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Abstract

This paper presents the modeling, simulation aradyais of the dynamic behavior of a mixed islangesver
network of 1’850 MW comprising 1’300 MW of coal &d thermal power plant, 200 MW of wind power,
100 MW of photovoltaic installed capacity and a 28/ pumped storage power plant. First, the modetihg
each power plant is fully described. The modehefthermal power plant includes a high-pressui@nsterbine
and 2 low-pressure steam turbines, the rotatingiarse and a 1’400 MVA turbo-generator with powentoller
and a voltage regulator. The 200 MW wind farm isdeled using an aggregated model of 100 wind tusbafe

2 MW unit power. The wind farm model comprises ackastic model of wind evolution with wind gust, a
power coefficient based model of wind turbine watpriori controller and a synchronous generatoh wiltage
regulator. The 100 MW photovoltaic power plant Isoamodeled using an aggregated model. This model
includes variable lightening source, a PV voltagaerse characteristic curve function of the lightemsity and
PV system current, an a-priori control system faximum power tracking and a two level voltage seurc
inverter. Finally, the 250 MW pumped storage popkant model comprises the upstream reservoir, @020
gallery, a surge tank, the 900 m long penstockifep@ fixed speed unit pump-turbine connected ® th
downstream tank through a 250 m long tailrace watenel. The 4 power generation plants are conddadea
passive consumer load via a 500 KV electrical fiséwvork. Then, the capability of the pumped storalgat to
contribute to the islanded power network stabilgtyinvestigated through the time domain simulatidnthe
dynamic behavior of the entire mixed power netwasig the simulation software SIMSEN. The stabitifghe
power network is analyzed in terms of frequency awdtage deviations induced by PV output power
fluctuations. Three scenarios are presented, edblawlifferent control strategy for the hydropower

1. Introduction

Increasing the penetration of renewable energycesusuch as wind and photovoltaic power in smallgro
networks, as shown in Figure 1, is a challengisyf &s far as the power network stability is conedrrindeed,
as solar and wind energy are highly volatile sosirégdanded power networks featuring high levelvrid or
solar power penetration are subjected to undegiexturbations affecting the power network stabilidg].
Nevertheless, pumped storage plants can significamprove the stability of mixed islanded powertwerk
due to their production flexibilityHowever, the planning, design and optimizatiome@fv pumped storage units
developed to compensate renewable energy volatiyires detailed analysis of the power netwoakifity. In
this context, advanced simulation models of eacepmlant are necessary to investigate the powevank
dynamic behavior and address the power networklisgafior various configurations and scenarios.

The dynamic of the pumped storage plants can beowegd using either a variable speed layout or camgo
ternary machine type unit. The high dynamic perfamoes of such pumped storage plants are of higitesest
for improving stability of mixed islanded power wetrk. The compound ternary machine type units, with
turbine, generator, fluid coupling clutch and puroffer also numbers of operation advantages desapitgher
investment cost compared to variable speed puniyprer The operation advantages of the compoundrtgrn
machine type units are the following [4], [14]) (nhcreased efficiency in pump and turbine modé&$,hjgh
operational flexibility due to rapid change of oggsn mode from pump to turbine and vice-versa), ¢asy and
short time start-up in pump modey)(adjustable pump power in hydraulic short-cirayieration, ¥) efficient
condenser modes. The variable speed pump-turbymaitideatures nevertheless faster response, thanttwe
power electronics, s¢&0], [15].

The wind power delivered to the grid is dependantl® wind velocity and its stochastic variatiomeTwind
speed is composed of a mean value and wind gulséspd®wer variations due to wind gusts are dampethdy
rotating inertia of the rotor. However, the vaatiof the mean value will perturb the grid. Nowaslayeather



forecast services can predict precisely enough sadhtions so that the grid operator can schedul@espite
the prediction of wind velocity, pumped storagenpdaare still needed to improve the grid stabilitthe
reference$14] and[15] present a study of the contribution of hydropowtmt to islanded grid stability when
wind power is connected.
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Figure 1 Mixed islanded power network.

