dispatchable load at nominal voltage, set directly by the user
or via an energy management system (EMS). The default value for Ug, is the nominal voltage
U, The term Pggkqc y resembles a constant current and the term Pgky. |y resembles the
conductivity 1/R. For the choice of gradient k4. ;, see Annex B.

4.3.21.3 Voltage response being proportional to dU/d¢ (derivative-component)

The derivative-component emulates a capacitor. As the differential amplifies high frequency
noise (see the Bode diagram in Figure 4), an input filter is necessary for compensation and to
level out the noise above a certain cut-off frequency. It is recommended to use a first order low
pass (PT1 filter: 17 = 0,63 and 37 = 0,95 of the final value) with 1 s as default value and with
settings possible within the interval from 1 cycle to 1 h.
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The derivative-component is formulated in Formula (16), which combined with Formula (10)
forms the full control function.

dU
4P(U) = set‘ksc,U'E (16)

4.3.2.2 Combined function

The function formulated in Formula (17) uses Pg¢ y @s a given setpoint by the user or EMS and

modulates this set value according to the voltage measurements. The relevant functional
diagfam is provided in Figure 8.

2 dUu
P(U :Pset"'AP(U):Pset'{1+k1c,U'(U_Uset)"'ch,U'[Z'Uset'(U_Uset)+(U_Uset) J+k30,1'7

(17)

kic,ub k2c.u OF k3¢ y = 0 means that the function is disabled. Ranges andidefault values for the
k-pafameters are given in 4.3.4.

\
+

Power setpoint |Pset, U

11Ty s+1) & k1c,U—>§

Low pass filter k4 factor

bltage setpoint (D
> »( Py
User |-La= | = .
1(Ty s+1) + Limitation  Active powq

»

k
+ 2¢,U
Low pass filter ko factor
U B 1/(T3541) > dUldt [—»> k3c,u—>§—> +

Low "pass filter Derivative k4 factor

A

<

=

Y

IEC

Figure:8 — Functional diagram of a combined voltage control function
for continuously controllable dispatchable loads

4.3.3 Switchable loads

4.3.31 Digital hysteresis controller

A cluster of dispatchable loads that follows a staged disconnection and staged reconnection
does emulate a droop as a whole. The switching from one state to another depends on an
internal system state (e.g. temperature as an indicator for the state of charge of an internal
thermal energy storage) and the measured network voltage.

The setpoint is the desired internal state (e.g. temperature level or SOE), and the ON-OFF
hysteresis shifts the switching thresholds of the two-state controller upwards respectively
downwards.

The function of a hysteresis controller is formulated as Formula (18) and Formula (19).

}
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ONjnreshold = Setpoint - %hysteresiswidth

OFFihreshold = setpoint + %hysteresiswidth

(18)

(19)

NOTE Here, the ON state means that the energy storage is charged (e.g. an electric boiler heats up or a fridge

cools

down).

EXAMPLE With a temperature-controlled device in the form of an electric boiler, having a setpoint of 55 °C and a

width

of the hysteresis of 10 °C_the ON-threshold would be 50 °C and the OFF-threshold would be 60 °C

s the

therm
4.3.3

The
as F

ONy,
(20)

OFF,

NOTH

NOTH
(ES)
contrd
there

4.3.4

The
ohm

The
be d

bl energy storage is charged when water is heated up and discharged when it cools down.
.2 Combined function

combined function of different controller logic components similar to 4.3.2.2-is formu
brmula (20) and Formula (21).

. 1 . 2
beshold = Setpoint - EhySteres'Swidth +hksu- (U ~Usggt) thosy - [2 “Usget - (U —Usget ) + (U —Uset ) :|

. 1 . 2
L reshold = Setpoint + EhyStereS'Swidth +hksyu- (U—=Uget) + kg U™ [2 “Usget - (U —Uset ) + (U —Uset ) :|
(21)

1 A k factor = zero means that the function is disabled.

2 ON/OFF-thresholds refer to indicators (e.g.témperature or the state of energy (SOE)) of an energy st

Serving as functional electrical energy storage” (EES). Therefore, these switching levels in the two
ller and the relevant k factors are different-yralues than the & factors in the continuously controllable mqg
the k factors modify the active power diregily.

