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Abstract

This paper explore the additional services that Bide Frequency Converter, FSFC, solution can
provide for the case of an existing pumped stopageer plant of 2x210 MW which conversion from
fixed speed to variable speed is investigated witbcus on fast mode transition. First, reducedesca
model tests experiments of fast transition of Fimpamp-turbine which have been performed at the
ANDRITZ HYDRO Hydraulic Laboratory in Linz Austriare presented. The tests consists of linear
speed transition from pump to turbine and vice agysrformed with constant guide vane opening.
Main results of head and discharge variations iaduzy the operating mode transition achieved with
different transition time are presented. Then, ¢kisting pumped storage power plant with pump-
turbine quasi homologous to the reduced scale medetodelled using the simulation software
SIMSEN considering the reservoirs, penstocks, W Erancis pump-turbines, the two downstream
surge tanks, and the tailrace tunnel. For the ritettpart, an FSFC configuration is considerechwit
two different modelling approaches: (i) a detailekctrical model and (i) a very simplified
electromechanical model. The transitions from tuebio pump and vice versa are simulated, and
similarities between prototype simulation resultd aeduced scale model experiments are highlighted.
Finally, the plausibility of the fast transition dhe prototype is evaluated by means of numerical
simulation and is discussed according to extrenmeegaobtained for different transition sequences.

1. Introduction

The integration of the constantly growing capaaify New Renewable Energies, NRE, mainly
composed by wind and solar energies, is a challgngisk as far as the power network stability is
concerned, due to the intermittent nature of theisergy sources, [30], [17]. Beside storage and
substitution production capabilities, pumped sterggpwer plants can significantly contribute to
improve the stability of power network due to thaioduction flexibility, fast response time andgkar
energy storage capability, [5], [14]. Variable spawotor-generator solutions enable to provide a
variety of new control services to the electricatido be carefully considered. In particular, $mo
based on synchronous motor-generator with Full Strequency Converter, FSFC, offer the
possibility to achieve turbine to pump fast transitmode and vice versa. The feasibility of thisvne
ancillary service was deeply investigated in tterfework of the HYPERBOLE European Research
Project, [32] by means of reduced scale model sstisnumerical simulation, [23], [29]. This paper
presents experimental and numerical results of fagde transition from pump to turbine and vice
versa performed on a reduced scale model testelaasvsimulation results performed for an existing
2x210 MW pumped storage power plant equipped wighuap-turbine homologous to the reduced
scale model, where conversion from fixed speed 36 variable speed solution is assumed. The
plausibility of fast transition mode is investigatddy means of full hydroelectric power plant
simulation including both hydraulic system as wa#l electrical installations. For optimisation



purpose, a simplified simulation model of the FS§alution was setup and dully validated against
detailed simulation model.

2. Concepts and advantages of fast transitions with F&C

2.1. Variable speed technologies

Despite higher investment cost related to additi@yuipment and associated civil work, variable
speed technologies applied to pumped storage pphaats offer variety of advantages such as [6],
[11], [12], [13], [15], [16], [20], [21], [22], [2§ [27], [28]:

- Active power control in pumping mode;

- Fast active power injection/absorption in pump antine mode thanks to “Flywheel” effect;
- Extended operating range in turbine and pumpingenod

- Higher efficiency in turbine mode;

- Pump start-up without supplementary equipment;

- Suitability for large head variations in pump mode;

- Reactive power control with Static Var Compensata@n when the unit is at standstill.

Nowadays, two different variable speed technologiesavailable for pumped storage power plants,
see Figure 1:

- Doubly fed induction machines (DFIM): AC current is fed to the rotor of asynchronous
motor-generator using frequency converter enablngnit rotational speed variation of
typically +/- 10% resulting in a frequency converteminal power of about 10% of the
motor-generator power;

- Synchronous machines equipped with Full Size Frequey Converter (FSFC): The stator
of conventional synchronous machine is connectetdg@ower network through a frequency
converter which nominal power is 100% of the maenerator power, but offering a full
flexibility of rotational speed range of the unit.

FSFC: Synchronous Machine with Full Size Frequency Converter
DFIM: Doubly Fed Induction Machine v a il
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Figure 1 DFIM and FSFC electromechanical configurations.

