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Abstract. The prediction of pressure and output power fludbus amplitudes on Francis
turbine prototype is a challenge for hydro-equiptmérdustry since it is subjected to
guarantees to ensure smooth and reliable operaficghe hydro units. The European FP7
research project Hyperbole aims to setup a metlggdb transpose the pressure fluctuations
induced by the cavitation vortex rope on the reduseale model to the prototype generating
units. A Francis turbine unit of 444MW with a sdecspeed value of = 0.29, is considered
as case study. A SIMSEN model of the power statictuding electrical system, controllers,
rotating train and hydraulic system with transposkedft tube excitation sources is setup.
Based on this model, a frequency analysis of thdrdelectric system is performed to analyse
potential interactions between hydraulic excitasonrces and electrical components.

1. Introduction

Due to the development of renewable energy and fination of electricity market, the extension of
the operating range of hydraulic machines to offigie conditions is more and more requested by
power utilities, but the prediction of the relatpeessure and output power fluctuations remains a
challenging task [1-8]. In the framework of the &oean FP7 research project Hyperbole, a
methodology is setup to predict pressure and oyipwer fluctuations on prototype induced by the
cavitation vortex rope based on experimental memsents on the reduced scale model. The
developed methodology relies on an advanced madetl the draft tube cavitation flow which main
parameters are the cavitation compliance, the pdiisn and the excitation source [9]. Specific
measurements to quantify this dissipation withrémaaining parameters are required [10]. First, this
paper presents the methodology and focus on thegoaition to the prototype of the draft tube model
parameters identified on the reduced scale modetn,;Ta numerical model of the power station
including electrical system, controllers, rotatingin and hydraulic system with transposed drdfetu
excitation sources is setup. Based on this modsfjuency response [11] of the electro-mechanical,
the hydro-mechanical and the hydroelectric systamscompared to analyse the influence of the
different modelling approaches to predict both gues and output power fluctuations induced by the
cavitation vortex.
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2. Methodology

2.1. Overview

The methodology to predict the pressure fluctuation prototype is illustrated in figure 1. The ffirs
step is to identify the hydroacoustic charactersstf the draft tube cavitation vortex rope on aners
turbine reduced scale model installed on a testTregachieve this, the test rig hydraulic circut i
excited by an external periodical discharge sowmnd the system response is compared to the
response of a numerical model of the test rig [2@].identification process comparing experimental
and numerical hydraulic responses enables to fgete parameters of an advanced model of the
draft tube cavitation flow. Then, these reducedespedel parameters are transposed to the prototype
and used in the numerical model of the actual pgaant for the prediction of the resulting pressure
fluctuations. This paper presents the second sfephe® methodology and is focused on the
transposition at part load conditions.
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Figure 1. Methodology for prediction of pressure fluctuati@msprototype.

2.2. Modelling of the reduced scale model draft tube

The modelling of the draft tube cavitation flowdsscribed by continuity and momentum equations

(1) and (2) including the convective terms anddivergent geometry [9].
dv =C dh+ d_Q
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For this investigation, three cavitation vortex eoparameters of this model have been identified
experimentally at the reduced scale model:
» the local wave speed defined implicitly by the cavitation compliandg, (the mass flow

gain factor y is not considered in this study);
» the second viscosity" introducing dissipation induced by the phase chahging cavitation

volume fluctuations;
» the momentum excitation sour& induced by the helical swirling flow.

2.3. Dimensionless numbers and transposition law
By applying the Buckingham F1 theorem, the wave speed and the second viscosityaamalized
by the outlet pressure level of the draft tubedileg to two dimensionless numbers, see equatian (3)
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These dimensionless numbers can be approximatadpbyer function of the void fractioff which
are not dependent on the operating point of thegwit machine in the range of part load conditions
[10].
a’ . u"f
Mns= ,0W :g(,B) : M :,U natural =|-|2(1_ﬂ2)& (3)
Pot = By Pou = Py Pu

To use these dimensionless numbers the void fragfio must be known and is derived from a
cavitation curvef = f (a) depending on the operating point and the Froudebeun. By assuming the
Froude similitude the prototype void fractigii is equal to the reduced scale model void frag%n

3. Hydraulic layout modelling of the power plant

3.1. General characterigtics

The power plant of interest features four 435MWegating units, each equipped with a Francis type
turbine rated at power output of 444 MW under tié&rt rated net head. The main characteristics of
the hydro units are given in table 1a). Each wisupplied by individual power conduits including
intake, penstock and draft tube. The length of gmistock is about 310 meters. The draft tube model
parameters at reduced scale model have been dddvédo part load operating points named PL1
and PL2, given in table 1b).

