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Abstract

This paper presents the modelling, simulation amayasis of a high head 2x200 MW pumped storage powe
plant considering both variable speed and fixedcedpechnology with focus on pumping mode of operati
First, the model of the power plant setup with ¢iraulation software SIMSEN is presented. On therdytic
side, the simulation model takes into account {hy@eu reservoir, the long gallery, the surge tah&,genstock, 2
multi-stages pumps, and the tailrace tunnel commgdo the lower reservoir. On the electrical sidlee
simulation model takes into account the motors iatdted control system, the transformers, the imgson
lines and the connection to the 230 kV power nekw&or comparison purposes, the motor is modellgéd w
both fixed speed and variable speed technology. vidrable speed motor model comprises a Doubly Fed
Asynchronous Motor equipped with a back-to-back YA&bltage Source Inverter) cascade. Then, the di;mam
behaviour of the power plant is simulated in purgpimode with both technologies and compared in o&s@)
pump start-up, (ii) short-circuit on transmissiamek and (iii) standard grid code voltage dropatgr network.
System stability and possible hydroelectric intéoas of the pumped storage power plant are predeand
discussed for the 3 above mentioned scenarios.

1 Introduction

The selection of appropriate technology betweerakiter speed and fixed speed machine during feagibtudy
of new pumped storage scheme is a challenging teebanomic task. Both technologies offer advantages
disadvantages that have to be carefully assessédegsdepend strongly on the site characterisficome
technical aspects such as efficiency, operatinggasubmergence, equipments volume and related/atiaa,
etc, can be reasonably evaluated, some aspediscrétasystem stability, regulating services arwepancillary
benefits are more difficult to address. Moreoveargrnmission System Operators, TSO, require denadimgjr
the capability of new units to withstand typicalsy network faults and to comply with Grid Codgs, In this
context, time domain simulation of the dynamic hébar of the whole pumped storage power plant idiclg
the hydraulic circuit, the electrical installatioribe control system and the power network can igeouseful
insights for decision making.

Variable speed pump-turbine units have become naygthajor partner to increase stability of eleatrfwower
networks due to their high level of operating flakiy, see Figure 1. Indeed, variable speed puunpine units
offer several advantages for both pumping and geimgr modes[2], [3], [5], [6], [17], [18] such as: (i)
possibility of active power control in pumping mod@é) efficiency increase and wide range of opiemtn
generating mode especially under partial load, ifgitwork stability improvement by reactive powentrol, (iv)
network stability improvement by instantaneous\ecipower injection in the grid (flywheel effect)nd (v)
higher head variations can be supported. Extengetlating range in pump mode and higher efficiencty i
turbine mode achievable with variable speed uméslstrated in Figure 1.
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Figure 1 Advantages of variable speed machines comparexe $peed machines for pump (left) and turbine
(right) mode of operation.

This paper presents the modelling, simulation andlysis of a high head pumped storage power plant
considering both variable speed and fixed speedntdogy with focus on pumping mode of operationheT
power plant is a conventional hydroelectric powlanpequipped with 6 Pelton turbines of 50MW whareew
pump power house of 2x200MW to be connected orséime adduction system is under feasibility study. F
this project, the variable speed technology is etqubto provide additional services compared tditicnal
fixed speed technology. Therefore, the dynamic el of this power plant has been investigatedr®ans of
time domain simulation of the whole hydroelectrmngr plant. First, the model of the power plantpetith
the simulation software SIMSEN is presented. Ortydraulic side, the simulation model takes intocamt the
upper reservoir, the long gallery, the surge tdimé penstock, the 6 Pelton units considered at2asulti-stages
pumps, and the tailrace tunnel connecting to theetoreservoir. On the electrical side, the simolatmodel
takes into account the motors and related coniystesn, the transformers, the transmission lines tued
connection to the 230 kV power network. For congraripurposes, the motor is modelled with both figpded
and variable speed technology. The variable spesdrnmodel comprises a Doubly Fed Asynchronous Koto
equipped with a back-to-back VSI (Voltage Souroeeiter) cascade. Then, the dynamic behaviour optiveer
plant is simulated in pumping mode with both tedbgi@es and compared in case of: (i) pump startfiijpshort-
circuit on transmission lines and (iii) standaridgrode voltage drop at power network. System ktakand
possible hydroelectric interactions of the pumptatagie power plant are presented and discussethdoB
above mentioned scenarios.

