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ABSTRACT

The availability of frequency-controlled reserves is
essential for any Utility to secure the power system in
both interconnected and microgrid contexts. This paper
presents a concept of coordinated Distributed Energy
Resources (DER), load modulation willing to supply
frequency-controlled reserves. These reserves, compliant
with both Frequency Containment Reserves (FCR) and
Under Frequency Load Shedding (UFLS) requirements,
are provided through a structure of Virtual Power Plant
(VPP). Physical demonstrations have already been
performed on an off-grid system. HVAC variable speed
motors and resistive loads control tests are now
depending at the European scale within Dream FP7
project.

INTRODUCTION

European Utilitie are currently facingup to large
Electrical Renewable Energy Resources (-E)
spreadin. This occursin a parallel context of bul
generation uns decommissioning driven by climate a
energy policiesSuch trend is willing to deprive the
Utilities of part of their histoc frequenc-controlled
reserves supplierslt is then willing to challenge the
system securitysince RES-E generator can show les
robustnes face to large frequency excurss as observe
during 2003 Italian blacko [1]. Such paradigm is topic
in both interconnctedand microgric context.

It appears < the opportunity— that could perhaps evi
become a necessit— to distribute the frequenc-
controlled reserves over the network at any vo level.
These reservecould besuppliedby either cntrolling
Distributed Generation (DG) units or Iperforming loac
control throughDemand Respons(DR) solutions. The
ability to distribute thesdrequencyeontrolled reserve:
over the networkis technicall' enabled by the larc
diffusion of Information ad Communicatior
Technologies(ICT) close to any kind of dispatchat
loads. The control of loads on a minute or even sec
basicused definitely not be doable in the g

This paper presents so a patented-based applicatior
designed for thesupply offrequencyeontrolled reserve
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to the power systel. The solution developed with
Drean' FP7 projec is based on a coordinated sheddin
distributed loas. The frequency range of operati
targeted by the solutiowould encroach upc eitherthe
FCR or the Under Frequency Load Shedding (UFI
rang¢ (Fig. 1) By doing so, the solutioenablesfirst to
suppor the FCR in period of lack of bulk rese. It
could ther preempt partly the blind tripping of UFL
relays face to major frequency excurs. Thus itcould
avoid to affect vital loads ar save from disconnectic
the distributedgeneratorsvhose availability isessentia
at any time for the system stabi. The solution woulc
comply as well with down regulatioprocessthanks tc
the sheddinof Distributed Generation (DC

Suitablerange oloperatiol

- rCcr
V///////
48Hz 49Hz ‘ 49.8H249,98H:

49.2H: 50Hz

Figure t Suitable operation frequency range of smoothdr%)
(data applied in ENTS-E's Regional Group Continental Euro

The first part of the papepresent the concey and its
principle of operatio. A secon part is devoted toa
presentation of theadvances provided bthe methoc
propose. A third part challengefinally the acceptabilit
of the innovation by the Ultilities and the DEowners
involved in the VPP design.

CONCEPT

The fast frequency regulatiqproposed by Grenoble II,
TU/e and Schneider Electric lez on a pool oiCustomel
Energy Management Services' dev (CEMS.. These
CEMSscontrol the power supply of dispatchable Is,
depending on the system frequel To do so, ach of
these CEMSs embed frequenc-based relay with
remotely programmabl thresholds.At the top of th
CEMSs, a coordination platform is in charge

computing the frequencyshedding and reconnecti
thresholds respected by each releThe thresholds ai
defined in orderto reproduce by aggregation at t
system scale a targeted po-frequency characterist

1 Dream is a roject fundec by the Europea
Commissiol unde FP7 grantagreemen0935¢
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This coordinatio enablesfinally to reproduce virtuall:
the behavior of bulk generatiwunits, asusually targete
by anyVirtual PowerPlant (VPP) structure

The present structu constitutes an autonomous syst
ableto providefrequencyeontrolled reserves, complia
with either the requencyContainmentReserve (FCR) ¢
Under Frequency Load Shedding schemes (U.