The selection of the maost appropriate technologyafgiven pumped storage power plant is a complex
process which should take into account aspectsetklen efficiency, operating range, excavation
volumes and related civil engineering work, maiatese and equipment lifetime, and the expected
ancillary services. Hildinger and Kodding [7] prded a detailed comparison of the two variable
speed technologies also pointing out the technbiomemical threshold between the DFIM and the
FSFC solution currently set around 100 MW; FSFh@pehe most cost-effective solution for the

lowest power and the DFIM being more cost effectsaution for the higher power ratings.



Nevertheless, constant development in power elgicscenable to expect to consider FSFC solution
for higher power levels [2]. When both technologége compared, the following aspects must be
considered [7], [8], [9], [25]:
Investment cost of FSFC is higher than for DFIMtlas frequency converter power rating
corresponds to 100% of the nominal unit power f8FE while it corresponds only to the slip
power for DFIM which is about 10% of the power magtifor 10% speed variation, and also
because higher excavation civil work is requirec da the larger size of the frequency
converter;

- The FSFC features a lower global efficiency thariNDElue to the losses of the frequency
converter sized for the full rated power;

- The FSFC solution is based on fully proven syncbhusnmotor-generator technology while
the DFIM technology leads to complex AC rotor;

- The FSFC offers the maximum flexibility in speedge;

- The FSFC enable very fast start-up time and thas \&ry fast transition mode from pump to
turbine and vice versa as no synchronization tismeequired and because almost nominal
torgue is available from standstill enabling dirpamp start-up in water which is not possible
with DFIM that requires first dewatering the unit.

Moreover, it could be noticed that the conversidrao existing fixed speed pump-turbine unit to
variable speed could be achieved more easily wis#tCFsolution is considered, as it was the case for
one unit of 100 MW at Grimsel Il power plant in $xerland, [25], as compared to the conversion
from fixed speed to DFIM solution, [1].

2.2. Concept of Fast transitions

The ability of FSFC solution to control the rotaiid speed of the pump-turbine unit continuouslyrove
the whole rotational speed range from pump to tebiand the capability to supply almost the
nominal torque at zero speed, makes it possibfgetiorm a direct transition from pump to turbine,
and more challenging, is the direct transition frimmbine to pump in a very short time without need
for transition at standstill, see Figure 2, [8]}. [ndeed, if conventional fixed speed pump-turkias
well as DFIM variable speed solutions would be tégdo perform a fast transition from pump to
turbine using a special procedure with transitiotheut stop at standstill, the opposite transition
requires a stop at zero speed to allow for dewagettie pump for start-up purpose. Therefore, for
fixed speed and DFIM applications, the transitiometfrom turbine to pump is not less than 240§, [5
while it could be brought down to about 40 s udi®FC converter, [8], corresponding to a similar
transition time of ternary units using hydraulicgee converters [5]. For both technical solutidhs,
limiting factor is more the hydraulic transientatithe unit capabilities.

List of abbreviations:
4—P
STOP Unit SC(T) Synchronous Condenser

only FIX standstill (turbine rotation)

TUR Turbine SC(P) | Synchronous Condenser
only VARIABLE mode (pump rotation)

only FIX / \ + PU Pump

. . mode

Figure 2 Operating mode of a pump-turbine unit [8].




3. Reduced scale model tests and simulations

The feasibility of fast mode transition from puntpturbine and vice versa is investigated firsthat t
reduced model scale by means of both experimental aumerical approach enabling a
comprehensive survey of the dynamic behavior ofpilnap-turbine unit and its interaction with the
related hydraulic circuit. Then, numerical inveatign is performed at the prototype scale for an
existing 2x210 MW pumped-storage power plant whicancis pump-turbine is homologous to the
reduced scale model pump-turbine to allow for tpasgion consideration. Indeed, Figure 3 presents
the reduced scale model of the pump-turbine irestadlt the ANDRITZ Hydro Hydraulic Laboratory
in Linz, Austria, as well as the corresponding ptgppe pump-turbine unit layout both having the
same specific speed ofgh&0.17 (o=207), the same blade number and main dimensiang, thus
they are quasi homologous.

Figure 3 Reduced scale model installed on ANDRITZ Hydro tigtn Linz (left) and corresponding
homologous prototype layout (right) pump-turbinét test case.