2 Modeling of the Hydraulic Machinery and Systems
By assuming uniform pressure and velocity distidng in the cross section and neglecting the cdiweec
terms, the one-dimensional momentum and contiratgnces for an elementary pipe filled with wateleagth
dx, cross sectiorh and wave speed, see Figure 2, yields to the following set of hygmdic partial differential
equations [21]:
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The system (1) is solved using the Finite Diffeeemdethod with a % order center scheme discretization in
space and a scheme of Lax for the discharge varidlhlis approach leads to a system of ordinaredfitial
equations that can be represented as a T-shapealegti scheme [4], [15], [19] as presented in Fég8. The
RLC parameters of this equivalent scheme are diyen
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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 Blements based on the equivalent scheme of Fijure
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 behawfchydroelectric power plants, [8], [9], [10],4]L The time
domain integration of the full system is achieveIMSEN by a Runge-Kuttd"4rder procedure.
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Figure 2 Elementary hydraulic pipe of Figure 3 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, sge [8

3 Pumped Storage Power Plant Model

The layout of the pumped storage power plant ofredt is presented in Figure 4. The pumped stoimage
composed of upstream reservoir, a 8km long gallargurge tank, a 1250m long penstock, a turbineepow
house with 6 Pelton turbine of 50MW each and arsg¢pd pump power house equipped with two multi-etag
pumps of 200MW each. The hydraulic layout of thenped storage power plant SIMSEN model is preseinted
Figure 4. This model accounts for detailed watersmer, mass oscillation phenomena and pump 4 quiadran
characteristics [8]. This paper focuses on thesteamt behavior of the pumped storage in pump mdde o
operation while Pelton turbines are considerecst r For the pump power house two technical somisthave
been compared:

- fixed speed synchronous motor of 235MVA;

- variable speed (VarSpeed) doubly fed induction m{dé-IM) of 235MVA equipped with a back-

to-back VSI (Voltage Source Inverter) cascade.

The electrical layout of the VarSpeed solution iesented in Figure 5 and the system characteristies
summarized in the Table 1.

The model of the synchronous motor is based fodHraper winding on 1 equivalent rotor circuit ir ttirect-
axis and 1 equivalent rotor circuit in the quadretaxis allowing taking into account a sub-transteshavior,
see [1]. The synchronous motor is controlled byA&B Unitrol voltage regulator. The model of the uradion
machine is based on classical d, q Park equatiomessed in a, b, ¢ quantities. This electricatesyscan be
divided into two sections, a transformer sectiod anmachine section, see Figure 5. The transfosmetion
operates as a Static Var Compensator (SVC), ite mudé being to exchange reactive power with thd. grhe
reactive power and the capacitors voltage are ol by acting on the transformer primary siderents
through the right-side converter. The main roleth@d machine section is to control the active powfethe
machine. Theactive power and the stator reactive power of tlehime are controlled by acting on the rotor
currents through the left-side converter. The tledacontrol structure of the transformer and maehsactions
are presented if13] and[14]. For the present investigation, pseudo-continumoslel of the VSI is considered
for reducing the computational time without lossacturacy for the motor general behavior, [8eg [12]. The
pseudo continuous model consists of modeling theby®quivalent voltage sources.



UPPER RESERVOIR

SURGE TANK

PUMP POWER HOUSE: 2x200MW

y=ilx)

TURBINE POWER HOUSE: 6x50MW

(5]

10

g
=
5
El

2
=
5
E)

LOWER RESERVOIR

Figure 4 Pumped storage power plant layout and SIMSEN sitioulanodel.
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Figure 5 Electrical layoubf the Doubly Fed Induction Motor.
Table 1System characteristics.
Pumps SM Motor DFIM Motor Grid
P;:=200 MW S=235 MVA S=235MVA Un=220kV
Nr=500 rpm U= 18kV U,= 18kV f=50Hz
Qr=20 n'/s N, = 500 rpm Upcr=6kV
Hr=830 mWC N, =500 rpm
Nb. stages: 3
Nq per stage=33




4  Pump Start-up, watering and loading

4.1  Pump start-up with variable speed unit

The start-up of large pump equipped with varialdeesl motor without supplementary equipment canrbe a
issue and its feasibility and related start-up timest be evaluated at early stage of the projdw. Start-up of
asynchronous motor is carried out with the rotaceaae by short circuiting the stator. The pumpeiwatered,
thus the hydraulic part can be modeled by a registmque function of the rotational speed and antiag for
pump rotation in air, bearing losses and ventitalmsses representing 2.8% of the nominal poweroatinal
speed. The strategy considered for the start-tyased on a stator flux oriented control, so th& fiossible to
control the speed and the stator flux by actinghenrotor currents of the machine. This procedsir@ivided in
three phases:
- phase 1:the electromagnetic torque is set to nominal vakith rotor voltage increasing
proportionally to rotational speed until maximunitage is reached;
- phase 2: the stator flux set point is then reduced asftethds on the current in quadrature axis
which is defined in order to maximize the electrgmetic torque;
- phase 3:the current in quadrature axis is reduced in otdenaximize the electromagnetic torque
until the minimal speed for synchronization whichdefined as 90% of the nominal speed, is
reached.

