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Abstract

Due to electricity market deregulation, the contribution of hydroelectric power plants to secondary control
becomes of major interest regarding the electrical grid stability. Besides the grid stability improvements obtained
with secondary control, the power utilities are more and more concerned by the influence of the constantly
changing power set point on the lifetime of the power plant components. The pumped storage power plant of
Moiry-Mottec owned by Forces Motrices de la Gougra SA in Switzerland of 69MW, was originally
commissioned in 1960. The power plant featuring complex hydraulic layout comprises 3 Pelton units of 23MW,
one storage pump of 24MW and one siphon pump of 7.5MW. Since 2009, 2 units of this power plant provide
secondary control services to the grid in generating mode. If inspections and related maintenance can be done
rather easily for turbines, pumps and generators parts, these tasks are more difficult to undertake for the
penstock. This paper addresses the solicitations of the penstock resulting from the new control mode analyzed by
means of numerical simulation for predicting possible fatigue of the penstock materials. To carry out this
analysis, a simulation model is elaborated using the simulation software SIMSEN and includes the upstream
reservoir, the gallery, the surge tank, the penstock, the Pelton turbines and the control loops for secondary
control of active power. First, the simulation model is presented and validated with in-situ measurements carried
out in case of both prequalification and secondary control. Then, time domain simulations are carried out
considering 3 different types of active power set point signals: (i) Pseudo-Random signal, (ii) triangle signals and
(iii) real secondary control set point history. Finally, the pressure amplitudes resulting from the simulation are
converted into penstock materials stress to carry out fatigue analysis. The fatigue analysis accounts for welding
details and enables defining allowable number of cycle along the penstock.

1. Introduction

Due to flexible output power, fast output power changes and extended operating range, hydroelectric power
plants play a strong role in the stability of electrical power networks. Indeed, hydroelectric power plants can
contribute to primary, secondary and tertiary control as well as voltage support ancillary services. To provide
such services, hydropower plants must comply with prequalification tests defined by the Transmission System
Operator, TSO. In Switzerland, the Transmission System Operator Swissgrid has the following requirements for
hydropower plants [11]:

- for primary control: power setpoint changes within maximum 30s;

- for secondary control: power setpoint change within maximum 5 minutes, minimum control rang

of +/-5SMW and minimum output power change rate of 0.5% of the rated output power per second;
- for tertiary control: power setpoint changes within 15minutes.

The 3x23MW pumped storage power plant of Mottec, located in the canton Valais of Switzerland and owned by
“Forces Motrices de la Gougra SA” [1], successfully fulfilled the Swissgrid prequalification tests for primary and
secondary control services in year 2008. Since 2009, two Pelton turbine units provide secondary control services
and are experiencing constantly changing active power setpoint as presented in Figure 1. As consequence, the
position of the needles of the Pelton turbines is also constantly changing in order to follow up the output power
setpoint transmitted by Swissgrid and induces pressure fluctuations in the penstock. If, the effect of secondary
control on the generation units can be handled by appropriate inspection and maintenance policy, the
consequences on the penstock safety is more complex to harness. Therefore, the possible fatigue of the penstock
commissioned in 1960 is of particular interest.

This paper presents the investigation carried out to evaluate the possible fatigue of the penstock of Moiry-Mottec
power plant by means of numerical simulation. The overall methodology applied for this project is presented in



Figure 2. First, a simulation model of the power plant is setup using the simulation software SIMSEN. This
simulation model takes into accounts the hydraulic waterways, the turbines characteristics and the turbine
governor. This simulation is validated by comparison of simulation results with on site measurements carried out
in case of Secondary Control. Then, time domain simulations are carried out considering three different types of
power setpoint: (i) white noise excitation signal in order to compute system transfer function and identify the
dynamic characteristics of the power plant, (ii) triangle signals at frequencies of particular interest identified
from transfer function in order to calculate peak-to-peak pressure amplitude along the penstock and (iii) real
secondary control signal to compare with the results obtained with triangle signals. Finally, the pressure
amplitudes obtained along the penstock are converted into material stresses in the penstock to compare with
admissible fatigue stresses according to constructive details of the penstock.
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Figure 1: Typical power setpoint for secondary control of Mottec Power Plant.
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Figure 2: General approach applied to evaluate the risk of penstock fatigue.