In a similar way, Photovoltaic (PV) power plant® aiso subject to uneven generation due to thegkbal
irradiation variations. There is the normal daiisadiation variation due to the Earth rotation. 'fdé a slow
variation that can easily be taken into accounghg operator. Besides, there is an irradiatioriateon due to
clouds that can shield the PV panels, cutting tlfierm the direct beam of the sun. However, therstilsthe
diffusion irradiation and PV panels can generateigrabut at a reduced level. Figure 2 shows a reptatve
variation of sun global irradiation during the dégr a clear day and for a cloudy day. The spikesdue to
clouds passage. It can be observed that, for & deag such temporary clouds represent a loss % 60the
irradiation. For cloudy day, sudden cloud dissipaitan represent an increase by five time of tiagliation.
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Figure 2 Typical sun’s global irradiation for a cle@) and a cloudyb) day
(source: "Solar Energy Systems Design" by W.B.Stiné R.W.Harrigan [22]).

The maximum theoretical irradiation is about 1'380m? and is the irradiation of the beam hitting thetl#ar
atmosphere. In a first approximation, the maximuatpat power of the PV panels is proportional to the
irradiation. The time constant of the cloud passalgenomenon is not clearly defined but it can lzsoeably
assumed that the sun direct beam can be coveradew seconds. The power variations are hence fagter
than they are for the wind. Moreover, the PV cdltsnot contain any energy storage device. If tla@ecany,
they are placed on purpose in the power convem@wice. So as for the wind power, solar power viatig
must be analyzed to assess their impact on thestahlity. The power range of PV power plantsnisréasing
and reaches the 100 MW nowadays and will reactb@eMW in 2015 [26], most of the latter being buit



deserts. The degree penetration of solar powet pltmthe large grids is nowadays small. Howeitdg much
more different for islanded network, indeed whestaispower is inclined to be used.

This paper presents the modeling, numerical sinmratand analysis of the stability of a mixed isled power
network of 1’850 MW capacity, depicted in Figurecbmprising 1’300 MW of classical thermal powerrla
200 MW of wind power, 100 MW of solar power and 28W of hydropower. Apart from the hydro power, the
ratio of renewable power to the total power is 1486 5% for resp. the wind and the solar plants. fblue
power plants are connected to a passive consuradri@ a 500 KV electrical line network as presdrite
Figure 1. The hydraulic power plant features a ooumg ternary machine type unit with fixed speed
synchronous motor-generator.

First, the modeling of each power plant is desctitnéth a particular focus on the solar power plarten, the
capability of the pumped storage plant to stabithme islanded power network is investigated throtightime
domain simulation of the dynamic behavior of thérermixed power network using the software SIMSHNe
reference case is a steady state of the power retmith constant wind and solar power, at theiedatevel and
with a pumped storage plant pumping the exces®wkp Besides the reference case, three diffemmtagios
are considered) fluctuations of sun irradiation without contribai of hydropower plant in frequency control,
ii) fluctuations of solar power with hydropower plauatrticipating in the frequency contraii) fluctuations of
solar power with hydropower plant participatingtie frequency compensations with power measurereifie.
and stable operation for the 3 above mentionedasienare presented. Then the comparison of i3asg and
iii) enables to emphasize the benefits of the hydroepg@ant contribution to grid stability and advageeof
advanced frequency control method.

2. Modeling of the Hydraulic Machinery and Systems

By assuming uniform pressure and velocity distiiing in the pipe cross section and neglecting tmvective
terms, the one-dimensional momentum and contiratgnces for an elementary pipe filled with wateleagth
dx, cross sectiorh and wave speed, see Figure 3, yields to the following set of hygmdic partial differential
equations [25]:
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The system (1) is solved using the Finite Diffeeedethod with a T order center scheme discretization in
space and a scheme of Lax for the discharge varidlhlis approach leads to a system of ordinaredfftial
equations that can be represented as a T-shapealegti scheme [9], [17], [21] as presented in Fégd. The
RLC parameters of this equivalent scheme are diyen
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Where) is the local energy loss coefficient. The hydrauksistancer, the hydraulic inductanck, and the
hydraulic capacitanc€ correspond respectively to energy losses, inartthstorage effects.

