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(DG) systems [4]. However, the existing work deassially

Abstract--This paper describes a design process of advancedwith micro-grids and the potential of hardwarefie-{oop

grid equipment including both dynamic simulations aad power-
hardware-in-the-loop. A case study concerning thensertion of an
energy storage system in a large isolated grid issed as an
illustrative example. First, the methodology develped to achieve
a real-time simulation of the studied grid from its original

dynamic model is presented. The real-time platformused within
the framework of this project is based on the RT-LB

environment and is interfaced with real ultracapactors through a
power amplifier. Some experimental results are angked in the
final part. The advantages of this methodology inciding power-
hardware-in-the-loop are emphasized by illustrating its

contribution to dynamic model validation and the oltained
improvement in control system performances.

simulations for large scale isolated grids shoutuvnbe
studied, since they are expected to accommodate BGrand
other advanced grid equipment in the years to come.
Isolated power systems have specific features codpa
with large interconnected grids, such as signiickependence
on oil generation plants, leading to higher prouctosts and
emissions, and lesser sturdiness to electricalurtahces
resulting in frequent voltage/frequency fluctuataand power
quality concerns. Besides, the variability brougbly
renewable-energy based DG and its current lack
contribution to ancillary services can impact wegkds
operation and stability. That is why island gride &aid to

Index Terms—design process, distributed generation, energy have a strong potential regarding the developmeBESS for

storage systems, isolated power grids, power-hardwexin-the-
loop, real-time simulation, ultracapacitors.

I. INTRODUCTION
HE real-time simulator performances are followirge t

evolution in computer technologies and can provi

various applications. Non real-time modeling anehudation
have traditionally been used for carrying out stedon this
topic, as shown in [5] (dynamic simulations of aiVB¥
battery providing frequency regulation to the l$résolated
rid), [6][7] (dynamic simulation and experimentati of a
heel energy storage system in Azores) and ¢ by

designers with an efficient approach to systematyping and step sizing of solar/storage systems for Greekdsii

testing using “Power-Hardware-In-the-Loop” (PHIL)gidal

The purpose of the present paper is to illustthteugh the

of

simulation. PHIL enables the test of advanced, deafices, example of an innovative application of DESS onistand
such as Distributed Energy Storage Systems (DESS) gfid, how it is possible to move from a classicasidn
Distributed Generation (DG), by connecting thematarid approach to a “real-time” process and to discussbignefits
model that is simulated in real time [1]. This wéye studied gained from this switch. The main difficulty of theal-time

equipment behaves as if it was connected to thenegaork:
it can thus be tested over a wide range of gridigorations,
including fault conditions, without any risk.

In recent years, PHIL gave promising results wittie
framework of research projects dealing for examyita wind
energy conversion system [2], gas micro-turbinegrdtion in
distribution networks [3] or small-scale distribdtgeneration
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simulation of a large scale isolated grid is relate the
complexity of the grid’s structure and of the syrmious
machine model. Hence, by simulating the complete/ord in
a single processor of the real-time simulator,asviound that
the required computation time was far beyond theimmam
time-step to achieve real-time simulation. Work vlerefore
conducted to propose and validate solutions pengitither
to distribute calculations in several cores or ifopdfy the
network by reducing the number of simulated genesat

In the following sections, the objectives of thkistrative
case study, which concerns the
ultracapacitor-based DESS in Guadeloupe island fisé
presented, as well as the main characteristichefgtid. At

implementation of an

first, the study was conducted by using usual dyoam

simulations and the results were then experimgntallidated
with a small-scale, real storage system. The psoleealing to
experimental validation and the solutions to enabkd-time
simulation of the Guadeloupe power grid are thescdeed.
The last part of the paper focuses on the contabudf PHIL



to the design process of advanced grid equipment.

Il. FROM DYNAMIC SIMULATIONS TO EXPERIMENTAL
VALIDATION THROUGHHARDWARE-IN-THE-LOOP

voltage on downstream distribution grids.

