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Abstract

This article first of all presents an innovativephpation of Real-Time Simulation Monitoring (RTSMJefined
hereafter as “hydro-cloning”, developed by Powesidti Engineering. Second, a successful implememntatf
hydro-cloning is presented for the 170 MW La Béatigziroelectric power plant, HPP, owned and operated
Electricité d’'Emosson SA, in the Canton of WalBsyitzerland.

The “Hydro-Clone” comprises a simulation model loé power plant, a Real-Time management systermignki
the actual power plant with the clone or virtualeo plant, a monitoring system with transient plraana
based alarms and finally a data base system witiotee access. By sound calibration of the simulatradel
and by real-time use of in-situ measurements, rduesient behaviour of the HPP is instantaneousgilicaed,
generating in this way a representative numeriopy®f the real power plant, called “the clone”.

Long-term tests performed at La Batiaz HPP sinc&42@onfirm the reliability of Real-Time transient
computations of complex waterways, including foaple transient pressures, discharges, active pofitbie
different units and surge tank water level osédlas. Cloning of a HPP allows detecting unwantedrn@mena
such as penstock or gallery overpressures, headroeases, efficiency degradation, surge tankdjratart-up
and shut-down issues, unexpected cavitation andilgeswater column separations, air intake or ur@n
valve closures. Furthermore, the clone is ableitomise the risk of potential harming behaviourtiod HPP in
the near-future by generating so called aheadrod-Bimulation monitoring (ATSM) alarms, based osedes
of instantaneous simulations of any potential riature behaviour of the HPP. As such, by combirRigSM
and ATSM in real-time, it is believed that the HyeClone reveals to be a valuable numerical assetrfp HPP
owner to improve power plant safety.

1. Introduction

Hydropower plants play an important role for eleetr power network stability due to their operatibn
flexibility and their ability to provide ancillargervices, such as primary, secondary and tert@amyral services.
These services generate frequent start and stapesegs, as well as continuous power variationg dimg
hydraulic transient phenomena in the waterways. edeer, control system modernisation enables faster
response of the hydropower units, which are moreraare operated with remote control. Installed cépaf
hydropower plant is also frequently increased dpr@habilitation, resulting in an increased disgkain the
adduction system. As a consequence, most existidgppower plants are subject to new operating ¢mrdi
and sequences which were not foreseen during ¢baireption. Also, the significant increase of leagiations
and solicitation levels enhances fatigue of agiegngonents. Thus, the exhaustive prediction of tests
behaviour of hydropower plants becomes more diffidue to the variety of possible scenarios andkpaeted
events or sequences, which cannot be excluded.

To address the issue of sound transient surveynraovative application of Real-Time Simulation Mtmring
(RTSM), defined as “hydro-cloning”, has been depelt by Power Vision Engineering. Since 2014, tiigdesn
has been successfully implemented at the 170 MVBaitaz hydroelectric power plant, HPP, part of 889
MW Electricité d’Emosson SA hydroelectric schemmethie Canton of Wallis, Switzerland.

The “Hydro-Clone” comprises a simulation model loé power plant, a Real-Time management systermignki
the actual power plant with the clone or virtualeo plant, a monitoring system with transient pheana
based alarms and finally a data base system witlotee access. By sound calibration of the simulatradel



and by real-time use of in-situ measurements, thestent behaviour of the power plant is instarasty
replicated, generating in this way a representatiweerical copy of the real power plant, calleck“thone”.

The simulation model of the La Batiaz power plartiudes the upper reservoir, the 10°000 m longegglithe
surge tank, the 1’200 m long penstock, the reparéind the two 85 MW vertical axis Pelton turbiveth 5
injectors each. This simulation model, based onIMSEN software, accounts for water hammer phemame
in the gallery and in the penstock, for surge tam&ss oscillations and for any Pelton turbines tests
behaviour. Long term in-situ testing showed thditglnf the Hydro-Clone to precisely replicate gat-Time the
transient pressures measured at the top and thenbof the penstock as well as the active powahefunits.
As such, these tests confirm the reliability of REiane transient computations of complex waterwagsluding
for example transient pressures, discharges, aptdweer of the different units and surge tank wdésel
oscillations. Long-term cloning of the power plamables to detect unwanted phenomena such as gemsto
gallery overpressures, head loss increases, effigielegradation, surge tank limits, start-up andt-slown
issues, unexpected cavitation and possible watantopseparations, air intake or unwanted valvewles