The model of a pipe of lengthis made of a series of elements based on the equivalent scheme of Figure
The system of equations relative to this modekisup using Kirchoff laws. The model of the pips,veell as
the model of valve, surge tank, Francis turbine,, & implemented in the EPFL software SIMSEN,aleped
for the simulation of the dynamic behavior of hyelertric power plants, [12], [18]. The time domaitegration
of the full system is achieved in SIMSEN by a Ruggta 4" order procedure.
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Figure 3 Elementary hydraulic pipe of Figure 4 Equivalent circuit of an elementary pipe of
lengthdx. lengthdx.

The modeling approach based on equivalent schefmlegdoaulic components is extended to all the shacd
hydraulic components such as valve, surge tanksyesisels, cavitation development, Francis pumbktes,
Pelton turbines, Kaplan turbines, pump, etc., $8¢ [

3. Hydraulic Power Plant Model

The layout of the hydraulic power plant is presdnite Figure 5. The power plant is made of an upsire
reservoir, a 1'950 m long gallery, a 885 m longspeck connected to a hydroelectric power house/of +
250 MW with a compound ternary machine type arramgg with fixed speed synchronous generator of
280 MVA, connected to the downstream reservoir ligilgace water tunnel of 250 m long. Table 1 gitles
main characteristics of the pumped-storage powentplThe hydraulic machines are modeled using their
guadrants hydraulic characteristics. The modelhef piping system accounts for detailed water-hamamer
mass oscillation phenomena, [12].

Table 1 Pumped-storage power plant characteristics.

Pump / Turbine Generator

Pr =250 MW Rated apparent power: 280 MVA

Ng = 500 min' Rated phase to phase voltage: 17.5k
Qr=55ns Frequency: 50 Hz

Hr=510m Number of pairs of poles: 6

v =0.22 Stator windings: Y

Jpump-turbing1.05 X 16 kgmz Jroto=8.1 X :I-(Jikgn'F

The model of the compound ternary units considénethis paper is presented in Figure 5. This madel
composed of a Francis turbine of 250 MW, the syoicbus generator of 280 MVA, a pump of 250 MW and a
clutch between the generator and the pump. Thelckharacteristic is taken frofg]. The turbine is equipped
with a PID turbine speed governor and the generataontrolled by an ABB Unitrol voltage regulatdrhe
model of the generator is based on 1 equivalent micuit in the direct-axis and 1 equivalent rotorcuit in the
guadrature-axis allowing taking into account a salnsientoehavior, see [5].
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Figure 5 Pumped storageower plant model with fixed speed and 3 machimpetyrrangements.

4. Thermal Power Plant Model

The model of the 1.3 GW thermal power plant is Hasme steam flux and takes into account a constasispre

steam vessel, a regulating valve, a high pressaearsturbine, a steam transit through a re-heaeao low

pressure steam turbines as presentédgure 6 The model is based on valve and torque charadtsriséduced

from [3], on first order transfer functions for therbine dynamics withyp 7.p time constants, a re-heater
modeled by a time deldy, and on a proportional regulator of constépt The shaft line comprises 4 rotating
inertias connected by 3 shafts with given stiffnesd damping. And finally a turbo generator witlpd&rs of

poles is also included in the model with the ABBIttii voltage regulator. The model of the generasadnased
on 2 equivalent rotor circuits in the direct-axiglal equivalent rotor circuit in the quadraturesagonsidering

saturation, leakage and damping effects of windiafjewing taking into account a sub-sub-transiegtavior,
see [5]. The parameters of the model are giverable2 and details of the model can be found if. [13

Network
Figure 6 Thermal power plant model.

Table 2 Thermal power plant characteristics.

Steam turbines

Mechanical masses

Mechanical shaft

model inertias stiffness and damping Generator
4p=0.5s Jup = 1.867 10kgnt K; = 3.614 16 Nm/rd Rated apparent power: 1400 MVA
np=12s Jipy = 1.907 18kgn? K, = 8.206 18 Nm/rd Rated phase to phase voltage: 28.5
b=4s Jipr=2.136 10kgn? | K3 =4.116 18 Nm/rd Frequency: 50 Hz
Kp=25 Joen = 5.223*10 kgn? | uy = 6.719 16 Nms/rd Number of pairs of poles: 2

1> = 7.06 18 Nms/rd
uz = 7.06 18 Nms/rd

Stator windings: Y

kV




5. Wind Farm Model

5.1. Wind Turbine Model

The model of a 2 MW wind turbine is presented igufé 7. It includes a model of the turbulent wititg
turbine with adjustable blade pitch angleand inertiaJymine the shaft stiffnesksn.n the gear box, the
synchronous generator of 2 MVA with voltage regulaand the transformer. The characteristics ofviired
turbine model are given in Table 3. The model & tenerator is based on 1 equivalent rotor circuthe
direct-axis and 1 equivalent rotor circuit in theagrature-axis allowing taking into account a sangient
behavior, see [5].
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Figure 7 Wind turbine model.

