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ABSTRACT

Distributed renewable energy sources aesponsible
for the rising of newchallengesfor the power system
operationand control To deal with theforeseen issues
the European funded project ELECTRA IRP has
developed the Wetf-Cells control framework for the
future power systenThis paper will present laboratory
proof-of-concept tests about the adaptive frequency
containment control and the balance restoration control
functionalities.

INTRODUCTION

It is expected that the future power system will be
characterized by a huge number of Distributed
Generators (DG) carected to any voltage level and
dispersedll overthe electricalgrid. Most of them will

be Renewabl&nergySources (RESAnd this will cause

additional challenges for the power system operation.
Indeed, he noncontinuous power production of RES
increags the issue of havingnly partly dispatchable

power generation. In addition, the distributed
characteristic of theenew resources implicates that the
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Adaptive Frequency Containment Control -BEC).
The idea behindhis new approach is to make the
frequency containment reserve activation as close as
possible to the power disturbances. In order to reach this
objective the cell controllarequestdrom the generators

to modify their droop slope according to treatime

cell power import/export and frequency deviations.

The amount ofcell primary reservecalled Cell Power
Frequency Characteristic (CPEQ increased (that is,
the generators increase their power contribution in
response to a frequency deviation}he frequency is
below the nominal value and the cell is exporting less
power than scheduledh this situation, indeedi cause

of the undeifrequencycould be foundwithin the cell

In the opposite situation the cell primary reserve is
decreased. InMTable 1 all the possible situatienthat
could occurin a cellare presentedvheref is the system
frequency,Pey, is the cell power export anBsetpoint iS

the cell power export sgtoint

Table 17 A-FCC action on the cell primary reserve

f>f, f <f,

Pexp> Psetpoint CPFC increased | CPFC decreased

Pexp< Psetpoint CPFC decreased| CPFC increased

system operators have to interact with a huge number of A schematic of these two cell controller functionalities

non-centralisedresources in order to contrdie power
system.

THE WEB -OF-CELLS CONCEPT

In order to deal with the abovaentionedchallenges,
the European funded project ELECTRA IRP has
developed the Webf-Cells (WoC) control framework
for the future power systenf$], [2]. A cell is a portion

of a pover system managed by awn controller that is
able to respect the schedul@ehport/export power
profile. Inside a cell can exist any type of generation
and load, but a cell must have enough flexibility to
compensate deviations from the power profile dyirin
normal operation these situations can happen as a

is depicted irFigurel.
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Figure 17 CombinedA-FCCand BRCdeployment

Regarding the A-CC functionality two approaches
were investigate: one, namediConst. AFCCo (CA),
computes the droopcaling factorused to modify the
generators droop and so the CPFC as described above,

consequence of forecast errors associated to renewableby simple operations based on thegfrency and cell

sourcesand loads or small disturbances.

A-FCC and BRC

The Balance Restoration Control (BRC) has the
objective to minimize thembalance valuealculated by
a n Imbalance Observér f unct i

scheduled value and (2) the frequency error terpft
presents similarities withthe traditional secondary

control and the main difference is that the cell controller

activates a big number of resources in a fast way.
The otherfunctionality of the cell controlleris the
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on. Th
value is the sum of two terms: (1) the error between the
active power exchange at the cell boundaries and the

power export deviations and the other one uskgzy
logic approacho achieve the same result

The CA version uses the frequency deviatipfand the

cell power export deviationpRypot t0 increase or
decrease the cfell contribution to the primary reserve
rRaintding dhe dVetafl power system frequency
characteristic close to a desired constant value. The
schematic of this approach is depictedFigure 2. In
order to better
consider a system composed by three cells and with a
flexible resource connected each cell as the one that
will be used for the tests pented in the following
sections where grid supporting Voltage Source
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Distribution among
resources

To flexible

resources

Figure 2 - Frequency behaviour with different contro
functionalities activated in case of a load disturbanc

Inverters controlled as voltage sourcgS] are used
These converterhiave a power/frequencgroop as

reported in equation (1)
deviation of the inverter.
®'Q Qui (1)