Recommended default values

chosen default values ferthe function of stabilization should emulate the characteris
c resistors.

self-adjustment.for) Uy, and voltage related k factors as adaptive control functions sh
bne using recent voltage measurements of the near past. The median or alternativel

midhinge of the,voltage measurements is recommended as reference for Ugy while the s

of th
rang
conf

e droop(curve should be derived from the interquartile range as default. Other percs
bs such as the interdecile range or trimmed ranges down to 5 % should be n
gurable.

ated

Thasu-

Thasu-

orage
state
de as

ic of

ould
y the
lope
ntile
hade

The adaptive control function shall be activated with weighted average low-pass filter (PT1)
with configurable time constant 7, with 3 d as the default value and a settable range from 1 h to

30 d.

dUu
ds

dUu
dr
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Hybrid controls for both voltage and frequency

Both the frequency stabilising function P; from 4.2 and the voltage stabilising function P from

4.3 and the set value coming from the economic dispatch (EMS) can be added as Formula (22)
and Formula (23).

The
frequ

P(f.U) = Bt + AP(f) + 4P(U)

(22)

d
P(qu) = cnf+k1’f'(f_fenf)+k'2,f'd_fz:
2 du
+k1,U'(U_Uset)+k2,u'[Z'Uset'(U_Uset)+(U_Uset) :|+k3,U'F

related time constants for each of these sub-functions, for example for filtering
ency and voltage input values can be different. The synchronisation of.the sampling

should be considered. Both for frequency and voltage the last available RIMS value shou

used

NOTE

5

5.1
The

at the reporting moment +.

Rates for measurement data reporting can be 1 s, 200 ms, or even faster.

Testing

General

est results shall verify that the equipment undertest (EUT) meets the requirements o

document within the manufacturer’s specified> accuracy. The tests for the confo

asse
refer

The
and
man
conf
oper

The

conf
mea
have
equi

The

ssment serve as type tests. The EUT _ig;the load device, prepared to be tested.
ence point for the conformity assessment is the terminal of the load device.

(23)

the
ates
d be

f this
rmity
The

manufacturer shall specify the range of operating and ambient conditions (e.g. temperature

rm that they operate within’the manufacturer’s stated accuracy over the stated ran
hting and ambient conditions.

humidity) for the EUT. Tests(shall be conducted in an environment that is withir
Ifacturer’s specified operating“and ambient conditions. EUT functions shall be testId to

the

e of

testing environment shall comply with ISO/IEC 17025. Measurement equipment usgd to

suring equipment shall be suitable for the test being conducted. Each measurement
an unceftainty of no more than 0,5 times the accuracy of the EUT. Measure
pbment shall be capable of confirming the manufacturer’s stated performance.

Figu

-9

rm performan¢e,of an EUT shall have calibration traceability. The accuracy of

the
shall
ment

schematic diagram for the physical test environment of self-regulated load is showln as

Simulated electric
EUT power system AC grid
interface

IEC

Figure 9 — Schematic diagram for the test environment of a self-regulated load

Where testing allows the use of a simulated electric power system interface (SEPSI), the
following requirements shall be met:
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The SEPSI shall be capable of confirming the manufacturer’s stated performance.

The rated current and overload capacity of the SEPSI shall cover the whole current range

of the EUT.

The voltage range of the SEPSI shall cover the whole voltage range required for testing

the EUT as described in 4.1.1 b).

During the tests, the steady-state voltage of the SEPSI shall not vary by more than 1 %

of the nominal voltage.

During the tests, the steady-state frequency of the SEPSI shall not vary by more
+0,01 Hz.

than

Ihe voltage harmonics or the SEFSI shall be less than Z,0 7 total harmonic disiq
THD).

For tests checking the voltage response of loads, the voltage change resolltion o
SEPSI shall be within 0,5 ¢ of the nominal voltage, where a is the manufaéturer’s s
Bccuracy.

-or tests checking the frequency response of loads, the frequency change'resolution g
simulated utility source shall be within 0,5 a of the nominal frequency, where a is
manufacturer’s stated accuracy.

-or tests checking the performance of the EUT, the resolution/of active power ang

bower, frequency or voltage, where « is the manufacturers stated accuracy.

The number of phase and neutral connections provided\by the SEPSI shall be compa
ith the EUT. A multiphase SEPSI that provides a neutral connection shall produce pHh
o-neutral voltages that are controllable and the\possible asymmetry shall cover th
pperating range of the EUT. Furthermore, the phase displacement shall be controllablg
he possible displacement shall cover the full‘@perating range of the EUT. For a multip
SEPSI without a neutral connection, the' phase-to-phase voltage balance sha
controllable and the possible asymmetry_shall cover the full operating range of the EU

-or voltage step change tests, the SEPSI shall be capable of a step change from 7,
+ 0,5 (V, — V4) within one cycle of\the voltage waveform. For voltage continuous chg

he SEPSI shall be capable af(voltage continuous change, in which the average err|
he voltage continuous change generated by SEPSI compared with the target value sh
pe less than £1 %.