Table 3Wind turbine characteristics.

Operating datas Wind turbine Mechanical system Gemator
Cut-in wind velocity: 3.5 m/s | Number of blades: 3 rge,~ 3.032 Rated apparent power:
Cut-out wind velocity: 20 m/g Diameter:D = 75 m | Kepar= 2.2 16 Nm/rd 2 MVA
Rated wind velocity: 13 m/s | Rotational Speed: | Juwine= 3.15 16 kgn? Rated phase to phase voltage:
n, = 24.75 mift Jroto= 6.48 10 kgn? 400 V
Frequency: 50 Hz
Number of pairs of poles: 4Q
Stator windings: Y

The turbulent wind model is composed of a wind mealne and a wind gust, as suggested by Sloosval
[19]. The turbulent gust is modeled by a Pseudod@emBinary-Sequence, PRBS, obtained by a shiftstegi
method, see [7]. The mechanical power transmittethé fluid to the wind turbine can be expressed as

1
P =EpDAref [Cp[C2 (3)

inf

WhereA is the swept area ar@@) is the power coefficient anglis the air density. Heier [8] provides an empiric
approximation of the wind turbine power coeffici€jtas function of the tip speed ratias defined as:

D
:i :—ref BA{ (4)
C 2[C

inf inf
WhereU, is the blade tip velocityC; is the wind velocity andy, is the wind turbine rotating pulsation. Figure 8
left presents the power coefficie@} of a wind turbine as function of the tip speedoratand of the blade pitch

angled obtained according to [8].
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Figure 8 Wind turbine characteristic according to equatidn((eft) and wind turbine power, pitch angle and
wind velocity and related limits as function of tiife speed ratio (right).

Then, the wind turbine output power is calculatesrf the characteristics given in Figure 8 leftfasction of

the tip speed ratio as presented in Figure 8 rigget,also [20]. The blade pitch angle given astionof the tip

speed ratio is also represented in Figure 8 righit.tip speed ratio above 8, the pitch angle isciet to provide
the highest power coefficient while below 8 it elexted to generate the 2 MW output power limite Titade
pitch angled is driven by a look-up table as function of thegpeed ratid as represented in Figure 8 right.

5.2. Aggregated Wind Farm model

For power grid stability purposes, it is possildeuse an aggregated wind farm model, consistingnefwind
turbine equivalent ta single wind turbines as presented in Figure 9,[&geThen according to the energy
conservation and in order to keep the same torsionde eigenfrequency, the active powgyr rotating inertias
J, the shaft stiffnesky.x and the swept areqg are multiplied by the number of wind turbinesThe parameters
of the synchronous generator being given in pet, tinéy are kept constant. For the present studly, ene
equivalent machine can be used as no electriclisfare considered [1].

g e
0 e O 0
0 e N 0
0 e O
0 e 0

g e 0
g e
g e O

g
00 e I

100 x 2 MW = 1x200 MW

Figure 9 Wind turbine farm of 100 x 2 MW modeled as an eglént wind turbine of 200 MW.



6. Photovoltaic Power Plant

The solar power plant has two main componentsptiatovoltaic (PV) cells arrays and the power cotereto
inject AC power into the grid from the continuousrent (DC) PV arrays.