3.1. Test rig facility and fast transition test

Measurement of transitions from pump to turbine aiwk versa performed on the pump-turbine
reduced scale model at the ANDRITZ Hydro laboratoryinz, Austria, used a dedicated test rig
configuration, setup specifically for the HYPERBOIResearch Project, in order to perform the full
transition with realistic flow conditions. The purtyrbine reduced scale model is mounted in parallel
with a pump and a diaphragm made of a perforatate pbee Figure 4. The head losses through the
diaphragmAH, is proportional to the discharge power two,@®ivs:

K
AH =k [Q° = ——Q° (1)
2I9MA,*
Where:
Ka: Singular head loss coefficient [-]

A  Reference cross section are&][m
ki: Head loss factor fa1°]



In pump mode, the discharge of both pump and pwriprte flows through the diaphragm. In turbine
mode, part of pump discharge flows through the ptumipine, the other part through the diaphragm,
see Figure 5. The head is maintained constant fyyngathe pump rotating speed. During transitions,
linear speed ramps are imposed to both the punppiiand the pump using variable speed electric
motor-generator which drive was adapted for theogse of transition tests, see Figure 6. With this
alternative test rig configuration, the transitesmseen from the pump-turbine is close to the itrans

at prototype scale. The head variation is mainlyedr by the fluid acceleration within the turbine
branch of the circuit.

In addition to the standard model test instrumématdynamic pressure transducers are installed in
the rotating and stationary parts of the turbirteai® gauges are installed on guide vanes stems and
turbine shaft for torque measurement. A dynamiw fioeter is used to record the discharge variation.
Measurements have been performed at constant gardeopening for various transition time, guide
vane opening, cavitation level and head. More Betagarding the experimental setup and results can
be found in [23].

The fast transition tests have been performed®fdllowing guide vanes and transition times:
- Guide vanes openings: 5°, 15° and 25° (respect¥dl5, 0.375 and 0.625 pu);

- Transitiontime: 4s,8s,12s, 20 s.
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Figure 4 Side view of the ANDRITZ Hydro test rig facility ibinz, Austria.
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Figure 5 Test rig configuration for pump-turbine transition.
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Figure 6 Time evolution of the pump-turbine (PT) and feed pumpniP) rotational speed imposed
during pump-turbine fast transition experimentatdeleft) and resulting pump-turbine transient
operating point for 25° guide vane opening (right).

3.1. Measurements results for fast transitions

As an example, the time evolution of guide vangueris presented in Figure 7 for a transition from
pump to turbine (from 3s to 11s) and back from ingbto pump (from 15s to 23s). During the
transitions, large amplitude of torque fluctuatisnobserved. Maximum amplitude is reached in
pump-break mode and the transition from turbineptonp leads to higher amplitudes than the
transition from pump to turbine. Those measuremargaised to assess the mechanical loading of the
pump-turbine components during transition and atswalidate transient CFD simulations, see [29]
for more details on transient CFD simulations.
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Figure 7 Time evolution of guide vane torque.

3.1. Comparison between 1D simulations and measurements

A 1D model of the test rig has been setup usingSIMSEN simulation software developed by the
Ecole polytechnique fédérale de Lausanne, EPFL[1]e[19], [24]. The model includes the pipes
dimensions of the entire test rig; the downstreasenvoir; the pump and pump-turbine characteristics
Due to the complexity of the circuit, the head &ssare calibrated based on the measurement results.
Three transitions from pump to turbine and reture aimulated and compared with test rig
measurements. Transition starts at t=3s, the puniyire rotating speed is varied linearly in 4saBd

12s respectively. Once in turbine mode, the spedé@pt constant during 4s before returning to pump
mode with the same transition time. The resultingetevolutions of head and discharge are in good
agreement with the measurements, see Figure 8.
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Figure 8 Time evolution of normalized head, discharge anating speed during transition from
pump to turbine and back to pump, comparison betweeasurement (line) and simulation (dots) for

4s, 8s and 12s transition time.

The signals are normalized with the reference valuerbine mode: reference head, Href=12mwW¢C,;
reference discharge, Qref=0.128/snreference PT rotating speed, Nref=794 rpm. fbkasurements
are indicated with a continuous line, the simulatie indicated with dots. The small deviations
observed in the simulations for the head (blue)paobably due to the simplification made during the
modeling of the piping system. The inaccurate estion of water inertia leads to head deviation
during transitions. The significant discrepancydischarge (red) during the return from turbine to
pump is due to the passage of air bubble in thenfleter leading to error in the measurement. This
comparison demonstrates the suitability of 1D mddepredict the dynamic behavior of prototype
during transition from turbine to pump and vicesaer