-or frequency step change tests, the SEPSI shall be capable of a step change from

f1*+ 0,5 (5 — f4) withinone cycle of the voltage waveform. For frequency continuous chs

he SEPSI shall-be’/capable of frequency continuous change, in which the average err
he frequency, continuous change generated by SEPSI compared with the target
should be less than + 0,01 Hz.

safety_precaution measures for both tester and equipment should be specified b¢

physijical test.

rtion

f the
ated

f the
the

| the

njected frequency or voltage measurement shall be within, 0,5 a of the nominal active

tible
ase-
e full
and
hase
| be
T.

[0} V1
nge,

or of
ould

/1 to
nge,
or of
alue

bfore

During the test, the active demand of the EUT, the frequency and voltage at the terminals of
the EUT and the corresponding time should be recorded. The time resolution of the
measurement result should be less than or equal to the minimum step response time of the
EUT, and should not exceed 10 cycles. Each measurement result should be synchronised with
the same time resolution.

The test results shall be documented in a test report. The report shall clearly and unambiguously
present all relevant information of the tests (e.g., load conditions, functional description,
acceptance criteria, controller or software version if applicable). Within the test report, test
procedures, as performed, shall be detailed; and engineering considerations, including test
modifications and exemptions, shall be justified.
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5.2 Test for frequency response of self-regulated loads
5.21 Purpose

The purpose of this test is to verify that the EUT shall make a frequency response function as
specified in this document with respect to the frequency variation of SEPSI. This test determines
the magnitude and time for each function.

5.2.2 Procedure

1) Connect the EUT according to the instructions and specifications provided by the
manufacturer.

2) Bet all source parameters to the nominal operating conditions for the EUT.
3) Pet (or verify) all EUT parameters to the nominal operating settings.

4) |f the frequency response setting is adjustable, set the EUT to the desired frequency
response setting.

5) Record the applicable settings.

6) Adjustthe SEPSI frequency to the starting point (i.e. nominal frequency). The source [shall
be held at this frequency for 5 min.

7) RAdjust the SEPSI frequency to some over-frequency setpoints with the same time intefvals
more than 5 setpoints). At every setpoint, hold for a mipimum of 5 s, or, if a longer|step
response time has been specified by the manufacturer, for at least the settling time. Rgcord
he active power and its time marks of the EUT duringeach setpoint of SEPSI.

8) Adjust the SEPSI frequency to some under-frequency setpoints with the same [time
ntervals (more than 5 setpoints). At every setpaint,’hold for a minimum of 5 s, or, if a Ignger
tep response time has been specified by thexmanufacturer, for at least the settling fime.
Record the active power and its time marks<of the EUT during each setpoint of SEPS].

9) Repeat steps 5) through 8) four times fora total of five tests.

10) |f the frequency response setting .is* adjustable, repeat steps 4) through 9) at gvery
requency response setting.

11) ['he overshoot ratio, step respanse time, average error or gradient of droop control should
be calculated via the measuftement result.

5.2.3 Criteria

The EUT shall be considered in compliance with the frequency response function specifiged in
this document withip-the manufacturer’s specified accuracy.

5.2.4 Comments

For some EUT, the SEPSI frequency should be changed continuously with certain gradi¢nt if
its frequency response is proportional to dy/d:.

For some EUT, the SEPSI frequency should be changed continuously and discretely if its
frequency response is a combined function as demonstrated in 4.2.2.2.

5.3 Test for voltage response of self-regulated loads
5.3.1 Purpose

The purpose of this test is to verify that the EUT shall make a voltage response function as
specified in this document with respect to the voltage variation of SEPSI. This test determines
the magnitude and time for each function.

5.3.2 Procedure

1) Connect the EUT according to the instructions and specifications provided by the
manufacturer.
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5.3.3 Criteria

The

5.3.4 Comments

For gome EUT, the SEPSI voltage shouldbe changed continuously with a certain gradient
voltage response is proportional to d&lidz.

For gome EUT, the SEPSI voltage-should be changed continuously and discretely if its vo

resp
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Set all source parameters to the nominal operating conditions for the EUT.
Set (or verify) all EUT parameters to the nominal operating settings.

If the voltage response setting is adjustable, set the EUT to the desired voltage resp
setting.

Record the applicable settings.

onse

Adjust the SEPSI voltage to the starting point (i.e. nominal voltage). The source shall be

held at this voltage for 5 min.