6.1. Photovoltaic panels

The PV arrays are built from PV panels and pan@dailt from PV cells, as shown in Figure 11. A Pahel is
an array of series and parallel connections of BNé ¢o reach desired voltage and current levele fiypical
static voltage-current characteristic of a PV pasajiven in Figure 10. As a PV cell, a PV panédhdess as a
current source when short circuited and as a velsmirce in open circuit. Figure 10 shows a typRélpanel
with a rated maximum power of 260 W with. of 60 V andlg, of 5.5 A, for a rated irradiation of 2000 W/m
The static characteristic varies with the solabgldrradiation and the cell temperature. Mainhg short circuit
current (4) varies with the irradiation while the open citcubltage V,.) varies with the temperature. However,
the shape of the characteristic remains identithé power delivered by the panel has an obviousimmar
point, as shown in Figure 10, corresponding to ptinal cells operating voltag€pymex and current pyyay. 1IN
general, when harvesting solar power, the conlystesn attempts to stay on this maximum power pbint
permanently adapting the impedance seen by thed?€lg This is known as Maximum Power Point Tragkin
(MPPT) control.
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Figure 10 Voltage-current static characteristics of a PV paseduced from [27].

6.2. Aggregated model of PV power plant: the PV aays

To build a solar power plant of several MW or savéundreds of MW, the PV panels are arrangedriesand
parallel to build PV blocks of a given power. Nowagd, the maximum working voltage (common mode g&lja
of a PV panel is between 600,;Mand 800 YV, depending on the standards used. This is maingy/ td the
limitation of insulation between PV cells and theognd. Also, the series connection of PV cells isg®
constraints on voltage equilibrium among all secesnected cells to ensure that individual celtagg does not
go beyond the maximum allowed. The maximum admissidmmmon voltage of a PV panel imposes the
maximum nominal voltage of one PV block, whichtisrast 800 .. Nowadays typical nominal power of a PV
block is 1 MW in the biggest solar power plantsisTib feasible since power semiconductors, whiehused to
build the power converter, are easily availablehwiimilar voltage and current ratings. To reachtttial power
of the solar plant, several of those blocks areatpe in parallel. They each have their own poa@nverter.
For a 100 MW solar plant, this means that therel@® of those blocks. Despites the multiplicatidrblmcks
and hence of components of the power plant, thiditcture offers modularity, efficiency by paréig
currents, and reliability. In case of a convergailf, only the faulty blocks must be disconnected.
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Figure 11 From PV cell to PV power plant.

For the present study, all the series and parediehections are equivalent to a simple scalindhefRV panel
Ul-characteristic, which is only an approximatiance impedance of connections are neglected. Meredlre
paralleling of the PV block is modeled as an edeinaunique block because it is not of interestnmdel each
PV block here. The equivalent PV block must hawve game nominal impedance than the individual P\¢lblo
(“Thevenin” equivalent source). This means thatltheharacteristic of the PV block is scaledWiyfor U and
I, wheren is the number of PV blocks, to obtain the charagtie of the equivalent, or aggregated, PV source.

In the simulation software SIMSEN, the equivalelt $durce is modeled as a current driven voltagecsyas
shown in Figure 12. The voltage of the source i$umaction of its current. The analytical law of the
characteristics is implemented. Its parameters mtbpg® the sun’s irradiation, but are valid for anstant
temperature only (25°C).

AC

_ D

DC

Constant

PV source Filter Inverter Transformer

Figure 12 PV plant model implemented in SIMSEN Software.

6.3. Power converter

The power converter must interface the DC soutoe PV arrays, to an AC source, the power netwonlis &
usually called an inverter. In power electroni¢®reé are many variants to build an inverter, depgndn the
switching frequency, the commutation mode (PulsaltWiModulation (PWM) or square wave) and circuit
execution [11]. It is also possible to include thwtage elevation transformer in order to shiftfisquency to
medium frequency and hence shrink the transfornszis. The semiconductor commutation circuit cao dle
optimized to minimize the commutation losses. Hor scope of this paper, a simple three-phase tualsle
inverter running in PWM mode is used. PWM mode risfgrred here to square wave in order to simplify t
filter required at the output of the converterittef out the current harmonic injected into théwerk. However,
the efficiency might be better in square wave mddes converter output is connected to a line fregyestep-
up transformer that adapts to the grid high volt&gtween the PV source and the inverter, theeelosv pass
filter which consists in an inductor and a capacifithis is to filter out the high frequency componef the
current as the PV source is a DC source which s made to support high frequency current ripples.
Consequences of current ripple on the performand@\osource could be faster aging and reducedexifty.

In the SIMSEN simulation software, the invertemsdeled at the transistor level, see Figure 13chvhieans
that the real PWM output voltage is computed.