Architecture

The system can be deploydocally at the scaleof a
secondary substation, a primary substatioreven at ¢
larger scalenot correlated wit the network topoloc
thanks to a clot-oriented architectur In topolog»-
dependent architectures, the coordination plat which
is a softwar, is embedc in the substation Remo
Terminal Unit (RTU) Being anautonomous systerit is
finally replicable autonomously from one substatior
others or from one cloi-portfolio to others

The CEMS iself is composed of a power meter,
frequency sensor, a communication channel ar
microcontroller. These compons can be eithe
independent the one from another and linked bycal
ICT bus or be an #in-one component. The -in-one
component can be direc embed in a utility power met
in a “regulated world” or being an proprietary dm
located down the mer in a “deregulated world"The
CEMS can embed as many triplets of {power me
relay, comparator} as numbers of dispatchable I
willing to be driven independantly from one anot

Fig. 2 present an architecture designed at the scale o
secondary substation, where the coordination platfis
embed by the substat’s RTU. Fig. 3(a and 3(b)
presents then examis of CEMS architecture. Fig. 3(a)
present an all-in-one CEMS, adapted to the dome:
world. Fig. 3b) presents a split architectuwilling to be
deployed on an industrial s. It present an HVAC
systen, with variable speed motc. In Fig. 3(b) the
functions of each device ahighlighted in gree.

The selection of the architecture would be mainiyedr

by the wholesale and ancillary services me

framework:

e Regulate

e Deregulatec

and by the communication channels availakat the

devices locatic:

e Power Line Communication (PLC) available to |
the Utility power meters and the substation R°

 ADSL, 3G only, etc

CEMS functions

The CEMS carries out two main functic
1.Inform periodically or on event th«coordination
platform of the powewilling to be shed by the rela
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it controls.

2.Process autonomously in r-time the frequenc
regulation, by driving the shedding or restoratar
the loads he contro

To do st the CEMS leas first on the controller he
embeds tcmeasur the power consumption of the loe
and forward this value to the coordination platfo
thanks to its communication channel. Tmicrocontroller
is thenin chargein real-timeof driving the relay position
by comparing the system frequency measured lo
with a frequency thresholreceivedmeanwhilefrom the
coordination platforr.

Business as usual

FCR supplier a

Bulk Generation

f
Fla Range obperatiol Flb
Clearing Pﬂmgry'
results Substation

Market
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Substation Bottom-up
Coordination
Agent IPrimary
Support
Peer-to-peer

—

Coordination
Primary | Agent
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Fig 2. Large scale architectt

Logic Controller
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Modbus TCP/IP

FIPATCP/IP »
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PM810 fP sensor

f sensor m i .-{‘rr- +load
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(a) Resistive loads (b) HVAC system

Fig 3. CEMS architecture

Coordination platform function s

The ordination platform carries oL five major
functions:

1. Gather from all of the CEMS the close to -time
data of the power amouavailable for sheddir.

2. Gather the er-users load shedding accepte, in
term of both marginal activation cost and freque
range of contributic.

3.Set the load shedding order of eadoad of the
portfolio, based on this acceptarcriteric.
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4. Calculatethe frequency threshold each loac
5. Broadcast the frequenthreshold to eachEMS.

Coordination Platform — CEMSsInteractions

Fig. 4 presents a simplified flochart that includes tr
two functions thatbelongsto the CEMS ancthe five
major functions of the coordinationlatform previously
detailec.

Coordination CEMS i
Platform i=1..N

Msg
Ask for a frequency At~15min
Threshold fthit), v
Provide Load ©
Consumption Pi(t)
Monitor f(t)

ve
3
Msg Yes
Assign frequency o
Threshold fyi0), Update fa
No ~a|

Continuous Real Time process

Figure 4: Flovwehart and structure of the messages exchanged dreta
coordination platform and a CEl

dt<ls

Close Relay

INNOVATION ADVANCES
Robustnes

The robustness of the innovation proposed comes

e The architecture of system monitoring: the
coordination  platform  gathers the  pov
consumption of each load directly monitored
each CEMS. The frequency monitoring then
performeconly by the CEMS.