2. Moiry-Mottec Pumped Storage Power Plant

The layout of the Moiry-Mottec pumped storage power plant is presented in Figure 3. The power house of
Mottec is connected to two upstream reservoirs: (i) the Moiry reservoir with maximum water level of 2249masl
and capacity of 77 millions cubic meters and the Tourtemagne reservoir with maximum water level of 2177masl
and capacity of 0.77 millions cubic meters. Each adduction system comprises a gallery, a surge tank and a
penstock. This investigation focuses on the adduction between Moiry and Mottec comprising:
- the upper reservoir of Moiry: maximum water level Zmax=2249masl, minimum water level
Zmin=2150masl;
- the gallery: 3380m long with diameter of 2.4m;
- the surge tank of Tsarmette: with lower and higher expansion chambers;
- the penstock of Tsarmette: total length of 1180m and diameter from 2.1m to 1.5m;
- the Mottec power house: with 3 Pelton units of 23MW, a storage pump of 24MW and a siphon
pump of 7.5MW;
- the lower reservoir of Mottec: maximum water level Zmax=1561masl, minimum water level
Zmin=1552masl.

The main characteristics of the 3 units of the Mottec power house shown in Figure 4 are given in Table 1.
Figure 5 shows a cut view of the unit 2 comprising one Pelton turbine and the storage pump.
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Figure 3: Moiry-Mottec power plant layout and SIMSEN simulation model.

Table 1 Machines characteristics.

Pelton turbine Generator Storage Pump Siphon Pump
Pr=23 MW Rated apparent power: | Pg=24MW Pr=7.5MW
Nr=750 rpm 29 MVA Ng=750rpm Nr=750rpm
Qr=4 m’/s Rated phase to phase | Qr=3.6m3/s Qr=5m3/s
Hg=656 mWC voltage: 9kV Hr=600mWC Hy=126mWC
2 runners per unit Frequency: 50 Hz Nb. Stages: 3 Nb. Stages: 1
2 injectors per runner




Figure 4: Pelton units of Mottec power plant.
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Figure 5: Cut view of the ternary unit 2.

3. Modeling of the Hydraulic Machinery and Systems

By assuming uniform pressure and velocity distributions in the cross section and neglecting the convective
terms, the one-dimensional momentum and continuity balances for an elementary pipe filled with water of length
dx, cross section A and wave speed a, see Figure 6, yields to the following set of hyperbolic partial differential
equations [13]:
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ot gA ox n
A

oh, 100, A0l ,_

ox gd o 2gDA
The system (1) is solved using the Finite Difference Method with a 1™ order center scheme discretization in
space and a scheme of Lax for the discharge variable. This approach leads to a system of ordinary differential
equations that can be represented as a T-shaped equivalent scheme [3], [6], [10] as presented in Figure 7. The
RLC parameters of this equivalent scheme are given by:
l-‘é‘-dx d “A-
R x c-8 dx
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Where A is the local loss coefficient. The hydraulic resistance R, the hydraulic inductance L, and the hydraulic
capacitance C correspond respectively to energy losses, inertia and storage effects.



The model of a pipe of length L is made of a series of n, elements based on the equivalent scheme of Figure 7.
The system of equations relative to this model is set-up using Kirchoff laws. The model of the pipe, as well as
the models of valve, surge tank, hydraulic turbines, etc, are implemented in the EPFL software SIMSEN
developed for the simulation of the dynamic behavior of hydroelectric power plants, [4], [7]. The time domain
integration of the full system is achieved in SIMSEN by a Runge-Kutta 4™ order procedure.
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Figure 6: Elementary hydraulic pipe of Figure 7: Equivalent circuit of an elementary pipe of
length dx. length dx.

The modeling approach based on equivalent schemes of hydraulic components is extended to all the standard
hydraulic components such as valve, surge tanks, air vessels, cavitation development, Francis pump-turbines,
Pelton turbines, Kaplan turbines, pump, etc, see [4].