Adjust the SEPSI voltage to some over- voltage setpoints with the same time inte
(more than 5 setpoints). At every setpoint hold for 3 s to 5 s (or for the response

rvals
time

Epecified by the manufacturer). Record the active power and Its time marks of the
Huring each setpoint of SEPSI.

Adjust the SEPSI voltage to some under- voltage setpoints with the same timeg-inte
more than 5 setpoints). At every setpoint hold for 3 s to 5 s (or for the fesponse
specified by the manufacturer). Record the active power and its time marks of the
Huring each setpoint of SEPSI.

Repeat steps 5) through 8) four times for a total of five tests.

f the voltage response setting is adjustable, repeat steps 4) through 9) at every vo
response setting.

be calculated via the measurement result.

bnse is a combined funetion as demonstrated in 4.3.2.2.

EUT

rvals
time
EUT

tage

The overshoot ratio, step response time, average error or,gradient of droop control should

EUT shall be considered in compliance with the\yvoltage response function specified in this
document within the manufacturer’s specified accuracy.

if its

tage
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Annex A
(informative)

Background information about the self-regulation effect

Self-regulation of loads is a phenomenon which results from mechanical drives in electric power
systems regarding the frequency-dependent consumption of electrical energy. The variable
power consumption is not remotely controlled, but an inherent feature of the load itself. The
characteristic curve of individual motors and their mechanical subsystems can have different
mathematical forms regarding the power consumption in response to RPM changes:

e Halling torque (e.g. coiler, roller press with constant material intake)
- P is constant.

e (onstant torque (e.g. extruder, piston pump, hoisting gear)

P is linear.

e Llinear rising torque (e.g. calender)

P is quadratic.
e Quadratic rising torque (e.g. blower, centrifuge, radial pump, turbo-machine)

P is cubic.

Trangmission system operators use the self-regulation effect in the case of larger frequency
deviations, as this stabilises frequency in the whole operating range and not only in the smjaller
bandwidth of primary control. A usual conservative assumption to estimate the self-regulation
effeqt is 1 %/Hz. [27] As seen in the example illustrated in Figure A.1 (derived from [27] page
A1-7), the self-regulation effect helps to stabilise frequency until primary control is |fully
deplpyed. It avoids crossing the frequency threshold which activates the automatic under-
freqyency load shedding. The self-regulation.effect is active in the whole frequency rangqg and
has @almost no dead-time as frequency response.

0

—~ 200 f
£ C Typical movement in network
3 - frequency following losses in
- -400 | generating capacity
-% C Design hypothesis
2 B
o -600
3 B
g B
3 L
c L
GNGB00 mmm e
2 L
L C

-1000 F

C 18t stage of automatic load shedding
_1 200 L 1 1 1 1 1 1 J
0 10 20 30 40 50 60 70
Time (s)

IEC
Figure A.1 — Frequency development after a disturbance

Furthermore, there is also a self-regulation effect in the voltage domain which is caused by
resistive loads. An ohmic resistance has a linear relation between voltage U and current /,
hence its power as a function of voltage is a quadratic term. At higher voltages, the current
through a resistive load increases and therefore the active power consumption increases as
well. This increased current also flows through the impedance of the upstream supply network,
which has at low and medium voltage level a large ohmic characteristic, resulting in a voltage
reduction at the load’s point of connection and vice versa.
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This self-regulation effect helps not only in stabilising the voltage at distribution level, but it also
balances fluctuating power flows that originate from non-dispatchable feedings (e.g. PV). When
the sun is shining and the distribution grid’s voltage goes up, this is a signal for voltage-sensitive
loads to increase power consumption and vice versa.

It is also part of the power system stabilising scheme in large interconnections to dampen inter-
area oscillations. By periodically modifying the reactive power of large generators, the
transmission voltage is slightly varied, and these variations are also seen at distribution level.
Consequently, dispersed resistive loads change their consumption pattern via this simple
remote-control mechanism.

ThermuIation of the self-regulating effect with a continuously controllable device (e.gc an air
condjitioning with variable speed compressor, an electric vehicle or a stationary battery stgrage
in charging mode) results in a P(f,U) function as a set value Py, which is chosen directly by

the Wiser or an energy management system, plus a frequency and voltage dependent [term
AP(f|U). With switchable devices, which can change between ON and OFF ac¢cording to an
interpal energy storage (e.g. a fridge or a hot domestic water boiler), thecswitching threghold
moveés according to the grid’s system state.