2. The Hydro-Clone

2.1. General description

The Hydro-Clone is an innovative Real-Time SimwatiMonitoring System (RTSM) comprising a soundly
calibrated and validated numerical copy of a HPIR &b reproduce in real-time any dynamic behavigiuthe
power plant based dn-situ measured boundary conditiong, a numerical clone. This system, subject to patent
see[1], allows to continuously diagnose the health oHEAP by real-time numerical cloning of the major
hydraulic and electrical components of the plarging the SIMSEN softwaré¢4], [7] and existing key
monitoring points. As illustrated in Figure 1, tHgdro-Clone comprises the following components:

* A calibrated and validated SIMSEN simulation moofethe HPP, operated in Real-Time and usimg
situ measured boundary conditions. This model includes:
o the hydraulic circuit, comprising galleries, sutgaks, valves, pressure shaft, turbines;
o the rotating train, comprising the mechanical iiaesihd coupling shaft;
o the electrical system, comprising motor-generatansformer, circuit breakers, transmission
lines.
« Areal-time monitoring system performing the folliogy tasks:
0 acquisition ofin-situ measured quantities;
transfer of these boundary conditions to the sitmriamodel;
management of the clone real-time simulation ofrtz HPP;
data processing and diagnosis of the power pladtthe
provide pre-defined appropriate alarms based oh bedl-time (RTSM) and ahead-of-time
(ATSM) analysis;
display of relevant on-line information of the hatondition of the HPP;
0 communication with tailor-made archival storagetsys
* Atailor-made archival storage and related databgstem enabling:
o to archive simulated and measured quantities;
o to display and analyse previous results;
o0 to contingence alarms;
o0 to update and enhance the clone functioning.
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2.2. Purpose of Hydro-Clone

As illustrated in Figure 2, the numerical simulatimodel benefits from measured boundary conditisash as
upper and lower reservoir water levels, guide vémestors openings, power network voltage and desy
and motor-generator excitation currents, to repcedwith high accuracy the dynamic behaviour of both
hydraulic and electrical installations. The analyand the comparison of simulated and measuredtitjgan
enable to:
» understand at any time the health state and balnaefall essential components of the system;
» estimate non-measured /non-measurable quantitiesghout the whole system;
» switch to numerical values in case of lack/defaaheasurements;
» detect hydraulic/electric anomalies in real timentgans of a system of automatic alarms;
« perform ahead-of-time projections of the statehef $ystem by automatic prediction simulations based
on actual real-time state of the system;
e anticipate any potential near-future damage to dugsed by the system to the outside environment,
based on its real-time state;
» perform on-line or off-line analysis to evaluatevae range of potential risks, such as for example
components fatigue or buckling of steel lines résglfrom past operation.

Alarm manager

User Database

Figure 1 General concept of Hydro-Clone based on Real-Timrufation of HPP.

To this end, as depicted in Figure 2, the Hydror€l@rovides 4 different types of alarms, based hen t
following criteria:
» Divergence between measurements and simulatiorendify possible anomalies such as:
0 unexpected gate or valve closures;
unexpected air admission from air-valves;
flow obstruction by external body;
head loss increase;
water column separation;
conduit breakdown;
surge tank sediment deposit;
» Exceedance of the admissible limit of a measuredhtify (.e. classical monitoring);
* Exceedance of the admissible limit of a non-medsarquantity obtained from the simulation model in
Real-Time, such as:
0 minimum or maximum pressure throughout the penstotke headrace/tailrace tunnels;
o discharge throughout the system;
0 extreme torque in the coupling shaft;
0 extreme current or voltage;
» Ahead-of-time projections of the state of the sys{evhat-if), to identify possible risks related poe-
defined scenarios such as emergency shutdownlpaxiing, or unexpected valve closure.
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Figure 2 Data exchange of Hydro-Clone between the Real-Bmwilation Model and the acquisition system,
including related alarms.



3. Case study of La Batiaz HPP

The first Hydro-Clone tests have been performedoitaboration with the company Electricité d’EmosssA
since 2014 at the La Béatiaz 170 MW HPP locatedhén@anton of Wallis, Switzerland, see Figure 3 Bigtire
4.

Electricité d'Emosson SA is jointly owned by ALP&#Rd EDF and collects water from the Mont Blanc Nfass
which is channelled into the Emosson Reservoir withaximum water level of 1930 m a.s.l.. Foundel954,
the company decided to begin the construction wafrkhe Emosson Dam in April 1967, which became
operational on July 1st, 1975. This was made plessip the flooding of the Barberine Dam, previouafyreed
upon by its owners, the Swiss Federal Railways JCERs now submerged under 42 m of water. Theewat
coming from the high valleys of the river Arve aBdu Noire in France, and, on the other hand, frahPérret
and Trient Valley in Switzerland, is drained byeheadrace tunnels.