4. Prototype scale simulations

4.1. Prototype test case

Numerical simulation have been carried out in ofdeassess the feasibility of fast transition from
pump to turbine mode of reversible Francis pumpite at the prototype scale, for an existing
pumped storage power plant equipped with a Frapamp-turbine quasi homologous to the one
considered for the reduced scale model tests, igeeF3. Figure 9 presents the SIMSEN simulation
model of the existing 2x210 MW pumped storage powant considered for the investigations at the
prototype scale which key characteristics are sunzed in Table 1. The power plant includes the
following components:

- An upper reservoir with constant water level;

- Two sub-horizontal intake pipes;

- The upstream gates;

- The two vertical circular pressure shafts;

- The two reversible Francis pump-turbines of 210 M@\the rotating inertia of the turbine

and of the motor-generator rotor;

- The draft tube and units downstream pipes;

- The two downstream surge tanks which are linkedttogy in the lower part;

- The downstream junction and tailrace tunnel;

- The lower reservoir with constant water level.

Pumped Storage Power Plant  2x210MW

Hn=138mWC PnT=210MW
Nn=200rpm QnT=175m3/s

Upper reservoir

Lower Reservoir

Lo

-
Figure 9 SIMSEN model of the pumped storage power plantdase of 2 x 210 MW.

Table 1 Pumped-storage power plant characteristics.

Francis pump-turbine:

Nominal rotational speed 200 rpm
Turbine nominal power 210 MW
Turbine nominal discharge 175.1 nils
Turbine nominal net head 133.5 mWC
Turbine nominal torque 9.74 MNm
Low pressure side diameter 3.86m
Total unit inertia including generator and turb{deMR?) 4106 t*n?
Mechanical time constant(, = J,,, [©,°/P, ) 8.6s
Synchronous motor-generator:

Network frequency 50 Hz
Apparent power 210 MVA
Number of pair poles 15
Terminal/grid voltage 15 kV / 400 kV




4.1. Prototype SIMSEN modeling

4.1.1Hydraulic modelling

The SIMSEN hydraulic model, see Figure 9, inclualésydraulic components of the pumped storage
power plant and takes into account [18], [19], [31]
Water hammer phenomena in piping systems (pipe less@s, water inertia and pipe
elastic behaviour (fluid compressibility and wadifdrmation));

- The 4 quadrants transient behaviour of the pumpisiar see Figure 10, including so-
called S-shape unstable characteristics correspgnth the one considered for the
reduced scale model tests, and the link with nogatiertias;

- The surge tank mass oscillations phenomena betthedower surge tanks and the lower
reservoir taking into account variable cross sectiea of the surge tanks and asymmetric
head losses at the inlet of the surge tank;

- The generating unit rotating train torsion dynamigth turbine and motor-generator rotor
rotating inertia linked through coupling shaft wiglven torsional stiffness corresponding
to the first natural torsional frequency of thetuni
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Figure 10Four quadrants Francis pump-turbine characteriics=Q11(N11) considered in the

SIMSEN model of the pumped storage power plant.

The numerical simulations are performed assumiagdhe of the unit is converted from fixed speed
synchronous motor-generator to variable speed lmnithe introduction of a Full Size Frequency
Converter, FSFC, between the synchronous motorrgemeand the step up transformer, see Figure 9.
The hydromechanical model of the power plant asduare ideal FSFC with synchronous motor-
generator set enabling to achieve every fast litearsition from pump to turbine and vice versa.
Therefore, the dynamic behavior of the motor-getoeravas first neglected, and the rotational speed
of the pump-turbine unit was directly imposed te tinit with linear time evolution. Nevertheless, in
order to assess the feasibility of the fast trémsét the electromechanical torque of the motor-
generator was estimated using the angular momeb&lamce of the unit rotating masses expressed as
follows:

dw

‘Jtot E = TPT +TMG (2)



Where:

Jiot: Total rotating inertia including motor-generasnd turbine inertia [kg]

Ter: Pump-turbine mechanical torque [Nm]

Twe:  Motor-generator electromagnetic torque [Nm]

w Rotating pulsation [rd/s]
The motor-generator torque necessary to achievieem gotational speed transition can be derived
from equation (2) as follows:

dw
TMG = ‘]tot E _TPT (3

While the corresponding active power can be caledlas follows:
Pic = T [0 (4)

The rotational speed being imposadpriori, it enables to estimate the motor-generator tesusi
electromagnetic torque as well as the corresponplavger during the fast transitions with equations
(3) and (4), to be compared with the unit nominalver and torque to evaluate the feasibility of the
transition from the motor-generator perspective.