The SIMSEN model of the Moiry-Mottec power plant is presented in Figure 3. This simulation model accounts
for waterhammer, mass oscillation, turbine characteristics effects. The model also includes a model of the
turbine governor. The electrical components and the pumps are not considered for this investigation and the
valves connecting to the reservoir of Tourtemagne at the bottom of the penstock of Barneusa are closed.

4. Secondary Control Modeling and Validation

4.1. Secondary Control Modeling

The block diagram of the governor of the Pelton turbines of Mottec power plant is presented in Figure 8. This
governor comprises a Proportional Integral Derivative (PID) speed governor with permanent speed droop for
primary control and a PID power governor enabling secondary control, [2], [12]. For this investigation, it is
assumed that the secondary control has a major contribution to the possible fatigue of the Tsarmette penstock as
the power setpoint is constantly changing while the primary control does not contribute to the fatigue as the
frequency of the European grid is almost constant and large deviations occur very seldom. Thus, the block
diagram of Figure 8 can be reduced to the block diagram of Figure 9.

Deadband
Be ¢ +/-10mHz [ ]
Permanent
Speed Droop
Speed N Turbine .
Setpoint Governor Control 1  Turbine Unit
Controller Actuator Speed
- (Speed) Y Unit
Power
P + Power
owenj Governor
Setpoint
from
Swissgrid = 1%t order filter

Figure 8 :Block diagram of control System of Pelton turbines.
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Figure 9: Simplified model of control System of Pelton turbines.
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The block diagram of secondary control of Figure 9 is included in the SIMSEN model of the power plant and

includes:
- apower setpoint defined from Swissgrid;
- the transfer function of PID power governor with series structure;
- the rate limiter for needle positioning;
- aservomotor model with first order time constant and stroke limiter;
- afirst order filter on the measured output active power of the unit.

The transfer function of the PID power governor including the 1% order filter is given by:

s+l 7,-5+1

G(s)=K, - 1
7,8 s+
1 filter (1)
Where :
.
T, = n a=1+-~2
I=7, a I )
With:  K.: gain [-]
Tr: integral time constant[s]
Tp: derivative time constant [s]
Thiter - filter time constant [s]
s=o0tjw: Laplace operator [1/s]
4.2. Model Validation

The simulation of the model of the Moiry-Mottec power plant has been originally validated for standard transient
analysis purposes and gave satisfactory simulation results compared to on site measurements. As this model was
extended to secondary control, the model of the turbine governor was validated by comparison between

simulation results and on site measurements for two cases:
- power setpoint changes for secondary control prequalification tests;
- power setpoint changes during power generation.

The comparisons between simulation results and on site measurements are respectively presented in Figure 10

and Figure 11 and show for both cases good agreements and thus validate the model for secondary control.
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Figure 10: Comparison between simulation results and on site measurements of power setpoint changes.



Comparison Simulation/Measurements of Active Power Resulting from Comparison Simulation/Measurements of Penstock Pressure at Inlet Power
Secondary Control during Production House Resulting from Secondary Control during Production
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Figure 11: Comparison between simulation results and on site measurements of secondary control power
setpoint changes during generation (left) and pressure at Tsarmette penstock end (right).

5. Determination of Pressure Fluctuations Resulting from Secondary Control

Time domain simulations are carried out considering three different types of power setpoint:
- (i) white noise excitation signal in order to compute system transfer function and identify the
dynamic characteristics of the power plant;
- (ii) triangle signals at frequencies of particular interest identified from transfer function in order to
calculate peak-to-peak pressure amplitude along the penstock;
- (iii) real secondary control signal to compare with the results obtained with triangle signals.

5.1. Frequency Domain Response and System Characterization

Time domain simulation considering white noise excitation as secondary control setpoint is carried out using a
pseudo random binary sequence to model the white noise excitation, see [5]. The resulting transfer function
between the power setpoint and the pressure at the end of the penstock of Tsarmette is presented in Figure 12.
This transfer function points out the natural frequencies of the hydraulic systems.
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Figure 12: Amplitude Spectra of the transfer function between pressure fluctuations at penstock end and power
setpoint.