IEC
Figure A.2 — Particle model of switchable loads

Figufte A.2 shows the-particle model of switchable loads, for example electric water bqilers
which are functional-electricity storages having a thermal energy storage after the convefsion
of elgectrical into thermal energy. The size of the circle indicates the thermal inertia, the Igngth
of the arrow @ives the rate of change of temperature; dark particles are cooling down and|light
particles aresheating up, changing direction at the T4 and T, thresholds.

Largke rapid movements of the frpqnpnr‘y and voltage can result in large movements of the
temperature threshold (7, and T,,), which can switch a large portion of devices from on to off

or vice versa. This can cause a synchronisation of the particles and can lead to a lack of
particles which touch the threshold, until the different particle speed will desynchronise the
particle swarm and fill the gaps around the threshold. Nevertheless, this method still delivers a
first control response in case of major disturbance and provides a first line of defence. To avoid
these negative effects after a major impact, one option is to choose & factors that are small
enough, so that even with large changes of the input values (voltage, frequency), not the whole
control reserve is used up. Another option is a further enhanced version of the control scheme
which uses a randomised offset when determining that the particles hit the threshold, similar to
a fuzzy set.
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Annex B
(informative)

Choice of coefficients k; and k

General

The choice of the coefficients k; and & in Formula (3) and Formula (12) will depend primarily
on the characteristics of the electrical system into which the item of equipment is connected. It

can
remg

As
muc
The
and
regu
cont
matg

The
can

remg

AISo depend on the type of equipmeni and its relative importance o the end-us
ining in operation at undiminished output.

all, isolated microgrid would be expected to experience frequency excursions that

wider and occurred more often than those in a large interconnected el€¢tricity nety
frequency within a large interconnected electricity network would typically be very s
Feadily controlled by the system operator through classical methods.“Support from
ating loads would generally only be advantageous during major system disturbance
ast, a small, isolated microgrid would benefit more broadly-frem another methg
hing generation to load and hence controlling frequency.

downside of having the self-regulation of loads active cofntinuously is that the equip

pbperate for long periods of time below or above its set point power Pg, if the freqjency

ins for long periods below or above the nominal frequency f,.;. This could mean th

func

ioning of the equipment could be compromised/from the end-user perspective. |

equipment were operating at less than rated power, this could be overcome to some exte
the gquipment adjusting its set point power Py, to.compensate for the discrepancy. For exa
an air conditioner with load self-regulation cap@ability in a 50 Hz microgrid would run at less
its s¢t point power for as long as the frequency remained below 50 Hz. This would mean

the

om temperature would gradually rise over time. If this continued for a sufficiently

peridd then the room temperature would-increase sufficiently for the air conditioner to incr
its set point power, say from 75 %-to 100 % of rated power. This would have the effe

eve
desif
oper

B.2

The

units

appl
chan

tually counter-acting the self-regulation function and restoring the room temperature t
ed value. This, of course,(would only be the case if the air conditioner were not alr
hting at 100 % of rated (power.

Expression_of coefficient k; for self-regulation of frequency

coefficientkeis the gradient of the change in load power with change in frequency ang

of secdnds (Hz1). It is also common to express this in terms of a droop setting. I
cation;. the droop is the percentage change in frequency required to produce a 1(
ge in-the load power. Thus a droop setting of 4 % means that a change in frequency o

br of

were
vork.
able
self-
s. In
d of

ment

t the

I the
nt by
mple,
than
that
long
base
ct of
b the
eady

has
this
0 %
4%

(2 H

y for a system frequency of 50 Hz and 2 4 Hz for 60 Hz) produces a 100 % change |

h the

load power. Table B.1 gives various values of k; and the associated droop values for 50 Hz and
for 60 Hz systems.
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Table B.1 — Relationship between k¢ and droop for self-regulation of frequency

Droop
K Af for 100 % AP
50 Hz system 60 Hz system
Hz" Hz
% %

1,5 0,67 1,33 1,11
1,25 0,8 1,60 1,33
1,0 1 2,00 1,67
0,5 2 4,00 3,33
0,417 2,4 4,80 4,00
0,25 4 8,00 6,67
0,1 10 20,00 16,67

B.3

In th
frequ
then
micr
for fn
for fr
regu
regu
Zero

The
freqy
P =1
corrg

value of the parameter k; can be caleulated from the above information that a chan

ency from 50 Hz to 46 Hz, that is“Af = -4 Hz, should result in a reduction in load
set 10 P = 0. Using these figures in Formula (B.2) gives a value of k; of 0,25 Hz1.

sponds to a droop of 8 %.