The installed generation at the end of 2008 cansiseight
21 MW diesel power plants at “Jarry-Nord” substatiand
two 32 MW coal-fired power stations at “Gardel” stdiion

Because of frequent tripping of generators or griRgrticipating in primary frequency control. Threenasler

disturbances such as short-circuits and the lack
interconnection in island networks, load-sheddisgoiten
requested to restore the balance between produetiah
consumption in these incident situations. An innweaDESS
application is used herein to illustrate the pdssiblesign

giesel groups (5 MW) at “Jarry-Sud” substation,tribsited
hydro-electric plants (9,6MW) as well as geothermpaiver
plants (5+10 MW) at “Bouillante” substation are ewft
operated at their rated power. Four combustioningsb at
“Jarry-Sud” substation are solicited only duringapelemand

process improvements with PHIL. The result of adgtu (3x20+40 MW). Wind (26.4 MW) and solar (5 MWp) bese

involving grid operators (see [9] for details) haghlighted a
great interest in the use of ultracapacitors t@ medintain the
frequency of an island network within admissibhaits after a
generator tripping. The participation of DESS teqgiuency
regulation consists in injecting active power whdme
frequency drops below 50Hz or absorbing active pdwehe
opposite situation, which can reduce the annualgautime.

A. Brief Description of the Case Study

In agreement with the integrated system operatdirefnch
isolated energy systems (EDF SEl), the use of idiged
storage for frequency control was studied on thee aaf the
electrically isolated archipelago of Guadeloupecdted in the
eastern Caribbean Sea, this overseas departmeRtaote
comprises five islands: Basse-Terre (84&)krrande-Terre

power sources have been connected over the pasydars
but their shares in the annual energy mix remaithera
marginal, with respectively 2.59 % and 0.16 % i0&0
Several configurations of the network were taketo in
account to assess the potential of ultracapacieeth DESS
for frequency support. The various simulated incide
included the tripping of a coal-fired generator gwoing
around 25 MW during off-peak situation (140 MW),thvi
minimal power system inertia. Due to the relativelipw
response of diesel plants while delivering theiimary
reserve, the grid frequency drops quickly below tbed-
shedding threshold in such a situation. An outagthérefore
experienced by customers even if the primary resem
remaining power plants is sufficient from a staticint of
view. DESS modeled as power or current injectorgewe

(588 knf, separated from Basse-Terre by a narrow Seénnected at distribution levels in the simulatega@eloupe

channel) and the adjacent islands of La Désirade, $aintes

power system. A specific control algorithm was deped so

and Marie-Galante. Guadeloupe covers about 1,6Q@req that DESS may dynamically assist the real poweectign

kilometers and its population was 407,000 inhaltstéam 2008.

following generator tripping.

The peak power consumption of the network reach&l 2 The present document focuses on the contributioRHiL

MW in 2007 [10]. Fig. 1 shows the major producticenters
of the island and the structure of its HV transioisgrid.

Grande-Terre

Desirade
Gardel

. Diesel power plants at Jarrv-Nord
") Combustion turbines at Jarry-Sud
@ Diesel power plants at Péristyvle
. Coal-fired power stations at Gardel
@ Geothermal power plants at Bouillante
@ Hydro-electric plants at Capesterre
® Wind mrbines
@ Photovoltaic panels

Marie-Galante

Les Samtes @‘ &

Fig. 1. HV grid, major generation plants and DGelioon in Guadeloupe

The transmission system is operated at 63 kV aclddes
13 substations. Each substation consists of 2 duem
63/21kV transformers with on-load tap changersdust the

simulation in the design process of innovative grggiipment
and uses this case study as an illustrative examfie
detailed results of the study presented aboveudinng DESS
sizing, impact analysis and cost/benefit assessmihtbe
published soon in a dedicated paper.

B. Smulation results obtained with Eurostag software

The development of the required, innovative control
algorithm and the first characterization of the akdistributed
storage for frequency support in large isolatedgyrivere
carried out using Eurostag commercial softwareoBlag is a
time-domain simulation program that is utilizedeldF R&D
for dynamic studies of isolated French grids [1llt].uses
phasor representation for power system dynamic lation
(transient, mid and long-term stability). Thanksitiovariable
step size integration method, fast simulation ddérge set of
configurations was possible to ensure a completdysis of
the Guadeloupe case study, including a wide rarigeEsS
nominal power values as illustrated in Fig. 2.

Through dynamic simulations, a first tuning of #entrol
system for storage frequency control was proposad.
significant impact of ultracapacitors on frequerexcursions
following generation tripping was demonstrateddlag to the
decision to pursue further investigations on tbfsd.