The mass oscillation period between the surge tank and the upper reservoir can be calculated as follows:

2
ML T Y LG A ) BSYTR 3)
g-(r-247/4)

With: [, :  length of the gallery [m]
Ach . horizontal cross section of the surge tank [m’]

A g ¢ CIOSS section of the gallery [m?]

The first natural frequency of the penstock corresponding to an open-close pipe can be calculated as follows:

goo o 184TmIs o = 1 =L 368 4)
4]  4-1182m /.

o

With: [ :  total length of the penstock [m]

a : average wave speed in the penstock [m/s]

The frequencies of the higher order modes of the penstock for open-close boundary conditions are given by :
a
fi=Qk=N)or 5 k=123, )

The values of the system natural frequencies determined analytically correspond well to the values identified
from the transfer function of Figure 12. It can be also noticed that the transfer function points also out the anti-

resonance frequencies of the penstock obtained for 2k - (a/(4l)). It can be also noticed that as expected, the
higher the order of the mode, the higher damping of the mode.

5.2. Time Domain Response and Pressure Amplitudes Determination

In order to determine the pressure fluctuation amplitudes resulting from secondary control, time domain
simulations are carried out with a power setpoint featuring triangle signal time evolution, see Figure 13. The
minimum/maximum power setpoints are defined according to the turbine secondary control operating range and
corresponds to an amplitude of 18MW. The peak-to-peak pressure amplitude resulting from the triangle power
setpoint are computed along the penstock for different power setpoint triangle signal periods corresponding to
the frequencies identified from the transfer function of Figure 12. Different operating conditions have been
considered with different numbers of units in operation, upper reservoir water levels, etc. The peak-to-peak
amplitude obtained for two units in secondary control at maximum upper reservoir water level are presented in
Figure 14 for the first, second and third penstock natural frequencies and for the mass oscillation period.

It can be noticed that:
- the mass oscillation leads to large pressure fluctuation along the whole penstock, leading to large
rated pressure amplitude at the top of the penstock if the low static pressure is considered;
- the first natural mode shape of pressure features maximum pressure amplitudes at the penstock end;
- the third mode amplitudes are lower than the first mode amplitudes on the whole penstock;
- the second mode corresponding to open-open pipe features very low amplitudes on the whole
penstock.
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Figure 13: Time domain simulation with triangle signal setpoint with period corresponding to the first pressure
mode shape of the Tsarmette penstock and resulting output active power
and pressure fluctuations at the penstock end.
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Figure 14: Peak-to-peak pressure amplitudes along the penstock resulting from time domain simulation with
triangle signal setpoint with period corresponding to the first, second and third pressure mode shape of the
Tsarmette penstock and to the mass oscillation frequency.

5.3. Time Domain Response to Real Secondary Control Signal

A sample of 4000s of time history is extracted from measurements of secondary control power setpoint of
Figure 15 left and is considered in time domain simulation with two different set of PID governor parameters.
The existing one and one of a PID governor with time response four time faster, see Figure 16 left. The resulting
time domain evolution of the output power of Unit 1 is presented in Figure 16 right for both regulators
parameters sets. The resulting peak-to-peak pressure amplitudes along the penstock are presented in Figure 17.

It can be noticed that if the PID governor with faster reaction enables to better follow the power setpoint, it also
increases the peak-to-peak amplitudes along the penstock by factor 1.8. It can be also noticed that the shape of
the pressure amplitude along the penstock corresponds more or less to the mass oscillation amplitudes shape
obtained in Figure 14 but with increasing amplitudes from the top to the end of the penstock. The amplitude
spectra of the power setpoint resulting from secondary control of Figure 15 right confirm that this signal contains
more energy for the low frequencies in the range of the mass oscillation frequency. However, this result has to be
carefully interpreted as the nature of this signal is supposed to be random but it results from the very complex
power exchange in the electrical network. Thus, it is subjected to many changes in the coming years as the