4.1.1Detailed electrical modelling

In order to validate the simplified model of the toregenerator using equations (3) and (4), a fully
detailed SIMSEN simulation model of the FSFC set weatup and simulation results have been
compared with the simplified model. The SIMSEN mloofethe FSFC variable speed consists in the
following elements: a synchronous machine, the nm&ckide and grid side converters, the unit step-
up transformer, a connection to the grid with aegivinite short-circuit power and the unit rotating

inertia. Table 1 provides the nominal values of #yachronous machine. The model of the
synchronous machine is of high order and takes &mmount the excitation currents and damper

currents, see [3], [4] [10]. Figure 11 presents $lRISEN model of a FSFC variable speed pumped
storage power plant.

% FSFC: Synchronous Machine with Full Size Frequency Converter

Current control loop featuring decouplégl control
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Figure 11 SIMSEN model of power plant for the FSFC solution.

The key point in the detailed model is the contabthe converters, on the machine side and on the
grid side. The machine side converter operateeredis a speed controller or as an active power
controller, depending on the overall control stygtelt can operate in both modes because the
underlying quantity that is controlled is the eteatnagnetic torque. If the machine side converter
controls the active power at the stator, the sjpééide mechanical shaft is then maintained at aetks

10



set point by the turbine’s governor. In turbinedepthe machine side converter is in active power
mode, while the speed control mode is used foirterto pump transition or vice versa.

The grid side converter operates as reactive pocaeiroller in order to offer voltage support to the
grid. Besides, it ensures the transfer of activeggdrom the machine side converter to the gridsTh
transfer of active power from stator to grid isumesl by the control of DC link voltage.

The basic inner control loop of the machine sidaveoter is to control the stator currents of the
electrical machine. The current control strateggsels an angular reference that is locked with rotor
direct axisd. In this case, the quadrature componégtdf stator current is then proportional to the
electro-magnetic torque (hence also active powdi)ewthe direct componentqf can influence the
reactive power flow between stator and converterth® study of reactive power flow at stator is not
the focus in this project, the strategy is tolged, which corresponds to a maximum torque for @miv
stator current (neglecting the torque due to aropgtof rotor). The current controller uses a dgxte

d-q architecture which allows to independently colntirect and quadrature components of stator
current.

4.2. Transposition from model to prototype

The dimension ratio between the Prototype (P) addiged scale model (M) of the pump-turbine is
given by the ratio between the reference diamétav pressure side) of both runners and for the
present test case is equal to:

D 3.86

— = ———,=15.82

D 0.244

The Froude similitude has been considered to tesesfhe transition time from reduced scale model
to the prototype scale, by expressing the refergalzeity as function of the unit net head H, alneint

expressing the head H as function of the runneplperal velocityU = wlR with H :UZ/(ZDQ)

as follows:
Fr = Crd = g H = U i = 9 Dwf (5)
9D« gD, 29D, 2V 209

From equation (5), the time ratio between model@natbtype can expressed as follows:
oF 2 _ D" TP 2 _Df
W) o T T Ton ©

According to the dimension ratio d’.DP/D'\’I =15.82 between the prototype and the model, the
transition time ratio is given equal to:

P P
I—M:,/[[))—Mzs.gsm

According to the above transposition, the trangitime considered during reduced scale model tests
leads to the following transition time at the ptgfe scale:
- TV =4s.T° =4Hs=16