D. Real-Time Smulation Using RT-LAB Environment

The complexity of the Guadeloupe power system regui
much computational resources to be simulated iftirea
} (meshed network with up to a dozen of generatiantg).
} When simulating the complete grid in a single pssce of the
_thmenergysmrag; | real-time simulator, the corresponding computatiome for
— With 1MW energy storage the original model greatly exceeded the maximumissibie
T W ey eoeee I computing time-step of 50ps. It was therefore neargnteed
_m::;m:::gzzz:gz ~ that the studied grid would be simulated in rewaeti possible
4650 | : : : ; ] ] overruns would have caused communication problesmeal
S e mm e e Ee e e equipment was interfaced to the simulator. To meat-time
requirements, some solutions were tested eithatigivibute
Fig. 2. Impact of uItracapacitor-b_ased DES_S onftbguency response of an ~g|culations in several processors or to simplifie tgrid
isolated power system after a major generation loss structure (and associated set of equations) bycheglithe

number of synchronous machines.
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C. From Dynamic to Real-Time Smulation

In order to validate simulation results and theusihess of 1) Multi-core computing of Guadeloupe grid model
the designed control system, the Guadeloupe poysézra has The distributed configuration enables the distiiutof
been simulated on the real-time simulation softwammmplex models over a cluster of multi-core PCsnimg in
environment RT-LAB (core of the PHIL platform cuntyy parallel, thus reducing computation time to achiexal-time
under development at L2EP) with real ultracapasit@pal- performances. The target nodes in the cluster corvaie
RT RT-LAB allows the user to convert Matlab Simulin between each other with low latency protocols awel real-
models, and then to run real-time simulations oséhmodels time cluster is linked to a RT-LAB command stati@ig. 3)
on multiple target computers equipped with multiecdC through a TCP/IP network.
processors. This is used particularly for PHIL arapid
control prototyping applications [12]. iroya

As Eurostag files cannot be compiled directly on-I[EAB [
the Guadeloupe network model has to be transposted
Matlab Simulink and SimPowerSystems (SPS) models.
used SPS library blocks to simulate basic elemefntise grid,
such as “Standard Synchronous Machine” or “Pi $acti
Line”. Control systems and processes (power pl#VR,
speed governors, etc.) were modeled using Simblioéks.

Simulation results obtained with Eurostag were carag
with those obtained with SPS under phasor mode withiis =

variable step size. In this computation mode, ardynplex B RT-LAB command station
forms but not sinusoidal forms of voltage/curreats treated | o« Jjf (Vain inerface with Matiab Simulink and SPB)

for calculations. The dynamic behavior of the Guaulee
power system on the two different pieces of sofewams Fig. 3. RT-LAB PC-cluster targets and commandictaat L2EP hardware-
found to be in very good agreement. Static erroeyew "the-loop experimental faciliy.
typically far less than 1%, which validated thedgrnodel
conversion from Eurostag to SPS. The phasor reptatien is
of standard use for stability problems. Howeverjtasplies
quasi steady-state, information inside the cycleaidially lost.
The Guadeloupe grid model was then simulated uS&s

uANE i il
Power amplifier
(interfacing the simulated grig

and real equipment) — |
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| Multi-core RT-LAB
.

PC-clusters
(running studied power
systems in real-time)

Parallel distributed solving implies a separatioh tie
studied power system and the allocation of the y&ibms to
different cores of the target PC-clusters, eachlumrieg solved
by a unique core. In RT-LAB environment, this opiem is
discrete mode with a 50us fixed step-size, whichthie a_lchieved _through the use of tv‘{?.bIQCkS from AR.TE,MIS
maximal time-step ensuring satisfactory convergeotehe library, WP'Ch gre"respef:tlvely t'he .d|str|butedmeterlllng

and the “stubline”. Their function is to decoupke tgrid in

simulation due to the power system complexity. Th ) . .
ARTEMIS solver from Opal-RT Technologies was ustizin (?lscrete mode to.reduce sys_tem s matrix stateishatocessed
by each core during calculations.

order to optimize SPS power systems’ simulatiordistrete o . -
P P y “Distributed parameter lines” are utilized to regdasome

mode. It is a fundamental constraint of real-tinfauation . . . . . .
transmission Pi-section lines in order to sepatla¢egrid for

that the model must use fixed-step integration el . . . .
ust- 4 X b integrati v multi-core computing. With these blocks, a 1-tinepsdelay

ARTEMIS introduces fixed-step solvers' impr(.JVing.th?corresponding to the actual propagation delay b t
performances of SPS and enables real-time simalaoh transmission line) is introduced in the simulatisno that

complex power systems. . .
plexp 4 information can be shared between the calculatedystems.