e The coordination of the solution behavior: the
coordination platform decides by its before res-
time of the frequency behavior of all of the load:
its portfolio

e The distribution of the decision process: Each
CEMS decide finally autonomously of the
shedding and reconnect of the load, thanks to al
on-dte system frequency monitoringn order ta
comply with the frequency behav previousl
decided upstream by the coordination platfi

e The replicability of the solution;: Each set o
{coordination platform + coordinated CEMSs}
replicable aubnomously the one from anott It
enables to constitutat the system scale, seve
pools of reasonnable size whose failure does
induce a danger for the system stabil

It can be noticed that the r-time processe— mainly the
load shedding and reconnecti— are performed nly by
the CEMs. The coordination platform performs or
periodic or event process As detailed abve, this
distribution of the rei-time processeamong the agen
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is a key factor of robustness of the solution. Nagitthe
communication delay nor even a min-long loss of
communication links can op the supply of thes
distributed frequenc-controlled reserves, since t
CEMSs interpret the shedding and reconnection ¢
only from an o-site system frequency monitor..

Intelligence

The intelligence of theinnovation comes then frora
combined algorithi (Fig. 6) of loadshedding orde
definition and frequency thresholccomputatiol. This
algorithm is run by the coordination platfol. It enables
to clear a market composed of several purchasesale
bids of frequenc-controlled reservesin term of price
each bidis defined by a function of marginal shedd
cost, which depends cthe frequencythreshold. In term
of power, the purchasing bids are defined by p-
frequency characteristic, while the sellincids are
commonly a power amot per DER which is activatet
in all-or-nothing for simplicity of operation

For clearing easiness, the whole pasing
characteristics arefirst aggregated under a result
power-frequency characteris, defined in a range [Fb
Fa], regardless their limit price

The sale of each DER bid to match the demand, ie
assignment of a frequency threst to each DIR, is ther
performed pe Jadjacent sulirequency rangeaf; = [fb;;
fa], with fa, = Fa and fg =Ft. The rangesare scanne
starting from the range the closest to the norsysten
frequency

For each rangérf;, the DERwhose price functions a
defined in the whole intervalf;, areselected at the me
order, up to reach the demand of the inteiThe trading
price can be either a hid price or a spot priThe
algorithm is able to handle both capacity and en
price. In case of energy prit a probability of loa-
sheddini depending on the frequency threshold
considered as input for the clearil

The calculation of the frequency threshold of eadRI
assigned for operation withian interval Af; follows the
equdion (1). ‘
(1) fth = fb;— (fb;— fa,) x 22
Xiz1Pr
K;, the number of DER operating within Af;
with Afj = [fbj; faj], the subrange of control
<
sl = —fi"{—lfp:, the slope of the characteristic
For simplification issue, the equation (1) assunae
powel-frequency characteristic defined as linear wi
each rangeAf;. The slope can however be differ
depending on tt rangeAf;. This equation could be eas
adapted to comply as well with r-linear characteristi
even withir Afj. Fig. 5 presents schematically the effi
of the equation (1). The key idea plottedFig. 5 isto
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extend each piled block of dispatchable poweong the
frequency axis up to cross the targeted p-frequency
characteristic, presentec linear in the present examg

K
Zki P, Slopeof the

e -
fb; — fa; power-frequency

Pstot
Load S characteristic
sheddin targeted
i=1...K, |3
order i [

f fb,

Figure5: Targeted ste-by-step droop curv

The DER offers not purchased withifi are put back fo
sale in the rangafi.,, if they are still defined, where the
can face the competition from DER that used nobe:
defined inAf;.

Since the resultant demand is usually a linear tfan
while the resultant offer is composed of piled kche
algorithm considers tolerancimits, to guarantee th
both curves stays close enough at the clearingutu
The aggregion of small size offer is however suppose
to make this discontinuity of offers negligible facethe
system scale demar

The algorithm integrates finally oop of bids validatiol
process to cancel ttpotentialpurchase of reserves a
trading price higher than an upper limit predefitgdthe
purchase. According to the same logic, a purchaser
accept the purchase powe-frequency characterist
exacty equal to his initial purchase bid, accept as we
final bid partially cuidurinc the marketlearing.
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PERSPECTIVES

As much of Demand Response solutions, the sucde
the present concepis conditioned by its adoptic
upstream by the Utilities and downstream by DER
owners.