- TV =8s.TP=4[8=3%
- TV =125 L TP = 401%= 48
- T =205 TP =4G= 86

11



4.3. Transposed fast transitions at Prototype scale for=15°

The numerical simulation of the fast transitionnfrpump to turbine mode and vice versa is simulated
at the prototype scale with transition time of &2sn pump nominal rotational speed N=-200 rpm to
the turbine nominal rotational speed N=+200 rpmgcaompare with the reduced scale model tests
results. The transition time at the prototype scdl@” =32s corresponds ta" =8s at the reduced
model scale. For the transition, constant guideevainY=15° (y=0.375 pu) is considered. Figure 12
presents the time evolution of the dimensionlessrastteristic quantities of the Prototype pump-
turbine resulting from the fast transition, to lmempared with the simulation and measurement results
at the reduced scale of Figure 8 (middle). It cooédhighlighted that despite completely different
hydraulic circuits between model and prototype, go@litative evolution of the dimensionless net
headh and dischargg shows remarkable similarities with sudden andsinat head drop during the
pump to turbine transition and a net head risengutihe turbine to pump transition. These net head
variations results respectively from the dischaageeleration and deceleration. But of course, tirec
transposition of the transient behavior of the pdorpine unit from reduced scale model test to
prototype is not possible since the related hyitrasystems are not in similitude. And hence
transposition can only be investigated by meansuaferical simulation. Figure 13 presents the time
evolution of the pump-turbine spiral case and diafie pressure resulting from the fast transitions
which remains within acceptable values. Figure 1dsents the time evolution of the transient
operating point of the prototype pump-turbine dgrthe fast transitions from pump to turbine and
return. Finally, Figure 15 presents the time evofuf the electromagnetic torque and the related
active power calculated according to equationsa(®) (4). As expected, the transition from pump to
turbine does not lead to large values of the alawdignetic quantities as the transition induces a
discharge reversal supported by the gravity foré&swyever, during the transition from turbine to
pump, extreme values of electromagnetic torque actdre power are reached due to discharge
reversal against gravity forces leading to 1.7 $éintee nominal torque at t=115s and a maximum
active power of 240 MW at t=132s representing 11df4he nominal power of the unit. The
maximum torque occurs during the zero rotationaksicross over, while the maximum active power
occurs at the end of the fast transition, emphagithe importance of monitoring both quantities
during the transition and not only restricting #realysis to active power.
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Figure 12 Simulation results of the fast transition from putagurbine and vice-versa at the
Prototype scale considering Y=15° (y=0.375 pu) 32sl of transition time corresponding to 8s
transition at the reduced scale model.
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Figure 13Time evolution of the spiral case and draft tulbespures of the pump turbisnulation
results of the fast transition from pump to turbémel vice-versa at the Prototype scale considering
Y=15° (y=0.375 pu) and 32s of transition time cepending to 8s transition at the reduced scale
model.
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Figure 14 Transient operating point of the pump turbiheing the fast transition from pump to
turbine and vice-versa at the Prototype scale denisig Y=15° (y=0.375 pu) and 32s of transition
time corresponding to 8s transition at the redwsmade model.
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Figure 15Time evolution of the transient electromagnetiqtar (Tel) and active power (Pel) of the
motor-generatoduring the fast transition from pump to turbine argk-versa at the prototype scale
considering Y=15° (y=0.375 pu) and 32s of tranaiticne corresponding to 8s transition at the

reduced scale model, calculated using the simgldigproach.
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4.4. Comparison between hydromechanical and hydroelecttimodel

The simulation results of the fast transition frgump to turbine and vice versa in 32 s at the
prototype scale, corresponding to 8s of transitrhe reduced scale, and guide vane of Y=15°
(y=0.375 pu) obtained with the simplified hydromaoital model are compared with the simulation
results obtained with the fully detailed hydroetiectodel for both hydraulic and electric quanstie
respectively in Figure 16. The very good agreentmitveen both simulation results confirms the
validity of simplified approach to estimate theattizal quantities in hydromechanical model using
equations (3) and (4).

DETAILED.F [v]
SIMPUFIED. Tel [MNm] 2nd

DETAILED. Tem [Nm] 2nd

SIMPLIFIED.Pel ] |

e F2 000000

200 oy

150 k-2 000 000
100 F-4 000 non
50 F-5 000 000
0 F-5 000 oon

- &0 F-10000 000
- 100 F-12 000 000
- 150 F-14000 000
- 200 F-16 000 000

- 280 : ‘ 3 |-18 000 000
o 50 100 150 200
Time [sec]

—— DETAILEDh [pu] DETAILED q [p.u] DETAILED t[pu]
—— DETAILEDy [pu] SIMPLIFIED h [p.0] SIMPLIFIED ¢ [pu]
—— SIMPUFED A [p.u] SIMPLIFIED y [p.u]

DETAILED  [pu]
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Figure 16 Comparison of the time evolution of the transidatEomagnetic torque and active power
of the motor-generator (top) and hydraulic pumitue transient (bottonguring the fast transition
from pump to turbine and vice-versa at the Prottygale considering Y=15° (y=0.375 pu) and 32s of
transition time corresponding to 8s transitionh&tteduced scale model, calculated using the
simplified and detailed models.