Once the machine has reached the minimal speededdar synchronization, the stator is switcheflaofd the
stator voltage can be regulated in order to symiheothe machine with the grid. The synchronizat®aptimal

if stator and grid voltages are equal in amplitideguency and phase. When these conditions aiievaththe
stator is connected to the grid by closing theuiirbreaker number 2, see Figure 5. Then the machiitches

to speed control and the nominal speed is reaclitdawamp set point. The detailed start-up procedan be
found in[14]. The simulation results of the start-up of theuly fed induction motor are presented in Figure 6.
The start-up is achieved in about 260s which isagpable time.
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Figure 6 Simulation results of the start-up procedure ofdbeatered pump

with the doubly fed induction motor.
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4.2 Re-watering and loading

Once the machine is connected to the grid, the pcampbe re-watered and then the main inlet valvebms
opened to reach normal pump operation. This praeegusimulated with VarSpeed and Fixed Speed motor
assuming that the first unit is already in normainp operation. These procedures are describe@ ifollowing
sub-chapters.

4.2.1 VarSpeed transient

Figure 7 presents the simulation results of thevakering and loading of unitl equipped with doulyl
induction motor while the unit 2, also equippedhwitariable speed motor is already in pump operafldms
procedure can be decomposed in four phases aw/ollo

- phase O:the unit 1 is connected to the grid but the pusnddwatered and unit 2 is in pump mode
of operation; as the operation of the pump inc@nnot be modeled with the steady state 4
guadrant characteristic which corresponds to ojperam water, the dewatering is modeled by an
external torque in order to compensate the pumguigrso that the input power corresponds to
pump operation in air of about 2.8%;

- phase 1:the re-watering is simulated by linear variatidrihee external torque in 10s; thus the input
power of unit 1 vary also linearly as the rotatiosigeed is constant; as a consequence, the related
variation of pressure in the pump is not modeled;

- phase 2:the rotational speed of the unit 1 is modifieconder to have the same pressure on both
sides of the spherical valve;

- phase 3:the main inlet valve of the pump of unit 1 is opédinearly in 20s; the discharge of the
pump remains equal to zero, as the pressure apuhme outlet is equal to the pressure in the
penstock;

- phase 4:the control of unit 1 switches from speed contoobutput power control; the power set
point of the pump is increased linearly to nomipainp power in 25s; the power control results in
rotational speed increase of the unit and lead#hé¢oincrease of the net head and thus of the
discharge reaching approximately the nominal valuen the unit 1 is in normal pump operation.

One may notice that the pressure equilibrium ersaolesuppress the pressure fluctuations in thetpekselated
to the spherical valve opening. Therefore this pdore contributes to reduce the possible fatiguahef
penstock related to pump start-up. Moreover, omeatso notice that the unit 2 which is operated atspower
control features constant input power during thellstart-up procedure of unit 1.
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Figure 7 Re-watering of the pump and loading with the dodbtyinduction motor.

4.2.2 Fixed speed transient

Figure 8 presents the simulation results of thevatering and loading of unit 1 equipped with symctous
machine while the unit 2, also equipped with fispaed motor is already in pump operation. Thisgulace can
be decomposed in two phases as follows:

- phase O:unit 1 is connected to the grid and unit 2 is émmal pump operation; here the operation
in air is also modeled with external torque whicdmpensate the pump torque in order to have the
input power equal to the operation in air, i.e 92.8f the nominal power;

- phase 1:the re-watering is simulated by linear variatidriree external torque in 10s; thus the input
power of unit 1 vary also linearly as the rotatiosigeed is constant; as a consequence, the related
variation of pressure in the pump is not modeled;

- phase 3:the main inlet valve of unit 1 is opened lineairty20s; at the beginning of the valve
opening the discharge of unit 1 increases rapidly produces pressure variation at the end of the
penstock of about 6%; after valve opening, the limétin normal pump operation.

One may notice that the pressure fluctuation indumethe valve opening of unit 1 induces also \amaof the
net head of the unit 2, which experiences alsotippwer fluctuations. These two negative effedis, firessure
and the input power fluctuations, can be almospeegsed with the use of variable speed machine.
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Figure 8 Re-watering of the pump and loading with synchranmotor.