Consider he modification ofthe droop parametdc of
the inverters diiding it by a gaing.
©Q Wb 2
Take into account a grid withthree invertersit is
possible towrite:
R 0 0 N
Qg o o 0 0 e 3
Equation (3) can be rewtén consideringthat'a p
"Q (as shown irFigure?2):
P PP e Qe Qe . . -
e T o5 T o o 0 30 8 4
Finally, in order to have a constant system droop
coefficientit is possible to write:
9 o Q
R ©
Considering again the schematic Figure 2, it is
possible torecognise that the gaigis proportional to
the cell power export and to the CPFC, in example
case iSCPFC = 1/k The sign ofg depends also on the
frequency deviation, but since the frequency deviation is
common to all the cells it doesot matter for this
analysis. Takinghis into account we can write:

9 0 0 eb 0 of G ab

5 T ® 3\UTQQ 3\UTQQ 3~UTQQ 20 50 50 (6)
Wherem P s the cell power export deviation. The sum
of the threep P s always zero (neglecting losses over
the tielines and measurement errors). In this way
equation (5) is verified anthe overall droopis always
constant.

Instead thd-uzzy Controlle(FC) version of AFCC|3]
takes into apount only the part of the WoC power
frequency characteristighich is related to the specific
cell. The controller monitors the frequency andlitie
power errors and it agts the CPFC value multiplying
it by a coefficientthat vaiies between 0.5 and 1.5. In

Table 27 Implemented rule table

of | NH NL ZE PL PH
Cprl)e,i
NH 50%  75% 100% 125% 150%
NL 75%  75% 100% 125% 125%
ZE 100% 100% 100% 100% 100%
PL 125% 125% 100% 75% 75%
PH 150% 125% 100% 75% 50%
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this way, the cell undergoing an imbalance increases its
droop whereas its neighbours decrease it in order to
obtain an increased FCC reserves activation in the
proximity of the imbalanceln Table2 we can see the
selected rules that determine the output sigiiathe
fuzzy controller For the output defuzidation, the
Centreof-Gravity method was used.

TEST SET UP

The above described functionalities have been tested
resorting tothe RSE DER Test Facility (DERTF) [4].
)Q’?%cﬁémﬁtic Rpreséntitiont &t the §Qaihfng the Ut
testsis depicted inFigure 3. The setup includes three
cells with power generation, a controllable load and
energystoragesystems With this configuration, tests
were performed in island mode. TheREC and BRC
functionalities were tested starting from normal
conditions (nominal frequey and power at tiéines
regulated as requested) and considering various
scenarios: BRC and -ARCC were engled or disabled
and thek giérm of the BRC inpuérror signalwas also
disabledor enabled.

Within the test set yphegenerators are:

1 aleadacidstoragewith 20 KVA of nominal power

1 alithium storagevith 30 KVA of nominal power

1 a DC gridinterfaced through a bidirectional
inverter with30 YA nominal power

Cell1 cell 3

1- Pb Storage

1-DC Grid
2 —CHP eng.

Cell 2

1-LiStorage
2 - Controllable Load

Figure 317 Schematic view of the test set up

The selected units usgrid supportingVoltage Sources
Inverters (VSI) controlled as voltage sour¢gl with
an active powerfrequency droop In Figure 4 a
simplified diagram of their externakhaviouiis shown

=

fn P
- 1 S~ |1 i
n

Figure 41 Simplified schematic of a grid supporting
VSI controlled as voltage source

TEST RESULTS

Balance Restoration Control

Thefirst set oftess has the aim oinvestigate the BRC
control To understand the behaviour of the two terms of
the BRC control on the frequency,test with a load
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perturbation of 15 kW in the cdllvo is repeated 3 time:
(no BRC, BRC without t he
load during the tesis firstly increased and subsequen
decreasedln Figureb5, it canbe sea thatwithout the
BRC (between the time O and the time 30Qkg
variation of the frequencthat isonly due to the droog
control in the converters. However, with the BF
without the k pcontribution (between300 and 700
seconds the frequency is not constantcamnlecrease
slowly like a ramp. Finally, with the full BRC
contribution (between 700 and 1000 seconds),
frequency is fast recovered to the nominal value.

) Frequency
BRC without kAT

50.05 Only droop contral BRC

50
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49.95

499

—Frequency
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S
Figure 5 - Frequency behaviour with different control
functionalities activated in case of a load disturbance.