4.5. Fast transition sequence optimization

As shown in the previous chapters, the fast trammsftom pump to turbine and vice versa may lead to
extreme values of hydraulic and electrical quaegitievidencing the need and potential for fast
transition optimization. Therefore, hydromechnisihulations have been performed at the prototype
scale for the 4 different transition time considees the reduced model scale of 4s, 8s, 12s and 20s
corresponding respectively to 16s, 32s, 48s anda8@ise prototype scale. Therefore, the transition
from turbine to pump and vice versa is simulateds@tering a guide vane opening sequence which
starts from nominal opening in turbine mode, therlosed to Y=5° (y=0.125 pu) before the linear
rotational speed transition from turbine to punfperavhich the guide vane is reopen to optimal pump
guide vane opening of Y=20° (y=0.5). For the traosi from pump to turbine, the sequence is
achieved in the opposite order.

Figure 17 presents the 4 different sequences cemesldin the optimization and the resulting
simulation results of the time evolution of the mstarbine net head, discharge, electromagnetic
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torgue and active power respectively presentedgarg 18, Figure 19, Figure 20 and Figure 21. The
simulation results show that the net head rise ity during the turbine to pump transition is not
significantly affected by the transition time as tischarge reversal remains very sudden whatbeer t
transition time, meaning that the optimization ddqarobably combine rotational speed together with
the guide vane opening sequence to minimize thepoessure in the spiral case and the low pressure
in the draft tube. The analysis of electrical quaes shows that the transition from turbine to jpuim
16s at the prototype scale would not be feasibli@sctive power reaches about 300 MW (1.42 pu)
and electromagnetic torque of 1.8 times the nomiasle, which would not be acceptable. So the
minimum transition time from turbine to pump woubeé of 32s if this sequence is considered.
However, it could be noticed that the transiticonirpump to turbine in 16s would not be problematic
as the electrical quantities remains below nomirédiies. As a results, the transition from pump to
turbine could be achieved two times faster thartduesition from turbine to pump due to the gravity
forces. The comparison between the admissibleitir@msime and the mechanical time constant of 8.6
s, see Table 1, shows that for the power plantiderexd for this investigation and considering the
proposed sequence, the transition from pump tdarterbould be achieved approximately in twice the
mechanical time constant, here 16s, while the itiansfrom turbine to pump requires about 4 times
the mechanical time constant. Of course, the ptesamsition sequences could be further optimized t
reduce the transitions time, but these simulatesults provide a first order of magnitude of what
could be achieved. It should be also noticed th#hiése simulations, the downstream surge tankrwate
level remains within acceptable values, see Fig2e However, the combination of transition
sequences of the two units, and the risks of emeggshutdown during the transition sequence would
have to be carefully addressed to ensure safe taperaf the power plant when considering fast
transition opportunity.

Ttrans=16s.n [p.u]
Ttrans=48s.n [p.u]

Ttrans=16sy [p.u]
Ttrans=48sy [p.u]

Thrans=32=.n [p.u]
Tirans=80s.n [p.u]
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Ttrans=80=y [p.u]
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Figure 17 Time evolution of guide vane opening and rotatiamded sequences considered for fast
transition sequence optimization considering 18s48 s, and 80s of transition time and guide vane
opening of Y=5° (y=0.125) during the transition.
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N\
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Figure 18 Time evolution of the pump-turbine net head fot feesnsition sequences considering 16s,
32, 48 s, and 80s of transition time and guide \apening of Y=5° (y=0.125) during the transition.
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Figure 19 Time evolution of the pump-turbine discharge fatfmansition sequences considering 16s,
32, 48 s, and 80s of transition time and guide \@yening of Y=5° (y=0.125) during the transition.
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Figure 20Time evolution of the pump-turbine unit electromatio torque for fast transition
sequences considering 16s, 32, 48 s, and 80snsittcen time and guide vane opening of Y=5°
(y=0.125) during the transition.
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Figure 21 Time evolution of the pump-turbine unit active povie fast transition sequences
considering 16s, 32, 48 s, and 80s of transitime &and guide vane opening of Y=5° (y=0.125) during
the transition.
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Figure 22 Time evolution of the downstream surge tank wadeell for fast transition sequences

considering 16s, 32, 48 s, and 80s of transitime thnd guide vane opening of Y=5° (y=0.125) during
the transition.