Utility acceptance

Firstly, the solution will have to convince the wetk
operators of it benefit onsystem stability, its effectiv
contribution in reetime and its robustness face to
disturbance

The first stp toward system stabilitis ensuredby a
solution design which is compliant with F(
requirements, defined the ENTSC-E Network Code ol
Loac-Frequency Control and Reserve2]. Dynamic
network stability studi¢ have then been performed to t
the benefit on stabili. Thefirst studiesdemonstrte for
instancethe interest of the solutii to ®cur¢ an almos
islanded powe system, following the tripping of its
unique interconnectionThese tests have been perforr
on the model of Kuching Island power syste3]. The
reversibility of the solution proposed enables noosth
the opposite imbalance that occ in Kuching after a
largetripping of UFLS relay, and which is fatal for th
system without the availability of enough revers
reserve4].

Rea-time physicaltess havebeen performeas well or
a 4kVA off-grid system to check first the accuracy of
droop curve supplied, compared with the curve tar
and then the time response of the five CEMS dedi
just for these test5].

Setof 110 M {DCp e<s(0) FCR purchase bids,

Listof N
| dispatchable
loads available |
34

N, Af-compliant |

> FCR offer

Run the o]

{APinf; APsup,}
{ADCinf ADCsup}

vrelfogfa)var €10 1o, 11

[ P AQ ~ DCsold,(f) _ Dedel(f + Al,;)/ ~ bedel, ()
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Figure 6: Frequencymarket learing andhresholcassignment algorith
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Finally, the robustness face to arlCT disturbancehas
already been challengédn the previous paragra. Such
robustnes would thenbe challenged in 2015 by t
deployment of a clot-oriented demonstrator, controlli
interconnecteDER. These DER a located it Schneide
Electric headquarte Grenoble INP building, Milano
Malpensa Airpol andICCSfacilities (Greec) asDrean’
demonstratiolfield tests.

DER owner acceptance

On the DER side, a limited disturbance of busines

usual DER owner activity will constitute a key facof

success.The three main kinds of disturbances have |

identfied:

1. The complexity of he CEMS integration on an
existing facility.

2. The cybersecurity issues inherent to the neec
connect the DER to a communication cha.

3. The number and the length of DER shedding ev

The complexity of the CEMS integration is addresseby
targetin¢ specific loads,as described inFig. 3 On the
domestic side, existing energy boxes like Wis6]
would become easily compliant with the present tsmh
by controlling the tripping of boiler or electriceaters
On the tertiar side, the association of variable spe
controllers likethe Altivar [7] with anM171 [8], the last
logic controller from Schneider Electric for HVAGa
pumping solutior is willing to provideeasilythe up anc
down flexibility required. The M17.embess directlythe
CEMS scriptand connets to existing sensorsof the
installation Some other domestic and tertiary could
compliant as well

The cyber-security issues are partly solvedby giving the
lead to each CEMS at the exjse of the coordinatio
platform: each of them requests upstream by thesmas
for a frequency threshold update, that requirey ¢imé
knowledge by the CEMS of building network’s prc
and no port opening to become accessible fromaber

The question of shedding event occurrence depend:
finally of the threshold assigned to e:dDER: the furthe
from the nominal frequency it is, the lefrequency
sheding occur. While the frequency threshold

49.9Hzis on averageeached up to 339 times per din
ENTSC-E Northern Europe synchronous area,

number of events fall to 7.8 at 49.85Hz and 0.4%9H:
(data from may 20( to april 2006,[9]). The ability of the
frequency threshold assignment algoritl(Fig. 6) to
limit a frequency range of operatiofor each DE}
enables to consider DER owner contribution wislttest
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is willing to reduce its adoption relectanMoreover the
events last few seconds only, that is not willinglisturb
the DER processes (at 8Hz, 95% last less than 2°
with an average duration of 1.59]).

CONCLUSION

The present concept has been developed with
objective to propose one solution to the appeaissge
of lack of frequenc-controlled reserves in sor
locations, includinc microgric. Next step is now t
convince Utilitesand DER owner<of its robustnes:
through new demonstratios and to define suitabl
business models for the whole power system . That
will be Schneider Electric and Grenoble | priority up
to 2016
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