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Abstract
This paper presents the results of a study conducted for an existing pumped storage hydroelectric power plant
with 4x230MW, to assess the grid code compliance of the hydro units using detailed numerical simulation
models. Therefore, the hydroelectric power plant was modelled using the simulation software SIMSEN, taking
into account: the upper reservoir, the penstocks and pressurized pipes, the Francis reversible pump-turbines, the
surge tanks, the galleries, the rotating inertia, the synchronous motor-generators, the transformers and the control
systems including turbine governor and voltage regulator. The power network model was adapted according to
the specifications of the Grid Code edited by the French Transmission System Operator, RTE, Gestionnaire du
Réseau de Transport d’Electricité. After a careful validation of the model against on site measurements, the
model was used to simulate 7 of the most critical load cases of the RTE Grid Code such as: low voltage ride
through (LVRT), short-circuits, load shedding, primary and secondary control for voltage and frequency
stability. The paper presents the comparison between simulation results obtained with fully detailed
hydroelectric model with those obtained with the electrical model only, evidencing the contribution of turbine
governor to system stability during electrical faults. These results enabled to define the level of complexity of the
simulation model required for the different load cases investigated. In case of non-compliance with the
specifications, this approach also offers the possibility to improve the control performances of the hydro unit,
considering the impact on system stability and on the power plant integrity.
1. Introduction
Due to deregulated market and the increasing penetration of new renewable energies, the contribution of
hydroelectric power plants to power network stability becomes of major interest, [6], [13]. Indeed, hydroelectric
power plants feature high flexibility, extended operating range, quick time response, and therefore are capable to
provide primary, secondary and tertiary control services, [3], [5]. The Grid Codes edited by the local
Transmission System Operators, TSO, define the requirements related to generation unit stability during
electrical faults and to primary and secondary control performances required to contribute to frequency and
voltage control. If the control services can be fairly evaluated by on-site measurements, the stability of the units
during electrical faults has to be evaluated by means of numerical simulations.
Usually, numerical simulation of electrical fault is performed assuming constant generating torque, or simplified
models of the generation process. For design purposes, these simplifications are relevant, because extreme
design values usually occur in the first instants following an electrical fault. However, as far as the system
stability and related damping is concerned, depending of the system configuration, it may require several
seconds to recover constant output power consecutively to a major electrical fault. For hydroelectric units
featuring stabilisation time above typically 3 s, a significant contribution from the hydraulic system and
associated control to the system stability can be expected. For such systems, it make sense to perform fully
coupled hydroelectric numerical simulations comprising hydraulic system, turbine and related governor, rotating
inertias, generator and voltage regulator and connection to the electrical grid.
This paper presents the results of a study of an existing pumped storage power plant, which grid code
compliance was assessed by means of numerical simulations, using electrical, hydraulic and hydroelectric
simulation models. The comparison of the results obtained for different load cases with the different models
points out the relevance of full hydroelectric simulation for some of the load cases.

2.