In order to better understand the drop of frequency in

the case of BRC without the tern it is possible to
compute the closed loop transfer functibetweencpf

and the measured cell power export for the simplified
system reported ifigure6. The system represents two

simple cells made up of a single generatorV@l
controlled as a voltage source). In the figlg, and
P.ei represent the cell power export-petint and actual
power export respectivelyk is the generator droop
parameter and thBRC Pl block represents the BRC
controller where the input errorggial is composed only
by the cell power export deviationThe power
exchanged between the two cellpi®portional to the
difference betweenthe voltage angles of the two
inverters through the parametbix. xis the impedance
of the line between the two invertedle assume that

P
Set
P 11'J>

ce

Figure 6- Simplified block diagram of a two cell

the powerfollows the setpoint but in this case the
frequency is not restored as p@dbut previously The
same behaviour happens time presence of the BRC

control, as expected.
BRC k

Cell power export
BRC without kA
—Cell1
—Cell 2

Cell 3

Only droop control

kW

100 200 300 400 500 600 700 800 900 1000
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Figure 7 - Cell power export with different control
functionalities activated in case of a load disturbance.

Adaptive Frequency Containment Control

The second set of tashas the ainto investigate the
two described version for the-RCC.To understand the
behavour of the AFCC control, a test with a load
perturbation of 15 kW in the cell two is repeatedce
(A-FCC disabled, AACC enabled).In Figure 8 the

trend of the frequency with the two versions of the A
FCC both enabled and disablece shown |1t 6 s

to see that the response is quite sintiiweerthe two
A-FCC versions. This is due to the fact that both the
gains for the AFCC versions i@ selected to maintain
the overall system droajuite constant

fact, the overall system power frequency
characteristic does not vary significantly, as shown in
Figure9. The small deviations from the reference value
are due to the measurement errors in the export powers.
In fact the CA is able to maintain the overall WoC
droop constant only ithe case that the sum of the cell
exported power is zero. practce this is not achievable
because of losses over theltiees, measurement errors
and delays.

In any case, the tests show thhe cell where the
disturbance took placdecreaseits CPFCand so the
primary reserve contribution of this cell is increased

theamplitudeof the voltage produced by the inverters is

kept constant. Thersince there are only two inverters

the output power abneinverter is received by the other

one as inputpower. In this situation the closkloop

transfer functionpf 4 B the following

v o q+ q+ + + i T+ +
o T+ + LSS G £

poss

¢t ++ i ¢+t 0 In

The transfer functionhas a pole in the origin. This
means that a small error in the power measuremant
the tie liness integrated and resglin afrequencydrift.

In practise a small mismatch between the two
measurementand losses over the tiknes contributes
to havetwo different measures for the two cella
Figure7 thecells power exportire shownln thecaseof
only droop control, the tidine power flow after the
disturbance remainas expectedar from the sepoint.
Instead in the presence of BRCgvenwithout thek f
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This happens both with the CAigure10) and the FC
(Figure 11) version of he A-FCC. Finally we can say
thatthe use of the A~CC function permits the reduction
of the cell export power errorompared to the basic
situation, as shown ifrigure 12 for the case of CA
A-FCC.
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Figure 81 Frequency with CA and FC enabled and
disabled
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Figure 91 Overall system droop with CA and FC
enabled and disabled
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Figure 107 Cell droop with CA enabled and disabled

Figure 117 Cell droop with FC enabled and disabled
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Figure 127 Cell power export with CAA-FCCversion
disabled and with C/nabled

CONCLUSIONS

This paper focuses on the results of the Adaptive
Frequency Containment Control implementation and
Balance Restoration Control functionalities defined by
the ELECTRA project to control a power system
organized as a Web of Cells. The work has been done in
the frame of the ELECTRA Researcher Exchange
(REX) program. The tests show the effectiveness of the
BRC in maintaining the cell power export close to the
scheduled value. It was also tested a BRC version
without the frequency contribution on the error signa
and it was shown that isistable alsoby computing the
transfer function that is governing the phenomenon. The
tests also show a good behaviour of th€@C control
functionality, that was implemented using both a fuzzy
logic (FA) both following analgebraicapproach (CA).
The AFCC can effectively detect the imbalance
location and, as a result, modify the FCC reserve if the
imbalarce took place outside its cell.
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