Through the South and West collectors located enFfench side, the water is routed to the artifileike by
gravity. The volumes from the Swiss side arriveotiyh the Eastern supply line; after passing throtigh
compensation basin of the Esserts, the water mgpbged by the Vallorcine power station to Emossdand
may be turbined to Chéatelard reservoir, dependimgaiural inflows and electricity management.

With a mean gross head of 1400 m, the two statidéiee scheme,i.e. Chatelard-Vallorcine (Franc& RIW)
and La Batiaz (Martigny, 170 MW), annually gener@® GWh of energy. The secondary head at les tSsser
Vallorcine is able to directly turbine the volumasiving through the Eastern supply line when tteewis not
pumped to Emosson; it is then routed to the loveadhof Vallorcine-La Bétiaz. The water flows baoktie
Rhone river near Martigny. It has to be mentiorteat Electricité d’Emosson SA contributes to botimarry and
secondary control.

The following subchapters present the SIMSEN mauglof the HPP and its related validation, while thext
chapter presents analysis of long term simulatadmsrmal operation of the HPP.
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Figure 3 Hydraulic layout of Electricité d’Emosson SA hydiesric scheme.



Figure 4 Power house of 170 MW La Bétiaz HPP.

3.1. Power plant general description

The Hydro-Clone has been installed at La Batiaz MPRRh is part of the Electricité d’Emosson hydemdtic
complex. The 170 MW installed capacity comprise® tRelton turbine Units of 85 MW each, fed by an
adduction system comprising an upper reservoi&9m long gallery of 3.5 m diameter, a surge tatitk
lower and higher expansion chambers, a 1253 milwilimed pressure shaft of 2.7 to 2.4 m diameted, fnally

a manifold. Figure 5 presents the layout of thdined pressure shaft. The main characteristicchefgower
plant are summarized in Table 1, and Figure 6 ptesecutting view of the power house itself.
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Figure 5 La Bétiaz pressure shaft layout.

Table 1La Batiaz power plant main characteristics.

Description Value
Installed capacity 2x85 MW
Maximum gross head 659.5 mWC
Total nominal discharge 29 n¥/s
Nominal rotational speed 428.6 rpm
Number of injectors per unit 5
Pelton runner diameter 2.36m
Rotating axis orientation Vertical

) :

2, Coupe horizontale

7.5 155 \\‘{% 47.4
'461.50 \ )

*461.50

Groupes principaux

*461.50

A
i

..Canal de fuite

46150 i
i —1 Pom :és de réfrigération
: [
NI %55— R 3
s g © c
N 2 e E g
IS 0 roupe >
F!elais-.z e secours :2
‘a
oW
i
m
461.50 L
T BLIL

I]]I[I[I]il|

Figure 6 Horizontal cutting viewof 2x85 MW La Bétiaz Pelton turbine Unit.



3.2. Power plant modelling

Figure 7 presents the SIMSEN model of the La BaH&+f, showing the different elements covered by the
corresponding Hydro-Clone. The model comprisesuthyger reservoir, the headrace tunnel, the surdewséh
upper and lower expansion chamber, the pressuifg sha manifold and the two Pelton turbine Unithe
turbines are modelled with their injector's chaearstics, while active power is calculated accogdin unit
efficiency hillcharts and generator efficienciebeTSIMSEN model accounts for water hammer, sunge rizass
oscillation and Pelton turbine transients phenomsea ANNEX 1 ang#], [5], [7].
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Figure 7 La Bétiaz power plant SIMSEN model.

4. Simulation model validation

On-site tests have been carried out to validateSWSEN model used by the Hydro-Clone. As such, an
emergency shutdown on Unit 1 operating at maximomgs of 85 MW has been performed using the Hydro-
Clone. The SIMSEN simulation model is operated @lRTime considering measured boundary conditioih s

as upper reservoir water level and Pelton turbijector positions. In addition, pressure shaft pmetric head,
surge tank water level and Pelton turbine activergsowere also acquired in Real-Time to perform iop-I
comparison with the corresponding simulated quastitFigure 8 presents the data workflow of the rdyd
Clone, comprising acquisition carried out with B€ADA system at a sampling rate of 10 Hz, and feansf
measured quantities via the MODBUS protocol. Theae, measurements are transferred to the Hydro-Clone
SIMSEN model of the La Batiaz HPP to setup boundamnditions, namely the upper reservoir water |erel

the Pelton turbine injector position, and to conspaeasured and simulated quantities.