Grid Code compliance requirements

2.1. General context in France
Since the deregulation of French electrical market and the birth of French TSO named RTE, “Gestionnaire du
Réseau de Transport d’Electricité”, several rules and requirements have been implemented to contractualize the
responsibilities of French power producers regarding grid support. These requirements include performance
guaranties described in several forms of the RTE technical documents. Some performances can be assessed on
line, such as actual voltage or frequency control capacity; other requirements are for power producers to
demonstrate through simulation results that the transient behavior of the units remain stable.
For frequency control, RTE requirements are very similar to other TSO and states as follow:
- for primary control: 2.5% of max power to be delivered within maximum 30s;
- for secondary control: 9% of max power to be delivered within 133s;
- for tertiary control: to be put on line within 15minutes.
2.2. Requirements from RTE
RTE edited Grid Code requirements to connect a new or upgraded power plant to the French power network, see
[10]. In case of upgrade, Grid Code requirements shall apply if power output is increased by 10% or more.
Among the different requirements, the grid code specify the contribution of the new power plant to the power
network stability. These requirements depend on the fuel source, power level and voltage level at the connecting
point. Table 1 presents the list of the 22 forms to be provided to RTE to demonstrate the compliance of the new
power plant to the Grid Code requirements. The forms 1 to 10 have to be provided prior to the first connection of
one unit to the power network. The forms 1 to 4 are of information type while the forms 5 to 10 have to be
evaluated by numerical simulations. The forms 11 to 22 have to be evaluated by on-site measurements, if forms
1 to 10 were conform. Each RTE form defines:
- the simulation model or operating configuration to be considered;
- the initial conditions of the tests and associate parameters;
- the assessment method;
- the compliance criteria to be fulfilled.
The forms 5 to 10 are evaluated by numerical simulations as they are difficult to setup in reality, and also as they
are inducing unwanted perturbations on the power network and may also lead to severe loading of the
equipment; see for example Form 9 related to short-circuit at full power. Each RTE requirement regarding
transient behaviour of the units has a precise goal:
- Form n°6 : Voltage stability in case of small voltage disturbances. The aim is to confirm that,
whatever the grid topology, generating units remain stable (see case study § 5.1);
- Form n°7: Unit stability during grid topology switching. The goal is to confirm that the generating
units keep stable during network power line switching (case not presented in this paper);
- Form n°8: Unit stability during grid short-circuit. The goal is to assess the risks of loss of
synchronism, risk of tripping of generating units during and after a short-circuit fault that is
normally cleared by grid protection. (see case study § 5.2);
- Form n°9: Low Voltage Ride Through. The aim is to assess any risk of tripping or loss of
synchronism of generating sets during a voltage deep whose shape is described at Figure 16 (see
case study § 5.3);
- Form n°10: Voltage stability during large frequency transient. The goal is to check that generating
unit stator voltage remains perfectly controlled during large grid frequency deviation (f=±200mHz
– case not presented in this paper).
Regarding the Forms 11 to 22, even if the final evaluation will be based on the in-situ tests, it is very useful to
evaluate the compliance for some of the forms also by means of numerical simulation first, to anticipate some
difficulties on site. In case the compliance is not reached, the numerical simulation enables to select appropriate
solutions prior the tests, to guarantee the success of the measurement campaign.
Therefore, such approach has been undertaken by EDF-CIH, in collaboration with EPFL and Power Vision
Engineering Sàrl, to perform the evaluation of grid code compliance of one existing pumped storage power
plant, for the Forms 6 to 10, 14 and 15. Table 1 summarizes the forms that have been simulated, and those which
part of the results are presented in the present paper. The simulations results could ultimately lead to upgrade
option choices, either to remain below the 10% output power increases threshold, or should the results be
satisfactory, undertake a rehabilitation beyond 10% output power increase.
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3. Casee study descriiption
To selectt the case studdy, EDF-CIH chose
c
a Pumpped Storage Po
ower Plant bu
uilt in the 80 ss, where a pum
mp-turbine
upgrade would be meeaningful. Th
he simulationss undertaken in collaboration with EPPFL and Pow
wer Vision
Engineeriing Sàrl, weree aimed at ideentifying any ppotential issue to fulfill thee Grid Code re
requirements in
i order to
choose a relevant upgrade option. Th
he layout of thhe pumped sto
orage power plant
p
of interesst is presented
d in Figure
1. The poower plant comprises upper reservoir, tw
wo penstocks,, 4 reversible Francis pumpp-turbine units of about
230 MW each operatedd under mediu
um head of appproximately 400
4 m, downsstream surge taanks and tailrace tunnel
m reservoir. Th
he pump-turbiines are conneected to fixed speed synchroonous motor-g
generators
to connecct downstream
linked to 400 kV large electrical pow
wer system thrrough transforrmers.

Figure
F
1 Schem
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wer plant layou
ut.