6.4. Control of the PV plant

For PV power plant, the power delivered to the gsiccontrolled via the inverter and can have a Viast
response compared to other sources in the netlwatkrnivolves rotating inertias. The power couldfigon O to

1 per unit or reverse in a few tens of ms. The dyinalepends here on the PV source and the bandwidtie
DC and AC side filters. Also, power variation liatibns could come from the grid code. The dynanfithe
converter is anyway faster than most of the phemamehich it has to regulate (sun light variationiddransient
phenomena). The power converter has also the yabilittontrol the amount of active powBrand reactive
power Q that are injected. The PV plant could hence alfer avoltage support services to the network by
injecting reactive current. A study of tieand Q capability of a PV power plant can be foundéh In this
paper, the solar plant is always operated withity power factor hence delivering only active power

In a real PV plant a part of the control is the MRFhich always exploit the PV source to its maximpawer
capacity, depending on the solar irradiation andptrature. The MPPT algorithm looks for the optimal
operating impedance of the PV source in a “triad @&nror” manner because this point cannot be knawn
advance and is subject to change with sun’s irtediachange, temperature and aging. The operatigt 5
permanently slightly perturbed around a set valb&lvis adjusted in consequence depending on thet ref
the perturbation. The output of the MPPT is thevadiie for the control of the converter. The ineetience has
a control for example of the input DC voltage whitdelf is controlled by an inner current controllén this
paper, for simplicity purposes, an a-priori MPPTcasidered. It means that the optimal impedandadsvn
from the PV characteristic and hence the power edar is set to reach this operating point, witfiven delay
that accounts for the delay in a real MPPT.

7. Mixed Islanded Power Network Model

Figure 13 presents the full SIMSEN model of the edixslanded power network of Figure 1 based on the
hydraulic, thermal wind and solar power plant medascribed above. The model also includes thek&00
transmission lines and the passive consumer load.
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Figure 13Mixed Islanded Power Network SIMSEN model.

8. Transient Behavior of Mixed Islanded Power Network

Besides the reference case, three different caseg are considered for the analysis of the dynadmitavior of
the mixed islanded power network. All three casesigate a sudden decrease of solar irradiatioresegnting a
cloud passage. Then, for each of the three casifegent control of the pumped storage plantdsdi



i) no frequency compensation;
i) the pumped storage power plant provides secondangral based only on frequency deviation

measurement with a PID turbine governor;
iii) the pumped storage power plant provides secondariral based on frequency deviation and power
unbalance detection with PID turbine governor.

The scenarios and simulation results related tdhiex case studies stated above are describid foltowing
subchapters.

8.1. Reference case

The reference case consists in a situation witbrestant renewable power input. The sun global iatamh is
kept at 1000 W/ the rated value. The solar power plant injest:i@minal power into the grid. There are only
wind gusts as perturbations. The initial conditiasfsthe power flow of the islanded power networle ar
summarized in Table 4. The thermal, wind and sptaver plants are in generation operating conditioltse to
rated output power while the consumer load is comisg 1'400MW and the pumped storage plant is puigpin
about 168MW because of the excess of power praztuetnd is operated in hydraulic short-circuit betwéhe
pump and the turbine. The difference between tbdymtion and consumption corresponds to the erlespes

in transmission lines and transformers.
Table 4 Initial power flow.

Element Active power P [MW] Power flow
Hydropower Plant 168.1 Consumption
Thermal Power Plant -1288 Production
Wind Farm -185.6 Production
PV power plant (at PCC) -97.8 Production
Consumer Load 1400 Consumption

Figure 14 shows the waveforms at the output ofrtlierter of the PV plant. The inverter switchingduency is
about 4 kHz. The ripples in the output currentfdrered out by a low pass filter (shown in Figurg) to comply
with grid codes. Filtered voltage and current atpbint of common connection (PCC) of the PV poplant are
shown in Figure 15. Figure 14 shows also the veligd current of the PV source, which are constadtwith

negligible ripples. The inverter controls the catrijected into the grid, at the high voltage sidehe step-up
transformer. This current is set so that the P\htpigjects only active power, as shown in Figure b6this

figure, the PV reactive power is represented bylighie blue curve and is obviously nil.
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Figure 14 Voltage and current of PV source and at outpuheéiter.
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Figure 15line voltage and line current of PV plant atFigure 16 Active and reactive power levels for each
PCC. plant in the mixed islanded power network.