For

Example of frequency settings in an isolated microgrid

s example an isolated microgrid has a nominal frequency of 50°HZ. The allowable maxi
ency range for this microgrid is 45 Hz to 55 Hz. If the frequehcy deviates outside this ra
the generators shut down and the system collapses. Te'did the frequency stability of the
pgrid, a number of loads within the microgrid are equipped to have a self-regulation fun
equency in accordance with Formula (B.1) to Formula~(B.3). To provide maximum su
equency stability, the equipment is not configuredywith a dead band and hence the
ation is always active. The self-regulating loads/are to be configured such that there
ation at the nominal frequency of 50 Hz (P =\Pg) but that the load power will redu

for a change in frequency of 4 Hz from 50,Hz to 46 Hz.

vents which give rise to“a system frequency greater than 50 Hz, this will mean that
powegr doubles for a change in frequency from 50 Hz to 54 Hz. It should be noted that the
powe¢r of the equipment 'cannot be increased beyond its rated power, so that depending o
valu¢ of P ., at the(time of the disturbance, there can only be limited capacity to increas
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self-
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load
load
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b the

poweér drawn by«he’‘item of equipment.

The elf-regutation behaviour of the load in this example can thus be described by the following
set df formulae.

P(f)=0 for £ < 46 Hz (B.1)
P(f) =P [1+0,25-(f -50)] for 46 < /< 50 Hz (B.2)
P(f) =min{Pg - [1+0,25:( ~50)], Fyeq) for £ 50 Hz (B-3)

Figure B.1 shows a graph of the above formulae for an item of equipment with a rated power of
10 kW and for power set points (Pgg) of 2 kW, 4 kW, 6 kW, 8 kW and 10 kW. It should be noted
that whilst the frequency range shown on the graph extends past 55 Hz, such high values of
frequency are very unlikely to occur in practice.
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Figure B.1 — Example of P(f) self-regulation in an“isolated microgrid

Example of frequency settings in a large _interconnected network

s example, the equipment is supplied from.a)large interconnected electricity network
rimary purpose of using equipment (loads) with self-regulation functionality is to re
bad power in the event of an underfrequency event, so as to militate against the u
d underfrequency load shedding. Inthe system considered, the rated frequency is 5
underfrequency load shedding is<activated when the frequency drops to 49 Hz

Hz.

The
cons

a depd band is selectedicorresponding to these two frequencies. This means that whils
system frequency stays within the range 49,8 Hz to 50,2 Hz, the load power of the equip
is defermined only by/the set point of the load (temperature, etc.) and the power set point i
"ovef-ridden" to,assist with power system stability.

Onc

accordanceé with Formula (B.5). The aim of using self-regulation of load is to help stabilis
freqyeney and arrest its fall at a value above 49 Hz and thus avoid the need for forced

normal frequency range)of the system is 49,8 Hz to 50,2 Hz. Inside this range
dered that there is no'need for frequency response from self-regulation of loads and h

the_frequency drops below 49,8 Hz, the load power of the equipment is reducs

[SI

and
duce
e of
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and

nues in stages until all the available load is shed when the frequency has droppgd to

it is
ence

t the

ment
5 not
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e the

load

shedding. Thus the load power of self-regulating dispatchable loads should be reduced to zero
by the time the frequency has dropped to 49 Hz.

The value of the parameter k; can be calculated from the above information that a change in

frequency from 49,8 Hz to 49 Hz, that is Af'= -0,8 Hz, should result in a reduction in load from
P = Py to P = 0. Using these figures in Formula (B.5) gives a value of k; of 1,25 Hz1. This
corresponds to a droop of 1,6 %.

For events which give rise to a system frequency greater than 50,2 Hz, the same value of k; is
chosen for convenience. It should be noted that the load power of the equipment cannot be
increased beyond its rated power, so that depending on the value of P, at the time of the

disturbance, there can only be limited capacity to increase the power drawn by the item of
equipment.
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The self-regulation behaviour of the load in this example can thus be described by the following
set of Formula (B.4) to Formula (B.7).

P(f)=0 for £< 49,0 Hz (B.4)
P(f) = Pgoy[1+1,25(f — 49,8)] for 49,0 < /< 49,8 Hz (B.5)
P(f) = Pygy for 49,8 < /< 50,2 Hz (B.6)
P(f) F Min{Pygy [1+1,25:(f = 50,2)], Prateq) for £ 50,2 Hz B.7)

Figufe B.2 shows a graph of the above formulae for an item of equipment with a rated power of
10 kYV and for power set points (Pgg) of 2 kW, 4 kW, 6 kW, 8 kW and 10 kW. It should be rjoted
that whilst the frequency range shown on the graph extends past 53 Hz, (Such high valuges of
freqyency are very unlikely to occur in practice.