To ensure simulation accuracy and stability, theppgation L
time in the considered lines must be higher thanstmulation Wil
sampling time. For a 50 Hz network with a 50us tstep, a ﬂ\“\\
63kV transmission line cannot be replaced by atfithisted (R Te—
parameter line” for parallel solving unless it enger than
15km. Therefore, with the considered Guadeloupd bas il
been separated this way into three subsystems:ntfera 1 |/
Terre”, “Basse Terre” and the main generation aetitarry- Y 75;’5"3""9
Nord"/*Jarry-Sud” (see Fig. 1). P v — RT-LAB

“Stublines” are short decoupling lines that addfieially a - g Py
propagation time equal to a single time-step. Thesre Time(s)
utilized to replace the primary W|nd|ng§ ,Of some /W Fig. 4. Comparison of the frequency responsesefvarious Guadeloupe
transformers of Guadeloupe. Several grid’s sulustativere power system representations during a similar getiwer loss scenario
separated this way at their step-down transformedsaffected
to an additional core of the PC-cluster.

Finally, with the two essential decoupling elemeatshe
ARTEMIS library, parallel distributed solving of @deloupe
grid equations was realized across 4 duo core Gblzegsors.

Frequency(Hz)
i

15

E. Experimental set-up at L2EP PHIL platform.

To perform experimental validation of the develoeiSS
models and of their control systems, the simulateatage
system was finally replaced by real ultracapacitdrs this
end, the Guadeloupe power system model was sinutate

The complexity of the synchronous machine modeltstimthe real-time s_imulator._The voltage qt the MV sidéSainte
the number of generation plants that can be predeby a Anne” substation (Io_catlo_n of the studied I_DESS)_ wms_ured
single core to achieve real-time performances. Ating to €VE'Y S0Hs (sampling time of the real-time simolafiand
our experience, this number is restricted to 3,ctvisan be SENt t0 an analogical output of the simulator. Afeducing
insufficient depending on the characteristics oé fhower (1€ Voltage values by a ga@v, the voltage information was
system to be simulated: for example, in Guadelogpeiesel sgnt toa t.hree-phase bidirectional power amplég&shown in
generators are connected to the 63kV “Jarry-Notw$hiar. Fig. 5. This voltage was .thus generated and powiaed00V

Since the electrical distance is small in the Javigrd busbar OT the experimental platform, where the real
power plant, it was possible to group these synubue ultracapacitor-based storage s_ystem was connected.
machines with same characteristics and identicarating | "€ 'eal energy storage unit comprises four Maxi@8F
point by keeping per-unit parameters and scaling the BMODO0165-P048 modules connected in series and a

nominal power of the resulting aggregated powentptaodel dedicated power electronic conversion system inietuda

2) Model simplification

to the total one of the generators grouped together PWM PF’OSt ch.op'per and a SkwW PWM inverter. Thg DESS
supervision, built in a DSP dSPACE card, allowstaating
3) Simulation results the injected current through the inverter and theell of DC

Tripping of various generators were simulated usRiy Pus voltage through the chopper (Fig. 6).
LAB. Fig. 4 shows the frequency responses of thadeloupe

power system after a major generation loss onhteetpieces F Power converter
of software: Eurostag (dynamic simulation softwar€PS | . bi (Pwe:/r'\g?:vsérf:gpper' ;
(intermediate software) and RT-LAB (real-time eoviment). Ultracapacitor cabin _

This comparison allows us to validate the real-tsimulation
of the grid model, as the results are in good agese.

The slight deviations that appear in the recordeghonses W, / \
(minimal frequency and lag) can be explained biedénces in [ § ik e PP i <
the load modeling approach between Eurostag and SRS = *?'4
by the above-mentioned required operations to aehieal-
time performance. Nevertheless, this difference sdoet

impact significantly the DESS experimental test.