Table 1 a) Hydro unit characteristics and b) Investigaipdrating points.

a) b)
Pm (MW) 444 PL1 PL2
H (m) 171 GVO ) 15 12
N (rpm) 128.6 nED / nED BEP O] 1 1
Vv ) 0.29 QED/QEDBEP () 0.8 0.64
Fr () 56 5.6
o () 011 o011

3.2. Transposed draft tube model parameters

A numerical model of the power plant is set up witle SIMSEN software including reservoirs,
penstock, the two quadrant characteristic of thebime, the rotating inertia and the advanced
cavitation draft tube model. The draft tube is dad in two parts: one from the outlet runner to the
middle of the elbow where cavitation is developed éhe other one down to the outlet draft tube,
which is cavitation free, by defining an equivalenbss sectional area of the two channels after the
peer, see figure2.
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Figure 2. SIMSEN hydro-mechanical model
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In the draft tube part with cavitation, a distriédtmodel is used. It is characterized by sevenatrab
volumes along the draft tube length where equatfbhand (2) are applied. Constant wave speed and
second viscosity parameters are considered alomgdthft tube length [12]. Table 2 shows the
influence of the operating point on the transpqaedotype draft tube parameters and on the regultin

first eigenmodes of the power plant defined by diexticy and damping=a + j(27Tf) . By changing
the operating point from PL1 to PL2, the void frawtis increased. Hence, the first eigenfrequency
value f, is decreased from 0.30 to 0.18 times the runmguencynand the eigendamping valug

is increased towards positive values.

Table 2 Influence of the operating point on the draft tube
parameters and on the resulting three first eigencies.

PL1 PL2
o(-) 0.11 0.11
B (-) 0.0124 0.0421
a (m/s) 76.9 45.3
W' (Pa.g 3.06E+05 6.14E+04
al (sh -0.40 -0.10
f1/n (-) 0.30 0.18
a2 (sh -0.86 -1.02
f2/n (9) 0.78 0.69
a3 (s -6.67 -1.09
f3/n () 1.05 0.80

4. Electrical layout modelling of the power plant

Figure 3 shows the SIMSEN model of the electrigatems of one generation unit of the power plant.
This model contains the grid access point, thésusiep-up transformer, the electrical machine itd
excitation system.
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Figure 3. SIMSEN electro-mechanical model

4.1. Electrical grid

The connection to the grid is modelled with anriité power three phase voltage bus behind a short-
circuit impedance, to represent the short-circaiver limitation of the connection point. Nominal
voltage of grid is 500 kV and short circuit powsrabout 9 times the nominal power of the unit and
with X/R ratio of about 25. The rather low shonteciit power is due to a long transmission line. In
reality, this line is installed with series capacstand shunt reactors for compensation of itstineac
power consumptions. This has been neglected irr twdecus on the power plant itself.
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4.2. Electrical machine

The electrical machine is a synchronous machinke sétient poles which nominal values are given in
table 3. The model used for such machine is a Bthranodel consisting in an equivalent circuit for

the direct (d) and quadrature (g) axis. This mdded the windings voltage equations for the three
stator windings, the excitation winding and two g@mwindings, one for each d and q axis.

Table 3 Synchronous
machine nominal values
S (MVA) 526
Un (kV) 16
Fn (Hz) 60
Pp () 28

4.3. Excitation system

The excitation systems consist in a static exeitet a voltage controller both represented by tlEIE
ST1A excitation model. Besides, the excitation exystis equipped with a power system stabilizer
(PSS) represented by a IEEE PSS2B PSS model.

5. Frequency analysis of the hydroelectric powerplant
To characterize the dynamic system response infrdguency domain, transfer functions are
computed by performing a time domain simulatiorhvétwhite noise excitation modelled by a Pseudo
Random Binary Sequence (PRBS) [11] consideringdifferent types of excitations:

e amomentum excitation source in the draft tubegHerhydro-mechanical and the hydroelectric

systems

* an external torque on the rotating masses forl#atre-mechanical system.
With a period ofdT =0.1s, the energy spectrum of the PRBS signal is disteth uniformly in the
range 0 to 5Hz, covering the excitation range ef hielical vortex rope being between 0.2 and 0.4
times the runner frequenay corresponding respectively to 0.43 Hz and 0.86 Hz.