4. Casee study modeling and valid
dation
The pumpped storage power
p
plant off interest was modeled usin
ng the simulattion software SIMSEN dev
veloped by
the EPFL
L for the simuulation of the dynamic
d
behaavior of hydro
oelectric poweer plants, [11],, [7], [8]. Thrree models
were setuup:
- An electrrical simulatiion model: inncluding motorr-generator, th
he related volttage regulatorr, the shaft
line rotatiing inertia tran
nsformer, trannsmission linees and connecttion to an infinnite power nettwork;
- A hydraulic model: including thee upper and lo
ower reservoiirs, the waterrways, the su
urge tanks,
pump-turrbines and relaated turbine goovernor, the ro
otating inertiaa;
- A hydroeelectric modeel: combining the electrical and hydraulicc models.
Dependinng of the naturre of the Form
m requirementts, either electrrical or hydrau
ulic models ha
have been conssidered. In
addition, for some loaad cases, thee full hydroellectric model was also considered andd the simulation results
comparedd with the firsst model. Thee modeling off the electricaal and hydraullic parts of thhe SIMSEN models
m
are
presentedd below.
4.1. Hydraulic syystem modeliing
Figure 2 presents the SIMSEN mo
odel of the hyydraulic part of the pumped storage poower plant. The
T model
includes: the penstoccks, the rep
partitors, the pump-turbin
nes modelled
d with 4 quuadrant charracteristics
[y,N11,Q
Q11,T11], the downstream surge tanks, tthe collectors and tailrace tunnel. The m
model also includes the
unit totall inertia and the
t turbine go
overnor of PID
D type. The modeling
m
of hydraulic
h
com
mponents in SIIMSEN is
briefly prresented in Apppendix 1.

Figure 2 SIMSEN model of the hyddraulic system of the pumped storage pow
wer plant.
4.2. Electrical syystem modelin
ng
The motoor-generator is connected to
t an infinite network throu
ugh a high vo
oltage overheead transmission line as
presentedd in Figure 3.
3 The model of the synchhronous mach
hine of lamin
nated rotor tyype takes into account
transient and sub-transsient characterristic quantitiees, see Canay [1], [2]. Thee saturation efffect of the maagnetizing
reactancee xad in the direct-axis iss taken into aaccount using
g a nonlinearr characteristiic curve. Thee study is
performed for two extrreme values of the reactanc e Xcc of the transmission
t
liine: a = 0.05 pp.u and b = 0.3 p.u. The
rotor of the synchronoous machine is supplied bby a static ex
xcitation systeem. The voltaage regulatorr is a PID
controllerr represented by
b different blocks.

Figure 3 SIMSEN model of the electrical system of one unit of the pumped storage power plant.
4.3. Simulation Model Validation
The hydraulic model of the pumped storage power plant was validated by the comparison of simulation results of
emergency shutdown in turbine mode and pumping mode with on-site measurements. The turbine governor
model was then validated by the comparison of the simulation results of one unit in case of grid disconnection,
re-synchronization, and re-loading of the unit. For the simulation, the re-synchronization phase was simplified,
assuming the grid reconnection was successful. The simulation results of the pump-turbine unit obtained for this
sequence is presented in Figure 4, while the comparison between measurements and simulations are presented in
Figure 5 to Figure 7 respectively for the guide vane opening, rotational speed and the spiral case pressure. The
comparison shows very good agreement and demonstrate that pumped-storage model, including the turbine
governor is representative of the dynamic behavior of the power plant also when subjected to speed and power
controls.

Figure 4 Simulation results of pump-turbine transient behavior in case of unit grid disconnection,
resynchronization and loading.

Figure 5 Comparison of simulation results and measurements of the pump-turbine guide vane opening in case of
unit grid disconnection, resynchronization and loading.

Figure 6 Comparison of simulation results and measurements of the pump-turbine rotational speed in case of
unit grid disconnection, resynchronization and loading.

Figure 7 Comparison of simulation results and measurements of the pump-turbine spiral case pressure in case
of unit grid disconnection, resynchronization and loading.

5. Grid code compliance assessment by numerical simulation
As indicated in the Table 1, the load cases presented in this paper are the following:
- Form 6: voltage stability in case of small disturbances;
- Form 8: stability in case of short-circuits;
- Form 9: stability in case of low voltage at the power network;
- Form 13: frequency primary control capacity;
- Form 14: frequency secondary control capacity.
The simulation results obtained for the abovementioned forms are presented in the sub-chapters below.
5.1. Form 6: Voltage stability in case of small disturbances
Figure 8 presents the electrical configuration to be considered to assess the compliance with the requirements of
the Form 6 in case of voltage small disturbances.

Figure 8 Layout of the electrical model to be considered for the simulation
of the form 6 of RTE Grid Code (source RTE [10]) related to voltage stability.
The synchronous machine has the following initial conditions: rated voltage, rated active power and reactive
power nil. The load case consists in a voltage setpoint step change of 2% applied on the voltage regulator. The
resulting terminal stator voltage and the active power at the delivery point are represented respectively in Figure
9 and Figure 10. One can notice that the synchronous machine remains stable, and the stabilization time of the
active power with a value of +/-1% of the final value, is less than 10 seconds, result which is in accordance with
RTE Grid Code.