5. Conclusions

The lean integration of intermittent New RenewaBleergies requires additional power control
services capabilities to ensure electrical gridilitg. In this context, pumped storage power ptant
operating flexibility combined with recent developmh of power electronics enable to envisage new
ancillary services such as fast active power imgacbr absorption and inertia emulation which can
significantly contribute to secure power networkergiion. Full Size Frequency Converter
synchronous machine unit offer new perspectivel sgdast transition from pump to turbine and vice
versa enabling to take full advantage of the enimenped storage capacity from consumption to
generation mode.

Such opportunity was deeply investigated in thenéaork of the European Research Project
HYPERBOLE in order to assess the feasibility oft fasde transitions. Therefore, reduced scale
model test investigations were carried out by me#nsoth experimental and numerical approaches
while the transposition to prototype was invesegaby means of numerical simulation for an existing
power plant which pump-turbine is quasi homologdasthe reduced scale model. The main
conclusions obtained from reduced scale model amtoiype investigations are the following:

- Test rig facility was modified to carry out fasamsition mode from pump to turbine and
vice versa considering transition times varyingrirds to 20s at the reduced model scale
corresponding to 16s to 80s transition time atgraotype scale for the considered test
case;

- The comparison between measurements and 1 D n@ahsioulations at the reduced
scale demonstrated to the ability of such 1 D nicakmodels to address fast transition
mode from a system perspective; of course, conseggeof the fast transition on the
pump-turbine component lifetime have to addressedhbans of detailed pump-turbine
instrumentation and supported with 3D unsteady Cialysis combined with FEM
analysis of the component structure;

- Transposition of the transition time from model prototype could be assessed
considering Froude similitude where the transitibme ratio between model and
prototype is proportional to the square root ofrilmener reference diameter ratio;

- Simplified models for the motor-generator to be borad with hydromechanical model
of the power plant have been proposed and validagednst fully detailed models of
FSFC motor-generator models to identify potentiakgessive electromagnetic torque and
active power during the transition sequence;

- Comparison between reduced scale model test andagioms and simulation results at
prototype scale shows qualitatively similar reswlish sudden pump-turbine net head
drop during the pump to turbine transition and he&d sudden rise during turbine to
pump transition resulting from the flow respectaeeeleration and deceleration; these net
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head variations lead to spiral case and draft fuessure variations to be carefully
addressed;

- The investigation of influence of the transitiom#& performed at the prototype scale by
means of numerical simulation showed that as ergefetster transition can be achieved
from pump to turbine than from turbine to pump dueespective influence of the gravity
forces for both transition;

- For the test case considered in the present stoidfgsponding to a 2x210 MW existing
pumped storage power plant, the transition timenfrump to turbine was found to be
about 2 times the mechanical time constant witlsdéonds of transition time while the
transition from turbine to pump was found to be wthé times the mechanical time
constant with 32 seconds of transition time;

- The combination of fast transition sequences censid all power plant units and the risk
of emergency shutdown during the transition segeershould be carefully addressed
when considering the opportunity of fast transitinode;

- The system dynamic simulations presented here, ic@adbwith operational cost
simulations represent appropriate tools for thentipation of pumped storage power
plants ancillary services in view of a lean inteigra of intermittent New Renewable
Energies.

Besides storage and substitution generation cafiedil pumped storage power plants can also
significantly contribute to power network stabilitpe to their considerable operating flexibilitynda
constant development of power electronics offers npportunities enabling to increase further the
attractiveness and competitiveness of hydropower.
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7. Nomenclature

A: pipe cross section areagm Z. elevation above a datum [m]

Drer: machine reference diameter [m] w: rotational pulsation [rd/s]

H: net head [m]

Q: discharge [rs] Ng, =n(D, /E*® speed factor [-]

N: rotational speed [miH .

P: power [W] Qs =Q/(D*E") discharge factor [-]

T: Torque [Nm]

a: pipe wave speed [m/s]

h: piezometric heabi=z+p/(pg) [M]
g: gravity [m/s]

n: rotating frequency [Hz]

p: static pressure [Pa]

Te =T/(PD,°[E) torque factor []
Ne =NQ**/E®™ specific speed [-]

N, =N, /H*® unit speed factor [rpm°9

Eitlionrqees[sslife [Pa] Q. =Q/(D,4*H°°) unit discharge factor [A¥s]
X: position [m] T, =T/(D,¢*H) unit torque factor [N/d)

y: turbine guide vane opening [-]
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