8.2. Sudden decrease of the sun’s irradiation witha frequency compensation (casg

The initial conditions of the power flow in theasided power network are identical to the refererase (Table
4). The sun’s irradiation falls from 1000W/rto 500W/nf in about five seconds, representing a sudden cloud
passage, as represented in Figure 17. The deco¢asadiation changes the static characteristiche® PV
source. This phenomenon can be observed in Figareslien looking the voltage of the PV source which
decreases while irradiation and PV current decre@is means that the power delivered by the P\fcsou
decreases. The control of the PV plant detectsditup in power and permanently adapts the set vafiube
inverter control to extract the maximum power pblssiof the PV source, as in Figure 18, which shéwes
current injected into the grid by the PV power pldrhis power decreases from its nominal value.&5®.u in
about 5 seconds, as represented in Figure 19nlalsa be noted that the reactive power is kepalhihe time
by the PV plant controller, except during the tiansresponse where a very small amount of reagtbxeer is
injected. A more advanced, and existing, currentrodler could solve easily this problem, known‘egupling”

of P andQ components.

[ — Upv [pu] — lIpv [pu] —— Imadiation [pu] ] —— Upcc ms [p.u] —— Ipcc rms [p.u] ]

0 5 10 15 20 0 5 10 15 20
Time [sec] Time [sec]

Figure 17 Decrease of irradiation and PV voltage andrigure 18 Voltage and current (rms) at the PCC of the

current. PV plant.
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Figure 19 Active (P) and reactive (Q) power at PCCFigure 20 Active power for all 4 power plants.
of the PV plant.

As it can be observed in Figure 20, the power comion is in excess on the network because of tidelen
decrease of solar power. Consequently, the otlertpbf the network must increase their produdiioreach a
new power balance. Because of the under produdtienfrequency of the network decreases until tiragry
control stabilizes the production and consumptia@tatice. This primary control is essentially donethie
thermal power plant. In Figure 20, only the poweoduction of the thermal plant has been changed to
compensate for the over consumption. This primantrol takes about 10s to stabilize the frequemdyich is
stabilized at about 0.998 p.u, i.e. 49.9 Hz. Irs thienario, the hydropower plant, in pump modeseoes a
constant power, indeed, as shown in Figure 21 agdré 22, the guide vane opening of the turbineaiem
constant,. There is no plant that provides secgndantrol with power setpoint change, and therefire
frequency deviate from the nominal value after plketurbation. Depending on the grid code specificatthis
situation could be acceptable or not, or only atatgp for a limited duration.
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Figure 21 Transient behaviour of the pump during theFigure 22 Transient behaviour of the turbine during
decrease of irradiation. the decrease of irradiation.

8.3. Sudden decrease of the sun’s irradiation witeecondary control based on frequency deviation (cas)

The initial conditions of the power flow in theasided power network are identical to the referarase, see
Table 4. The same scenario as in section 8.2 septed here, see Figure 23, except that the cootrtile
pumped storage power plant includes a secondarfratonith frequency compensation carried out by the
turbine governor while the pump remains in nornration.
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Figure 23 Active (P) and reactive (Q) power at PCCFigure 24 Active power for all 4 power plants.
of the PV plant.
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Figure 25 Transient behaviour of the pump during thérigure 26 Transient behaviour of the turbine during
decrease of irradiation. the decrease of irradiation.

Via the rotational speed of the turbine, the seaopndontrol detects that the frequency of the neti®too low

and hence increases its power production untistbady state error in the frequency is nil. Thgutator acts on
the guide vane opening of the turbine. In this casacreases the guide vane opening to incraagéne output
and hence decreasing the consumption of the hydmpplant, which is in pump mode with hydraulic gho
circuit. This can be observed in Figure 24, whaeegower consumed by the hydropower plant slowtyabses



until 80s. The other power plants in the networkcept the PV plant, have constant power productis.
opposed to the case in section 8.2, the thermakpplant features almost constant power outputh@power
balance is mainly achieved by the hydropower plaigfure 25 and Figure 26 show detailed transiesgorse of
the pump and the turbine. Because the secondatsot@based on the frequency deviation to inceédecrease
production, it is rather slow. The frequency islffutompensated only about 80s after the beginnihthe
perturbation due to solar power decrease. In waeep network, measurement of frequency is the ésdgible
practical way to measure a power unbalance. Howenean islanded power network, where the number of
power plants is small, it could be feasible to defwer unbalance by direct power measuremeniseirgrid.
Using this power measurement enables to implememnt rafficient secondary control in order to antide
frequency deviations.