Fig. 6. Experimental 5kW/40F ultracapacitor-basemtage system

A current adaptation has also been performed byguai
second gairGi, by which the return current signals from the
real DESS is amplified. In this way, a 5kW injectifyom the
real energy storage unit to the amplifier is tak&o account
as if it was 3.5MW for the real-time simulation.
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Fig. 5. Presentation of the PHIL eerimental platform at L2E
I1l. IMPROVING USUAL DYNAMIC STUDIES AND CONTROL
DESIGNUSING REAL-TIME SIMULATION

In this last section, the contribution of PHIL siation
within the design process of an innovative grid capt is
studied. The case study of DESS for frequency stipipo
Guadeloupe island grid is used as an illustratizergle.

A. Improvement of the Control System Performances

A major interest of PHIL has been its contributimnthe
improvements of the DESS control algorithm. As ekmd
above, the first version of the control system lué studied
DESS was developed and tested by using dynamidations,
with satisfactory outcome compared with the speaffons.
Thanks to results obtained
preliminary system sizing, impact analysis and /bestefit
assessment demonstrated the possible interesteofttidied
DESS application and led to the decision to procestt
small-scale testing through real-time simulation.

As the control system was being phased in at L2BR.P
platform, many adjustments were necessary to make
operational: notably soft-start sequence, emergestp
command and improvements of the control algorithom
account for non-ideal behavior of real equipmerd aansor
noise. To illustrate this point, the following pgraphs focus
on the DESS synchronization, which was one of toeeting
problems identified thanks to real-time simulation.

To ensure fast active power injection after a maj

generation loss, the developed DESS control systaspartly
based on the frequency decline gradient. The ysmaer and
current injectors available in dynamic simulatiaiteare for
fast modeling of distributed power sources do rddetinto
account inverter synchronization control: that lythe signal
used for inverter reference calculation in thetfirersion of
the control system was the grid frequency (throudgal
measurement block). Following a significant germrat
tripping, the frequency decline gradient thresholds

- ~
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B

-

therefore immediately reached, leading to instasdas start
of DESS active power injection.

Experimental results with the real ultracapacitomit u
showed that the transient behavior of the phaskebbdoop
(PLL) must be taken into account as it delays §icamtly the
detection of the frequency decay by the DESS (aecdefore,
impacts the active power reference calculationyle&d, in
practice, the frequency estimation made by therteveontrol
synchronization apparatus derives from a measureofeahe
instantaneous grid voltage at the DESS connectioimt.p
Therefore, disturbances of the measured voltagee hav
significant impact on the frequency estimation ddmethe
PLL. This phenomenon, which was not taken into antdn
the first dynamic simulations, is illustrated irgFi7: transient

using Eurostag softwaegrors in the frequency estimation appear followting voltage

variations related to generator tripping (a) or BES&ctive
power injection (b).

DESS estimated frequency (PLL) vs. grid frequency as a function of time
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Fig.7. Measured and grid frequency after majoleggtor tripping.



Adapted filtering and delays were added in
experimental control system to ensure a properctete of
fast frequency decreases and high immunity to nmeasent
noise and to fast voltage variations at the conoeqgboint.
Since they increased the response time of theestustiorage
system of a few 100 ms on large generator tripgibhgations
(because of the filtering effect, Fig. 7), thesecessary
changes were likely to impact the initial dynamicudation
results. The control system implemented on Eurostdiyvare
was therefore updated to consider lessons leaom PHIL
and the conclusions of the preliminary dynamic igtsidvere
slightly refined with a more realistic DESS behavio

B. Feasibility Demonstration and Model Validation

Another great interest of power-hardware-in-theplo
simulation is the possible fast experimental im@atation of
the developed concepts.

In some references, such as the flywheel energwygso
system case presented in [6] and [7],
validation is done using real measurements on lsdale
(350kW/5kWh) pilot facility in Azores. As completand
interesting such an iterative process using astdle field
experiment can be, it is however limited to pattcsituations
such as isolated grids and hardly applicable inegg@n In

addition of obvious economic and safety reasong t

connection process of grid equipment is usually etim
consuming, particularly when innovative conceptsd ar
technologies are concerned. For example, speatbriaand
site acceptance tests in accordance with existiagdards,
permitting and/or complementary engineering workewta
unique design is required can lead to considerdblays and
additional costs. Lessons learned from the instafiaof new
energy storage systems in distribution grids olerpast few
years have illustrated these kinds of difficultias,in [13]. The
financial risk for utilities is significant: e.g. illions were lost
when large-scale “Regenesys” demonstration plangsew
cancelled at an advanced stage of their buildidd{I5].