Figure 9 presents the time evolution of the meabumgctor position of the two Units during the egency
shutdown and used as boundary conditions for thal-Riene simulation. Figure 10 and Figure 11 present
respectively the comparison between the real-timelated and measured pressure at the inlet of Uaitd the
surge tank water level. Both feature very good exgeent between simulation and measurements. Itchas t
outlined that all measurements have been obtaiasddbon existing measurements made by the SCADA, an
that no additional measurements were necessamgrtorm the Real-Time simulation and the model \atiwh.

One of the advantages of the Hydro-Clone is thatdvides lots of information on non-measured gitiastthat
are usually very difficult or even impossible to asare. Indeed, Figure 12 presents the time evalwifo23
simulated pressures monitored along the pressarfe #s the pressure at the inlet of Unit 1 andgshege tank
water level feature good agreement, the simulatedspre along the pressure shaft can be consideresliable
and enable comparison with admissible values réggnminimum and maximum values. Figure 13 and Fgur
14 present the envelopes of minimum and maximurnsspire obtained by simulation respectively along the
headrace tunnel and the pressure shaft. Such kiadatysis may easily be performed on-line to wetiifat the
pressure remains within acceptable values.
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Figure 9 Injectors position during emergency shutdown oftlndf La Batiaz HPP.
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resulting from emergency shutdown on Unit 1.
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Figure 11 Comparison between simulatioesults anan-sitemeasurements of the surge tank water level
resulting from emergency shutdown on Unit
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Figure 12 Simulation result of the pressure along the presshaft.
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Figure 14 Envelopef maximum, minimum and initial pressures alonghkeadrace tunnel resulting from the
emergency shutdown of Unit 1.

5. Normal operation monitoring

Following sound validation of the SIMSEN simulatiomodel, the Hydro-Clone was installed for long term
simulation tests. Today, the system has been itimegrus Real-Time operation since November 20®4since
about 11 months. Figure 15 presents an extracDadays of continuous simulation results obtaineth ilie
Hydro-Clone at Unit 1, while Figure 16 presentsraat comparison of the resulting pressure at tihet iand of
the active power of Unit 1, featuring very goodesgment between simulation and measurements.

Figure 17 presents the analysis of an extract efpfessure at the inlet of turbine of Unit 1 at smmutive
different time scales. By zooming into the timelsgcthis shows a very good agreement and pointa puéssure
peak event with an amplitude higher than the averadues. Figure 18 (left) compares between siradland
measured active power of Unit 1, which shows gogtement. Figure 18 (right) presents the correspgnd
operating sequence of Unit 1, directly responsibtethe recorded pressure peaks. These peaks appwabe
related to a switch from 5 injectors down to 3 atggs operation. Indeed, the reduction of the actiower set
point led to the automatic closure of 2 injectaesulting in the re-opening of the three remairiimjgctors to
follow the active power set point. The combinatafrfast closure and re-opening of the injectorsegponsible
for the pressure peak event. Such kind of evestgdtieg from secondary control occur several tirmatay and
directly contribute to pressure shaft fatigue. Kimgmhe pressure shaft mechanical characterigtiessurvey of
the pressure along the penstock using the HydroeClllows to determine the evolution of the pressiraft
solicitations and to evaluate in real-time the esponding pipe wall fatigue parameters.
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Figure 15 Survey of net head H1, active power P1 and diseh@t of Unit 1 simulated over 10 days
with the La Béatiaz Hydro-Clone.
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Figure 17 Comparison between simulated and measured pressimiet of Unit 1 at different time scales
obtained from the La Béatiaz Hydro-Clone.
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Figure 18 Comparison between simulated and measured activerpaf Unit 1(left) and related simulation
results of net head and injector position of Unftight) resulting from injector combination modifition from 5
injectors to 3 injectors.

6. Conclusions

An innovative application of Real-Time SimulationoRltoring, defined as the Hydro-Clone, has been
developed. The clone has been successfully teatkd@lemented for hydraulic applications at th® MW La
Batiaz HPP, equipped with two Pelton turbines and pf the complex 380 MW Electricité d’Emosson SA
hydroelectric scheme.

The tests performed at La Batiaz HPP enabled tidatal the SIMSEN simulation model of the power plan
throughout a Real-Time simulation of an emergeraytdown of one Unit at 85 MW. The Hydro-Clone, lihse
on this validated simulation model, is in succelssfuntinuous operation since more than 11 monthes& long
term tests proof the reliability and accuracy & teveloped Real-Time Simulation system. The kajufes of
this system are the possibility to perform on-lgiagnosis of the health state of the power plasetdeaon 4
different possible alarms:

« Divergence between measurements and simulatiadsmify possible anomalies:

» Exceedance of admissible limit of measured quaftigssical monitoring);



e Exceedance of admissible limit of non-measurablantjty obtained from the simulation model in
Real-Time (RTSM);

« Ahead-of-time projections of the state of the sys&TSM, what-if) to identify possible risks relate
to predefined scenarios such as emergency shutdoripading, unexpected valve closure.