PA
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7 'set ) Pid
/ =6KkW /. e
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/ P d
/ P
Py = 4N _”
/ b _
,/ »7 Pt =2kW
rd
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’/
48 51 52 53
I4C
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f frgquency, expressed in hertz

P load power of the'item of equipment, expressed in kilowatts

Figure*B.2 — Example of P(f) self-regulation in a large interconnected network

B.5 —Expression of coefficient &, for self-regulation of voltage

The coefficient &, is the gradient of the change in load power with change in voltage and has

as unit the volt to the power minus one (V-1). It is also possible to express this in terms of a
droop setting. In this application, the droop is the percentage change in voltage required to
produce a 100 % change in the load power. Thus a droop setting of 10 % means that a change
in voltage of 10 % (23 V for a system with a nominal voltage of 230 V) produces a 100 % change
in the load power. However, it should be noted that for a given nominal voltage, the droop value
will change if dead bands are utilised. As such, the use of droop values for self-regulation of
voltage is not as useful as for self-regulation of frequency, as voltage dead bands are likely to
be required in almost all instances and will be much wider than any dead bands used in self-
regulation of frequency. Table B.2 gives various values of k; and the associated droop values.
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Table B.2 — Relationship between k; and droop for self-regulation of voltage

AU for Droop
100 %
ky AP 110 V 120 V 130V 210 V 220V 230 V 240V 250 V
\Y; % % Y% % % % % %
0,200 V-! 5 4,55 4,17 3,85 2,38 2,27 2,17 2,08 2,00
0,100 V-! 10 9,09 8,33 7,69 4,76 4,55 4,35 4,17 4,00
0,050 V-! 20 18,18 16,67 15,38 9,52 9,09 8,70 8,33 8,00
0,033 v 30 2727 25,66 23,68 14,29 13,64 13704 12750 12700
0,035 v-! 40 36,36 33,33 30,77 19,05 18,18 17,39 16,67 16{00

B.6| Example of voltage settings in an isolated microgrid

In th|s example an isolated microgrid has a nominal voltage of 230 V. The allowable sustg

ined

voltage range for this microgrid is from 207 V to 253 V. To aid voltage regulation withip the

micrgrid, a number of loads within the microgrid are equipped to have a self-regulation fun
for vpltage in accordance with Formula (B.7) and Formula (B.10).

Unlike frequency, voltages at different locations within the microgrid will be different, due t
voltage drop along conductors and the voltage rise caused by generators. While the volta
a particular location could vary considerably, it is Jikely that some locations will experi
voltages which are, over time, predominantly lower than the nominal voltage of 230 V ang
lowef voltage could continue for considerable lengths of time or even indefinitely. Conver
somg locations, particularly those close to generators will experience long periods during w
the \oltage is higher than the nominal valug("\These variations are normal and to be expsg
in anly electricity network. Using self-regulation of loads for voltage control without a dead
would thus mean that some, and perhaps most, equipment would operate for long periods
power either below or above its set point power Pgg,. This could well be unacceptable fron
end-user perspective. Given that electrical equipment is designed to operate satisfactorily
a rapge of voltages, it would, also be unnecessary from a system perspective. Thus, if
regulation of loads for voltage\control is enabled, it would be expected that a fairly wide
band would be configured and that the self-regulation would only be expected to operate i
evenit of a contingency.

The falculation of the’ width of the dead band should be part of the design of the microgrid
take[into account:the possible voltage variations throughout the microgrid. In this example
taken that the.voltage at any point within the microgrid will fall within the range of 210
250 V under-normal operating conditions and this is thus used as the dead band.
satisfactory‘operation of equipment, it is considered that the voltage at any pointin the micr
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should™be 198 V or greater. To achieve this, the self-regulating loads for voltage control are to
be clﬁgumdfuthﬁmhe-baﬂm—mﬁmmm-w i ; from

210 V to 200 V.

The value of the parameter &, can be calculated form the above information that a change in
voltage from 210 V to 200 V, thatis AU = -10 V, should result in a reduction in load from P = Py,

to P = 0. Using these figures in Formula (B.8) gives a value of k of 0,1 V-'. This corresp
to a droop of 4,76 % at a voltage of 210 V.

onds

For events which give rise to a voltage greater than 250 V, the same value of k; is chosen for

convenience. It should be noted that the load power of the equipment cannot be incre

ased

beyond its rated power, so that depending on the value of Py, at the time of the disturbance,

there can only be limited capacity to increase the power drawn by the item of equipment.
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The self-regulation behaviour of the load in this example can thus be described by the following
set of equations.