Figure 9 Simulation results of synchronous machine terminal stator voltage resulting from a voltage setpoint
step change of 2% with Xcc=0.3 pu (form 6 b).

Figure 10 Simulation results of synchronous machine terminal active power resulting from a voltage setpoint
step change of 2% with Xcc=0.3 pu (form 6 b).
5.2. Form 8: Stability in case of short-circuit
Figure 11 presents the electrical configuration to be considered to assess the compliance with the requirements of
the Form 8 in case of short-circuit.

Figure 11 Layout of the electrical model to be considered for the simulation
of the form 8 of RTE Grid Code (source RTE [10]) related to short-circuit.
The synchronous machine is operated with the following initial conditions: rated voltage, rated active power and
reactive power nil. On the 4th transmission line with impedance value of 3b= 0.9 p.u, a three-phase short-circuit
of duration 85 ms and fault clearance is simulated, considering both electric and hydroelectric models. The
comparison of simulation results obtained with hydroelectric and electric models for the voltage at the delivery
point (PDL), for the active power and for the synchronous machine rotational speed are presented respectively in
Figure 12 to Figure 14. The simulation results of the pump-turbine transient behavior obtained with hydroelectric
model are given in Figure 15.
The comparison of the simulation results points out, that the frequency deviations induced by the three-phase
short-circuit lead to a reaction of the turbine speed governor contributing to the damping of the active power
oscillations consecutive to the electrical fault. For this load case, the simulation results obtained with the
electrical and hydroelectric models fulfill the RTE Grid Code requirements for the stabilization of the active
power, which should be within +/-5% in less than 10 s. However, one can also notice the important contribution
of the turbine governor for the active power and rotational speed stabilization, which stabilization time is
reduced from 9.5 s to 6.7 s thus giving more confidence and robustness to the simulation results.

Figure 12 Comparison of simulation results of the voltage at the delivery point (PDL) obtained with
hydroelectric model and electric model in case of short-circuit of duration 85ms and fault clearance (form 8).

Figure 13 Comparison of simulation results of the active power at the delivery point (PDL) obtained with
hydroelectric model and electric model in case of short-circuit of duration 85ms and fault clearance (form 8).

Figure 14 Comparison of simulation results of the synchronous machine rotational speed obtained with
hydroelectric model and electric model in case of short-circuit of duration 85ms and fault clearance (form 8).

Figure 15 Simulation results of the pump-turbine transient behavior obtained with hydroelectric model in case of
short-circuit of duration 85ms and fault clearance (form 8).
5.3. Form 9: Stability in case of low voltage at the power network
Figure 16 presents the low voltage profile to be imposed at the power network, see case 1, considering no
transmission lines, to assess the compliance with the requirements of the Form 9 in case of low voltage at the
power network. The zero voltage duration is of 150 ms, while the voltage increases then to 0.5 pu and remains
constant for 550 ms, and finally returns to its original value in 800 ms. For the study, 12 different low voltage
profiles fitting in the general pattern have been simulated. In this paper only the results of the cases 1 and 2 are
presented.
Figure 17 presents the simulation results obtained with electrical and hydroelectric models for the case of voltage
profile case 1, when the unit is operated at rated power. It could be noticed that for both models the unit
disconnects from the power network, even if in the case of the hydroelectric model, the rotational speed is
brought back to synchronism by the turbine governor but only after 10 s. Figure 18 presents the pump-turbine
transient behavior resulting from the low voltage case 1, and it could be noticed that the turbine cannot react
faster as the guide vane are closing with the maximum possible rate corresponding to the closing rate in

emergency shutdown conditions. These simulation results do not take into account the generator and unit
protection system, which in this case would have triggered an emergency shutdown of the unit due to overfrequency.

Figure 16 Twelve different voltage profiles considered at the infinite grid for the simulation of the form 9
of RTE Grid Code (source RTE [10]) related to Low Voltage Ride Through (LVRT).

Figure 17 Comparison of the simulation results of the rotational speed of the unit obtained with hydroelectric
and electrical models and resulting from low voltage profile at the power network of the form 9 of RTE Grid
Code considering profile of case 1 of Figure 16.