5.1. Hydro-mechanical and hydroelectric systems

The amplitude of the normalized transfer functibthe hydro-mechanical system, defined as the ratio
between the draft tube pressure cone and the mameskcitation source in the draft tube, is
represented in figure 4 for the two investigatedrapng points, see equation (5).

a(s) =—H;D(T§)S/)|ﬁ H (5)

Due to the higher void fraction for PL2, the secerstosity is lower and therefore, damping values o
the eigenmodes and system response amplitudegirerhiThe vortex rope frequency being between
0.2 and 0.4 times the runner frequenny (yellow area in figure 4), a matching with thesfir
eigenfrequency is only feasible at PL1 where amgéits are rather small for resonance conditions. For
PL2, the amplitude response obtained for the seeg@hmode at this location is higher than the one
obtained for PL1 despite a higher damping vatudor PL2. This effect is due to the difference of
cavitation parameters between PL1 and PL2 thattsftle spatial distribution of pressure amplitudes
along the piping system and also to the differesfceelative position of the excitation source i th
eigenmode.
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Figure 4. Hydro-mechanical system - Amplitude of draft tulbegsure cone
transfer functions for PL1 and PL2.

In figure 5, a comparison of the draft tube pressuone transfer functions between hydro-mechanical
and hydroelectric system is performed. It is shokat in the low frequency range, the electricat par
of the system does not influence the hydraulic aesp. Hence, modelling electrical system with
constant speed is sufficient for prediction of ptee fluctuations for this case. However, resulghin
be different for a weaker power network.
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Figure 5. Comparison of draft tube pressure cone transfestims between hydro-
mechanical system and hydroelectric system for PL2

5.2. Electro-mechanical and hydroelectric systems
In figure 6, the amplitude of the normalized tramdfinctions defined as the ratio between the dutpu
power and the external excitation source are midtie the three modelling approaches with electro-
mechanical, hydro-mechanical and hydroelectric fsodenese transfer functions are plotted for the
two investigated operating points and are definedduations (6):
G(S)dectro: P(S)/P” ' G(S)h ro - Pm(S)/Pn ' G(S)h roel = P(S)/P” (6)
Toq (3)/T, e §,(s)/H, et (s)/H,

For electro-mechanical and hydroelectric modelsottput power is the active power whereas for the
hydro-mechanical model, the output power correspaadhe mechanical power.
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Figure 6. Comparison of active powéransfer functions between electro-mechanical systed
hydroelectric system for PL1 (left) and PL2 (right)

The “local eigenmode” of the synchronous machingregenting the rotor oscillations against the
power grid is found at 1.2Hz, i.ef,/n=0.56 times the runner frequenay. This mode is clearly

observed with the transfer function of the electreehanical system. With the hydroelectric model,
the transfer function of the active power is influed by the hydraulic system, since hydraulic
eigenfrequencies can be observed. Hence, with estreimechanical model, the modelling of the
vortex rope excitation source by just an extermalrce torque is not representative of the hydraulic
system dynamics. Indeed, hydraulic eigenfrequencidsch may interact with the vortex rope
precession frequency, are not transmitted to theveponetwork. It has been shown that the
hydroelectric model predicts the same pressurauittions in the hydraulic system as the hydro-
mechanical model, see figure 5. However, for ptaaticof output power fluctuations, the modelling
of the electrical part is necessary and the hydeghranical model is not sufficient anymore. Indeed,
the hydroelectrical transfer function is the resflthe multiplication between the hydro-mechanical
and the electro-mechanical transfer functions. ldettwe transfer function of the electro-mechanical
model, featuring the synchronous machine localreigele, amplifies or reduces the prediction of the
mechanical power fluctuations of the hydro-mechanicodel. For the PL2 operating point, this local
eigenmode amplifies the second hydraulic eigenftaqu and results in prediction of higher
amplitude than the electro-mechanical model.

6. Conclusions

The methodology developed in the framework of theoleean Hyperbole project has been applied to
a 435MW generating unit of Francis type turbinerafseters of the reduced scale draft tube model
have been transposed to the prototype for two tipgroints at part load. These parameters are
integrated in a SIMSEN model of the power statioclliding electrical system, controllers, rotating
train and hydraulic system. Based on this modalpsetith the transposed parameters, frequency
analysis of the electro-mechanical, the hydro-meidad and the hydroelectric systems are compared.
It has been shown that in the low frequency rargero-mechanical models are sufficient for
prediction pressure fluctuations in the hydraujistem. This could be different for weaker or isetht
power networks. However, for prediction of outpuwer, the hydroelectric model is necessary.
Compared to the electro-mechanical model, the l@dtdiydraulic modelling enables to take into
account potential hydraulic resonances and antingsces resulting from the interaction of the
cavitation vortex rope precession frequency with tilgdraulic system that influences potential power
fluctuations transmitted to the power network. @a bther hand, compared to the hydro-mechanical
model, the dynamics of the electrical machine campldy or reduce the mechanical power
fluctuations. Measurements on prototype are foreteealidate these results.
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