It is believed that such a system constitutes at&elfor sound and continuous assessment of HRRysaith
respect to transient phenomena arising from noramal exceptional operating conditions. In addititme
Hydro-Clone allows follow-up and instant diagnoeisspecific structural safety issues, such as f@n®le
potential fatigue of the different power plant campnts based on pressures, torques, and curnehistories
obtained from the simulation model. When doing,ttiie reliability of the simulated quantities caa dssessed
in Real-Time from the comparison of simulated angbsured monitored quantities. Furthermore, the btydr
Clone can be easily installed without need for &didial instrumentation and relying only on alreadgasured
guantities obtained directly from the existing SCRABystem.

Since 2014, the Hydro-Clone has been successfuipleimented on 3 different power plants in Switzatla
equipped with Pelton turbines and storage pumpsoifar of the power plants. One of the applicatiorzs w
realized in the framework of the HYDRONET 2 resbagproject, enabling to confirm the feasibility of
hydroelectric Real-Time simulation of 23 MW Peltganeration Units, including the generator and faanser,
see[2].

Recently, the Hydro-Clone services have already leegended to Francis turbines and pump-turbineshe
near future, they will be extended also to Kaplambines, allowing in this way a more systematic
implementation in other power plants in Switzerlaardl abroad. By combining site-specific high-techSRI
and ATSM capabilities with classical monitoring tingnentation, it is believed that the Hydro-Clondl w
significantly improve power plant safety by mininmig the number of safety concerns related to chgitey
electricity market demands.
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8. Nomenclature

A: pipe cross section [ n: per unit rotational speed n=N{fpu]
Dwet.  machine reference diameter [m] p: static pressure [Pa]

H: net head [m] q: per unit discharge q=Q&Jpu]
Q: discharge [1s] p: pressure [Pa]

N: rotational speed [rpm] t: time [s]

P: power [W] t: per unit torque t=T/F [pu]

T: Torque [Nm] u: per unit voltage [pu]

a pipe wave speed [m/s] y: turbine guide vane opening [-]
h: piezometric heald=z+p/(pg) [m] Z elevation above a datum [m]
h: per unit head h=Hi[pu] R: subscript for rated

g: gravity [m/g]
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9. ANNEXE 1: Modeling of the Hydraulic Machinery and Systems in SIMSEN

By assuming uniform pressure and velocity distiing in the cross section and neglecting the cdiweec
terms, the one-dimensional momentum and contirhdtgnces for an elementary pipe filled with wateleagth
dx, cross sectio and wave speed, see Figure 19, yields to the following set of égylic partial differential
equations [9]:

o, &9 _,
ot gA ox

oh, 1 .0Q, AQ
0x QA dt 2gDA’

0)
M=

The system (0) is solved using the Finite Diffeemdethod with a 1st order center scheme discréizah
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-shapealeqt schemd3], [6], [8] as presented in Figure 20. The
RLC parameters of this equivalent scheme are diyen

AE‘Q‘mx L= dx C_gDAij ©)
2y D I’ gA a’

Wherel is the local loss coefficient. The hydraulic rémme R, the hydraulic inductance L, and the hyldrau
capacitance C correspond respectively to energefysnertia and storage effects.

The model of a pipe of lengthis made of a series of rlements based on the equivalent scheme of Fifure
The system of equations relative to this modekisup using Kirchoff laws. The model of the pips,veell as
the models of valve, surge tank, hydraulic turbinete, are implemented in the EPFL software SIMSEN
developed for the simulation of the dynamic behawibhydroelectric power plants, [4], [7]. The tirdemain
integration of the full system is achieved in SIMBBy a Runge-Kutta®order procedure.

Pie
20,
’her,.,-(_ i,
e

pi/(pg)
pi+1/(pg)

Qi
Qi+1
hi \ \)\ hi+1

Figure 19 Elementary hydraulic pipe of Figure 20 Equivalent circuit of an elementary pipe of
length dx. length dx.

The modeling approach based on equivalent schefmlegdoaulic components is extended to all the shatd
hydraulic components such as valve, surge tanksyesisels, cavitation development, Francis pumbites,
Pelton turbines, Kaplan turbines, pump, etc, sgeTHe hydraulic machines are modelled with 4 qaaty
characteristics defined by speed factar, khe discharge factor:@Q and the torque factonTdefined as follows:

e Q= = ©
JH " D IH D,* (H

N, =