Figure 18 Pump-turbine transient behavior obtained with hydroelectric model and resulting from low voltage
profile at the power network of the form 9 of RTE Grid Code considering profile of case 1 of Figure 16.
Figure 19 presents the voltage profile of the case 2, while Figure 20 and Figure 21 show respectively the
comparison of the pump-turbine rotational speed and output power obtained with the electrical and hydroelectric
models. For this load case, it could be noticed that even if the turbine governor contributes to the system
stability, the difference between both results are small. For both simulation models the unit successfully
complies with the grid code requirements as the unit remains in normal operation after the voltage drop.

Figure 19 Low voltage profile at the power network of the form 9 of RTE Grid Code considered for the case 2 of
Figure 16.

Figure 20 Comparison of the simulation results of the rotational speed of the unit obtained with hydroelectric
and electrical models and resulting from low voltage profile at the power network of the form 9 of RTE Grid
Code considering profile of case 2 of Figure 16.

Figure 21 Comparison of the simulation results of the active power of the unit obtained with hydroelectric and
electrical models and resulting from low voltage profile at the power network of the form 9 of RTE Grid Code
considering profile of case 2 of Figure 16.

5.4. Form 14: frequency primary control capacity
The form 14 evaluates the capability of the unit to provide frequency primary control, i.e. the capacity of the unit
to reduce or increase output power respectively in case of power network frequency increase or decrease, within
30 s, and then to maintain this power variation for at least 15 minutes. The frequency primary control capacity of
a generating unit is given by the “permanent speed droop” of the unit Bp which is defined as follow:

Bp 
Where f:
fref:
P:
Pref:

f f ref
P Pref
frequency deviation [Hz]
power network reference frequency [Hz], 50 Hz in Europe
power variation induced by the frequency variation f [MW]
reference power of the unit [MW]

Figure 22 shows the typical test to be performed on site to assess the primary control capability for RTE. It
consists in introducing a fictive frequency deviation from external signal, and then measuring the power
response, and checking that the primary control power P corresponding to the unit permanent speed droop Bp
is delivered in less than 30 s, and also that 50% of this power variation was already achieved after 15 s for units
of minimal nominal power of 40 MW. During the test, different frequency deviations, positive and negative and
ranging from 15 mHz to 200 mHz have to be tested, and also for different initial conditions of active power.
This test was performed by means of numerical simulation with the hydraulic model, and the simulation results
of one of the 7 load cases to be performed is presented in Figure 23. It could be noticed that, with the present
setting of the turbine governor, the primary control requirements are not fulfilled. The unit is capable to provide
the regulating power, but not in the expected time.

Figure 22 Power time response requirements of the form 14 of RTE Grid Code (source RTE [10])
for frequency primary control.

Figure 223 Simulation results of the active power time evolution resulting fro
om primary coontrol test casse of form
14 with frequeency drop of f =-200 mHzz.
5.5. Form 15: freequency seco
ondary controol capacity
The form
m 15 evaluatess the capability of the unit tto provide freequency secon
ndary control,, i.e. the capaccity of the
unit to redduce or increaase output pow
wer accordingg to a power seetpoint change, within 800ss, and then in 133s. The
new pow
wer setpoint shhould be main
ntained for att least 15minu
utes. During the
t test to be performed in
n-situ, it is
requestedd that the pow
wer output sign
nal remains wiithin minimum
m and maximu
um boundary limits, and also that the
general behavior is nott oscillating.
Figure 244 and Figure 25 present the simulation rresults for tw
wo tests of pow
wer setpoint iincrease respeectively in
800s and in 133s. It coould be noticed
d that for the vvariation of po
ower setpoint in 800s, the ooutput power of the unit
remains w
mum limit ov
within the lim
mits, while for the ramp in 1 33s, the poweer output is beelow the minim
ver 80% of
the ramp duration. Witth the presentt turbine goveernor setting, the
t unit fulfillls the 800s ram
mping capability, while
the rampiing capability in 133s is nott fulfilled.

Figuree 24 Simulation results of th
he active poweer time evolutiion resulting from
f
secondarry control testt case of
form
m 15 with activve power setp
point ramp of 800s.
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Figure 25 Simulation results of the active power time evolution resulting from secondary control test case of
form 15 with active power setpoint ramp of 133s.