Real-time simulation is a convenient intermediatgps
between usual dynamic simulation and full-scal
experimentation of innovative power-system concepts
enables fast prototyping and testing of new gridigment
under the various operation conditions it can fugsi
encounter during its service life, including faglbnditions.
This way, with moderate expense and time, subsian
conclusions can be drawn regarding:

1) The practical feasibility and safety of the tested concepts

By using PHIL, it becomes possible to re-createthia
laboratory the electrical constraints that a givEvice will
face at commercial stage: frequency or voltage /stansient
deviations at the connection point, changes inciwatrolled
variable(s), etc. It can thus be verified whethenot a given
concept is technically feasible with the availatdehnologies
and capable of safe grid-connected operation (thiahces
generated on the grid, fault ride-though perforneanctc.).
Moreover, the compliance of the tested device wilile

[0)

dynamic moc

theequirements of the grid code can be checked ds wel

As far as power systems are concerned, it is niagy Ithat
the feasibility demonstration will be carried odteaareduced
scale. Providing that the change of scale is proterbe
possible, the results will still remain of greateirest in the
decision making process possibly finally leadinghweduced
risks, to a later large-scale experimentation.

Fig. 8a and 8b show the frequency measurement éphas

locked loop output) and the active power injectiynthe real
5kW DESS after a unit generation trip on the sitmda
Guadeloupe power grid. Up to now, stable chargetdisye
cycles and standby operation were demonstrated lovey
PHIL sequences (up to 1 hour) including generalims and
reconnection with subsequent frequency and volagiations
at connection point (including voltage dips).

a DESS measured frequency (PLL) as a function of time
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Fig.8. DESS PLL frequency estimation (a), activewgo injection (b),
ultracapacitor bank current (c) and voltage (dj &snction of time.

2) The validity of the models used for dynamic simulations
Thanks to fast experimental implementation of thelied
DESS, PHIL simulation made possible a completededibon



of the models used for dynamic simulations. To thisd,
measurements on the real unit and model responsésgd
typical charge/discharge/standby cycles were coetpaFor
all the considered working conditions, the resultse found
to be in good agreement. For instance, Fig. 8c &thdhow
real vs. simulated voltage and current of the 4facapacitor
bank over a generator tripping situation. A nevslasodel to
calculate the AC round trip efficiency of grid-cauted
storage systems was also successfully tested.

C. The Real-Time Improved Design Process.

Finally, PHIL was particularly helpful to improvehe
realism of the developed control system far beywhdt could
have been done using only dynamic simulationsadt, fthese

two tools were found to be rather complementarye th
improved DESS model developed after PHIL was then

extensively utilized for fast, long-term simulatiarf various
configurations with Eurostag. This process resultada
complete characterization of the studied storagelicgiion
including experimental validation of key elements.

As a summary of the various points discussed abitne,
following Fig. 9. compares a “classical’ design gess of
innovative grid concepts and a new, improved methsidg
real-time simulation, with some of the identifiedvantages.

IV. CONCLUSION

Based on the experience of a case study concetimingse
of energy storage systems for frequency supportaige
isolated power system, a new design process ofnaddagrid
equipment was investigated in the present papeassial
dynamic simulations of energy storage systems adadeto
the Guadeloupe network model were first used felipinary
investigations. Since these results appeared fordrising, it
was decided to proceed with small-scale experinhetetst
through  hardware-in-the-loop. The control
developed with Eurostag was implanted on a real /8%
ultracapacitor-base storage unit connected to thmilated
grid running on RT-LAB environment through a reveles
power amplifier. In this way, it has been possillih
minimum delay (a few months) to demonstrate theilelity
of the developed concepts, to validate the dynamadels of
the storage system and to improve its supervisigorithm so
as to achieve successful, safe grid-connected tperaf the
tested ultracapacitor-based energy storage unit.

Dynamic simulations and hardware-in-the-loop wesedu
as complementary tools to provide the grid operatith a
complete characterization including refined systeiming,
impact analysis, cost/benefit assessment, opesdticontrol
algorithm and experimental validation of key points
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