electricity market is under constant changes due to increasing role played by renewable energy sources of
various types. Therefore, the approach based on the triangular signal seems to be more appropriate even if it is
very unlikely that the power setpoint follows such triangular time evolution with frequency corresponding to a
natural frequency of the system. Moreover, this approach is very conservative.
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Figure 15: Typical power setpoint change during secondary control (left) and related amplitude spectra (right).
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Figure 16: Comparison of time response of existing PID governor (blue curve) and of a faster PID governor
(green curve) (left) and output power of Unit 1 obtained with both governors parameters with a real secondary
control signal (right).
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Figure 17: Peak-to-peak pressure amplitudes along the penstock obtained with the existing PID and a faster
PID governor with a real secondary control signal.



6. Fatigue Analysis

The stress amplitude in the pipe walls resulting from pressure fluctuations is computed considering the concrete
and rocks surrounding the pipe according to the model of Schleiss [8]. Thus, the stress amplitude in the pipe

material is computed as function of the pressure amplitudes Ao = f(Ap) for each pipe element taking into
account the local geology.

The constructive details of the penstock play a major role in the life time prediction of the pipes. The dominant
influence of welding details on fatigue resistance is presented as a Wohler diagram for steel material

in Figure 18.
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Figure 18: Wéhler diagram of steel for different welding constructive details, [9].

The envelopp of pressure amplitudes obtained with triangular signal, see for example Figure 14, are converted
into stress variations in the pipe material taking into account the contribution of the pipe surrounding and
welding details for different load cases (number of Units in operation, upper reservoir water level, etc.) and
represented in the Figure 19 and compared with appropriate Fatigue Limit including safety factor. It can be
noticed that for all the cases, the fatigue limit is not reached along the whole penstock ensuring the safety of the
penstock with respect to secondary control.
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Figure 19: Pipe material stress along the Tsarmette penstock accounting for welding details of Figure 18.

7. Conclusions

This paper presents the modeling, simulation and analysis of a hydroelectric power plant subjected to secondary
control in order to evaluate the possible risk of fatigue of the penstock material. The investigation is carried out
by means of time domain numerical simulation with model accounting for waterhammer, mass oscillation,
turbine characteristics and turbine governor.

The time domain simulations enabled to point out:

- the dominant effect of the waterways natural frequencies on the pressure amplitude obtained along the
penstock;

- that the lower the natural frequency, the higher pressure amplitudes in the penstock;

- the faster time response of the turbine governor, the higher the pressure amplitudes;

- that secondary control signal considered in this investigation features higher energy content for the
lowest frequencies, emphasizing the role played by the mass oscillations especially for the upper part of
the penstock where the static pressure is usually rather low.

The method using power setpoint defined with triangle signals appears very interesting for the simplicity of
signal definition with reduced number of parameters, for the easy interpretation and the conservative aspect of
such signal which is very unlikely to occur in real power plant life.

The investigation carried out for the Moiry-Mottec pumped storage power plant showed that the secondary
control do not lead to fatigue problem with the existing set of turbine governor parameters. However, it is also
important to notice that this investigation does not include possible fatigue effects that may results from normal
operation of the power plants inducing several transient phenomena related to turbines/pumps start-up, normal
shutdown, emergency shutdown, fast mode change over, etc. These effects would have to be considered in a
probabilistic approach involving system solicitations and risk of occurrence.
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9. Nomenclature

A: pipe cross section [m?] p: static pressure [Pa]
A, gallery cross section [m?] lg: length of the gallery [m]
Agr:  surge tank cross section [m?] p: pressure [Pa]
D, machine reference diameter [m] t: time [s]
H: net head [m] X: position [m]
Q: discharge [m’/s] y: turbine guide vane opening [-]
N: rotational speed [rpm] VA elevation above a datum [m]
P: power [W] v: specific speed 2a
/
T: Tprque [Nm] VZWR(QR/”)”/(z'g'HR) [-]
a: pipe wave speed [m/s] : rotational pulsation [rd/s]
h: piezometric head h=z+p/(pg) [m] R subscript for rated
g gravity [m/s*]
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