6. Recommandations for grid code compliance assessment by numerical simulation
Table 2 summarizes the simulation model which are recommended for the different forms of the RTE Grid
Code, and provides comments on the results obtained on the present study.

Form
N°

5

6

7

8

9

10

14

15

16
17‐
19
20‐
22

Table 2 Recommendations about the simulation model to be considered
for the different forms requested by the RTE Grid Code.
Description
Conformity
Simulation
Recommended
Comments
assessment
model used
simulation
model for the
present study
Constructive capacity Simulation
None
None
Active and reactive allowed
in reactive power
operating domain to be
determined according to
manufacturer data and
equipment parameters.
Voltage stability in
Simulation
Electrical and
Electrical
Induces very small frequency
case of small
Hydroelectric
deviations with very limited
perturbation
turbine governor contribution.
Stability in case of
Simulation
Electrical and
Hydroelectric
The turbine governor improves
load transfer from 4
Hydroelectric
the active power and
transmission lines to
rotational speed stabilization,
3 transmission lines
but the compliance criteria are
fulfilled with both models.
Stability in case of
Simulation
Electrical and
Hydroelectric
The turbine governor improves
short‐circuit
Hydroelectric
significantly the active power
and rotational speed
stabilization, and the
compliance criteria are fulfilled
with both models
Stability in case of
Simulation
Electrical and
Hydroelectric
The turbine governor improves
low voltage at power
Hydroelectric
the active power and
network
rotational speed stabilization,
but the compliance criteria are
fulfilled only for cases 2 to 12
with both models, while case 1
is not fulfilled with both
models also.
Voltage stability in
Simulation
Electrical and
Electrical
Induces very small frequency
case of frequency
Hydroelectric
deviations with very limited
deviation
turbine governor contribution.
Frequency primary
In situ tests
Hydraulic
Hydraulic
The frequency primary control
control capacity
is ensured by the turbine
governor only.
Frequency secondary In situ tests
Hydraulic
Hydraulic
The frequency secondary
control capacity
control is ensured by the
turbine governor only.
Frequency secondary In situ tests
None
None
Simulation not relevant.
control capacity
Primary and
In situ tests
None
None
As for forms 6 and 10, electrical
secondary voltage
model is expected to be
control
sufficient
Power reduction
In situ tests
None
None
Not investigated, but
capacity, isolated grid
hydroelectric model is expected
operation, fast
for form 21 related to isolated
restart capability
grid.