P(U)=0 for U< 200V (B.8)
P(U) =Py -[1+0,1-(U -210)] for200V<U<210V (B.9)
P(U) =L for 210 V< U< 250V (B.10)
P(U)=min{P,, -[1+0,1-(U - 250)], Py} for U2 250 V (8.11)

Figufe B.3 shows a graph of the above formulae for an item of equipment withya rated power of
10 kYV and for power set points (Pgg) of 2 kW, 4 kW, 6 kW, 8 kW and 10 kW2

P

195

IEC

Key
U vdltage, expressed in-volts

P logd power of the\item of equipment, expressed in kilowatts

Figure B.3 — Example of P(U) self-regulation in an isolated microgrid
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Annex C
(informative)

Prioritization of loads

Different loads in microgrids can be assigned different priorities, according to the utility they
provide and the size of their internal energy storage, resulting in shorter or longer storage time
constants r = E/P. On the one hand, devices with shorter time constants should not be curtailed
for a longer time period during an under frequency or under voltage situation. On the other hand,
devices that deliver a higher utility should be curtailed less frequently. The prioritization is

usually done on an Individual case-by-Case assessment. For example, an electric_ [

prov
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prefe
wate|

Swit
inter
and

almg

The

ding hot domestic water (HDW) can have a higher utility than an auxiliary electric hk
supports the main heating system running on heating fuels. The decision if-an ‘elg
jer of an electric bike has a higher priority than the HDW boiler will depend on,th€ pers
rence of how often to ride a bike and how to evaluate mobility needs compared tq

r supply.

thable loads shift their ON/OFF thresholds according to state-of-energy content of
nal energy storage, which means that devices with low energy are‘automatically priori
hose with an almost full storage are at the end of the self-dispaiching order. Even wi
st full energy storage, the load might be able to contribute ajtransient response contrib

prioritization can be done by shifting the P(f) and P(U)Curves, and choosing a k3 factq

the

mulation of inertia that determines a low or high response to fluctuations of the input v

In the following, Table C.1 describes an example for setting the P(f) function in a micr

whic
exe

grad
grid-

is part of a larger 50 Hz interconnection. To be in line with the usual droop within
plary synchronous zone (assuming o = 5 %).all'4 settings for priorities A-D share the s
ent of 40 %/Hz, in order to avoid transients in the interconnection while operating i
connected mode.
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Figure C.1 — Frequency distribution of the power frequency of a 50 Hz network

Figure C.1 shows an ideal normal distribution (¢« = 50 Hz, 0 = 20 mHz) of power frequency
measurements. The larger the share of dispatchable loads participating in dynamic self-
regulating, the narrower will be the cone of the probability function. In island mode, it is assumed
that the distribution widens up as shown in Figure C.2. The droop curves of the different priority
types run in parallel. They bend down from the 100 % P line to a 40 %/Hz gradient at different

break points fgqq.
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Table C.1 — Frequency domain (example for 50 Hz systems)

k /.
1c,f

Priority level set

% Pset / Hz Hz
Type A 40 49,800
Type B 40 49,950
Type C 40 50,050
Type D 40 50,200

Table C.2 — Frequency domain (example for 60 Hz systems)

k1c,f fset
Priority level
% P, | Hz Hz
Type A 33 50)800
Type B 33 59,950
Type C 33 60,050
Type D 33 60,200

In th
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behgviour. Type B will react only if the frequency falls’below 49,95 Hz (or 59,95 Hz), Ty
will he engaged below 50,05 Hz (or 60,05 Hz) during most of the time, and Type D is pract

alwa
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ese examples in Table C.1 and Table C.2, four different types have been chosen to
ent priorities. Type A has the highest priority, and, will reduce power only at freque
v 49,8 Hz (or 59,8 Hz) meaning that only rare frequency dips will trigger its self-regul
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Figure C.2 — Four different droop curves according to prioritization

The approach for the voltage domain is similar. As voltage is a local characteristic of electric
networks and depends on the distance to the next substation, on the temporal load profile as
well as the structure of dispersed generation, no one-size-fits-all approach is applicable as in
the domain of frequency which is a global signal. Instead, an adaptive control function is
necessary which determines the mean u and standard deviation ¢ at a given location and
timeframe. During the change of seasons, the voltage pattern in areas with a high density of

PV s

ystems changes significantly, see Figure C.3.
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