8.4. Sudden decrease of the sun’s irradiation wittsecondary control based on frequency and power
unbalance, caséii)

The initial conditions of the power flow in theasided power network are identical to the refererase (Table

4). The same scenario as in section 8.2 is praeddmee, see Figure 23, except that the controh@fpumped
storage power plant includes secondary control tsms frequency measurement and power measurement
similarly to[23]. Figure 27 shows the active power of all four powlants. As in casé), the hydropower plant

is the only one, to modify its long term power puotlon/consumption to compensate PV output charifes.
hydropower plant active power setpoint is basetheron-line measurement of PV plant output.
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Figure 27 Active power for all 4 power plants.

As in casedii), the turbine guide vanes opening increases toceethe power consumption of the hydropower
plant, which is in pump mode with hydraulic shareuit. This can be observed in Figure 27, wheeegbwer
consumed by the hydropower plant decreases withs Eigure 28 and Figure 29 show detailed transient
response of the pump and the turbine.
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Figure 28 Transient behavior of the pump during theFigure 29 Transient behavior of the turbine during the
decrease of irradiation. decrease of irradiation.

It can be noticed that, compared to cédyethe secondary control of caB® reacts faster and a steady state
operating of the power network is already establishfter 20s whereas in caggthis steady state is achieved
only 60 s after the perturbation. Finally, the éastesponse of the secondary control of da¥emproves the
frequency stability of the network. The frequendytloe network is compensated faster and magnitide o
oscillations is also smaller. Figure 30 presengsctbmparison of the time evolution of the netwadqfiency for



all three cases$), ii) andiii) highlighting the improvement of power network slip obtained by including
secondary control at the pumped storage power plaete the frequency deviation can be reduced btipifa
more than 3 between casg¢andiii).
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Figure 30 Comparison of power network frequency for the ttseenario$), ii) andiii) with and without
secondary control.

9. Conclusions

This paper presents the modeling, simulation aradyais of a mixed islanded power network with highel of
renewable energy penetration of 21% featuring 208 Mind power plant, 100 MW PV plant, 1'300 MW
thermal power plant and a 250 MW pumped storageep@iant to balance the renewable production Jiiati
Particular attention has been paid to develop kstieaaggregated PV power plant model includingaaray of

PV panels modeled with their Ul characteristic, B AC filters, the DC-AC inverter modeled at tleans
conductor level, and a simplified, but realisticitrol based on a priori control instead of MaximBwwer Point
Tracking control, MPPT. This control structure eleaboptimal solar power conversion with reactivevppset

to zero. The compound ternary unit of the pumpedage power plant is operated in hydraulic showtedi in
order to provide power control in pump mode of gpien when there is an excess of renewable power
production. The simulation results of PV power plandden output power decrease, resulting from a&V
clouds shadowing, are compared for 2 different peoingtorage control strategies with the case witboatrol.

It is pointed out, that secondary control basedfmguency deviation enables to compensate renewable
production variations but that secondary contradeoon the on-line measurement of the productiothef
renewable energies can considerably improve theepostwork stability and reduce the frequency dewis

by factor 3 because of the anticipation of frequesheviation.

10. Nomenclature

A: pipe cross section [th PV : photovoltaic

Ag: gallery cross section [ip p: static pressure [Pa]

Agr: surge tank cross sectionym lg- length of the gallery [m]

D« machine reference diameter [m] p: pressure [Pa]

H: net head [m] t: time [s]

Q: discharge [rls] X: position [m]

N: rotational speed [mif] y: turbine guide vane opening [-]
P: power [W] Z: elevation above a datum [m]
T: Torque [Nm] v: specific speed a4
a: pipe wave speed [m/s] V= (Qx/ ;7)”2/(2@ H.) [
h: piezometric heati=z+p/(pg) [m] o: rotational pulsation [rd/s]

g: gravity [m/s] =: subscript for rated

PCC: point of common connection
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