The following comments can be formulated from the Table 2 :
 Forms 6 to 10 have to be evaluated by means of simulations; the results obtained for the present test
case shows that the forms 6 and 10 related to voltage stability do not require hydroelectric simulations,
because the frequency deviations induced by the perturbations remains small, and as a consequence, the
turbine and related governor do not contribute significantly to system stabilization;
 For forms 7 and 9, the frequency deviations induced by either load transfer from 4 to 3 lines, or the low
voltage ride through, LVRT, induces frequency deviations so that the turbine and related governor
contributes significantly to the system stabilization, and thus results obtained with hydroelectric model
feature shorter stabilization than with electrical model only; but for the present case study, the
compliance criteria are fulfilled with both models;
 For the form 8, related to short-circuit, the stabilization time was considerably improved from 9.5 s,
which is hardly compliant with the criteria of 10 s, down to 6.7 s by considering the hydroelectric
model instead of the electrical model alone; the stability is improved because the frequency deviations
obtained during the short-circuit are significant enough to induce a reaction of the turbine governor
which contributes to system stabilization, thus, it is highly recommended to use the hydroelectric
model in such cases in order to avoid the underestimation of the system damping;
 The hydroelectric model is recommended for the transmission line load transfer, the short-circuit, and
the low voltage ride through, i.e. the forms 7, 8 and 9; but one can notice that electrical model results
are always pessimist, therefore, if the results obtained with the electrical model are not compliant, it is
worth to perform hydroelectric simulation as higher damping will be achieved through the turbine and
related governor;
 In the present test case, no Power System Stabilizer, PSS, was used, its use will certainly contribute to
the active power stabilization and can improve the situation with respect to the stabilization time;
 In the present study the main contribution of the turbine and related governor was obtained from the
speed control loop, featuring higher gain, and therefore higher contribution than the power control loop;
thus, the conclusions obtained here can be different for a different turbine governor; but the trend of
improving the system stability with the hydraulic system will probably remain;
 For the forms 14 and 15, related to frequency primary and secondary control, only hydraulic model was
considered as active power response time depends almost exclusively on the turbine governor
performances.
7. Conclusions
This paper presents the grid code compliance assessment of a pumped storage power plant by means of
numerical simulations considering electrical, hydraulic or hydroelectric models. The simulation results obtained
for the present test case have shown that:
 For existing power plant, it is very important to validate the simulation model including the control
parts, by comparison with on-site measurements, in order to reduce as much as possible the uncertainty
on the system parameters, control structure and associated parameters;
 For voltage stability load cases, electrical models are sufficient;
 For frequency primary and secondary control performances, hydraulic models are sufficient;
 However, hydroelectric models have to be considered for load cases such as short-circuits, low voltage
ride through, and transmission line load transfer;
 The low voltage ride through requirements cannot be fulfilled if the overall pattern (case 1 of Figure 16)
of voltage is considered; this load case appears to be problematic, as the only solution to improve this
situation would be an increase of the total inertia of the unit, to limit frequency deviation during the low
voltage phase, and hopefully avoid loss of synchronism and over speed of the unit, as the fastest guide
vane closure was already achieved during the simulation of this load case;
 Contribution of Power System Stabilizer, PSS, was not evaluated here;
 The hydraulic turbine and related governor improves the system stability and associated stabilization
time; this is mainly due to the speed control loop which gain is higher than the power control loop; thus,
improvements are obtained only for load cases leading to significant speed deviations;
 Different turbine governor may lead to different results, but in general hydraulic system will contribute
to improve the system stability; as a result, if grid code requirement is not fulfilled with an electrical
model, it is strongly recommended to perform hydroelectric simulations.
For the present test case, and according to RTE requirements, only the forms related to electrical faults have to
be evaluated by means of numerical simulations. However, some of the forms to be evaluated by on-site

measurements can be anticipated by numerical simulations, and in case identify early potential problems, and
allow for possible solution evaluation.
Regarding investment choices, too simple simulation model may lead to under optimized solution since the
present case study demonstrates that some grid code performances are hardly achieved with the electrical model
alone, while the complete hydroelectric model provides robust and unquestionable results. According to the
results obtained for the present pumped storage, the owner can envisage quite an extensive power plant upgrade
with a certain confidence, as the frequency primary and secondary control can be improved by optimizing the
turbine governor parameters.
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9.

Nomenclature
A:
pipe cross section [m2]
Dref: machine reference diameter [m]
H:
net head [m]
Q:
discharge [m3/s]
N:
rotational speed [rpm]
P:
power [W]
T:
Torque [Nm]
a:
pipe wave speed [m/s]
h:
piezometric head h=z+p/(ρg) [m]
h:
per unit head h=H/HR [pu]
g:
gravity [m/s2]

n:
p:
q:
p:
t:
t:
u:
y:
Z:
R:

per unit rotational speed n=N/NR [pu]
static pressure [Pa]
per unit discharge q=Q/QR [pu]
pressure [Pa]
time [s]
per unit torque t=T/TR [pu]
per unit voltage [pu]
turbine guide vane opening [-]
elevation above a datum [m]
subscript for rated
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10. ANNEXE 1: Modeling of the Hydraulic machinery and systems in SIMSEN
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 26, yields to the following set of hyperbolic partial differential
equations [14]:

 h
 
 t

 h 
 x

a 2 Q

0
gA x

(1)

Q
1 Q


Q  0
gA t 2 gDA2

The system (1) is solved using the Finite Difference Method with a 1st 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 [4], [9], [12] as presented in Figure 27. The
RLC parameters of this equivalent scheme are given by:
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  Q  dx
2 g  D A

2

L

dx
gA

C

g  A  dx
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(2)

Where λ 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 nb elements based on the equivalent scheme of Figure 27.
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, [7], [11]. The time domain
integration of the full system is achieved in SIMSEN by a Runge-Kutta 4th order procedure.

Figure 26 Elementary hydraulic pipe of
length dx.

Figure 27 Equivalent circuit of an elementary pipe of
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 [7]. The hydraulic machines are modelled with 4 quadrants
characteristics defined by speed factor N11, the discharge factor Q11, and the torque factor T11 defined as follows:
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