5 Electrical Faults

The dynamic behavior of unit 2 in pump mode of agien is simulated in case of electrical faultstioe power
network with variable speed and with fixed speedimzes. For both simulations the hydraulic parthef model
is identical while the electrical part is adaptedading to the Figure 9. The variable speed maghimpower
control, is connected to the infinite 220kV powestwork via a main transformer and two electricak$ in
parallel modeled with Pl models. The fixed speeahmae with voltage control is also connected toitifaite

220kV power network via a transformer and two eleat lines in parallel. The voltage regulator is ABB

Unitrol controller.

These two models are used to simulate the followiegtrical faults:
- short-circuit on the electrical line 2 with a duoat 100ms and 250ms before the line 2 and related
short-circuit is isolated by opening of circuit Bker DISJ 21 and DISJ22;
- power network voltage drop according to TransmisSgstem Operator, TSO, Swissgrid.
The simulation results of these two electrical tiake described in the next sub-chapters.
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Figure 9 SIMSEN model of electrical part for the simulatioielectrical faults with variable speed machine,
left, and fixed speed machine, right.

5.1 Short-Circuits

The simulation results with variable speed anddispeed motor of short-circuit on the electricakli2 of
duration of 100ms and 250ms are respectively coaapiar Figure 10 and Figure 11. The short-circuit@®ms,
produces strong transient electromagnetic torqaeacherized by a 50 Hz period of oscillation immbbg the
power network. After elimination of the electridallts by the line 2 disconnection, the unit 2 rers normal



pump operation with both technologies. In caseixdd speed machine, the electromagnetic torqudlatss
with low periods which induces rotational speedil&mons and thus discharge oscillations. Thesgllasons
are damped after 5s. In case of variable speedingahe rotational speed drops to 99% during boetscircuit
and then increases slowly to recover nominal spéted 15s. However, the input power recovers nomiakue
1s after the electrical fault is eliminated.

In case of 250ms short-circuit, the variable speedthine is rather similar to 100ms results and tirgmtive
power is also recovered after 1s with a speed df@bout 2%. However, in this case, the fixed sp@eghine
does not recover the synchronism after the fairtieation, and would have to be shutdown.

In this case, the variable speed technology enablesthstand longer duration of short-circuit ahds features
better dynamic behavior.
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Figure 10 Comparison of the transient behavior of unit 2ump mode of operation resulting from short-circuit
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Figure 11 Comparison of the transient behavior of unit 2ump mode of operation resulting from short-circuit
of 250ms on line 2 with VarSpeed and fixed speetrtelogies.

5.2  Grid Voltage Drop

Swissgrid, the Swiss TSO, requires that electricathine remains connected to the grid when thegelof the
power network drops to zero for 150ms and thenemees linearly to 90% of the nominal voltage irb%.as
represented in Figure 12, [20]. Figure 13 pres#mscomparison of the simulation results of uninZump
mode of operation and experiencing the voltage daropigure 12 with VarSpeed and fixed speed. It ban
noticed that the VarSpeed machine recovers normaippoperation when the voltage reaches 90% of the
nominal value while the fixed speed machine lod®e gynchronism and must be disconnected from tige gr
During the voltage drop, the VarSpeed machine éapees a rotational speed drop of 4%, and thuptimep
features large discharge and torque fluctuationgure 14 left shows the evolution of the pump nead as
function of the discharge during the transientdexicing the pump unstable characteristic. If theeséault is
simulated with an initial rotational speed of 1ffBinstead of 1 pu, see Figure 14 right, it camdiiced that the
pump does not experience anymore unstable behalaied to the pump characteristic. Indeed, in cddegh
head operation, it is possible to operate the puwiitip a higher rotational speed in order to incredmemargin
with pump stability limit as illustrated in Figufé.

Power network voltage drop [pu]

e Isee]

Figure 12 Power networksoltage drop defined by Swissgrid.
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nnnnnnn t pump 2

pump )
Head [pu] Discharge [pu]  Torque [pu] Speed [pu Transien tpump 2
[pu] [pul _speed [pu] - Head [pu] Discharge [pu]  Torque [pu] Speed [pu]
116
/\ 06 1
1
. 4 !
066
B T AV O R L P A
[ 2 = e o o7 N PN
- :
o4\ M ] N
\
vast PREASS S —
1 \
] A o 104 } < e
// Voo | >
' |
4\"‘ S 085 ) \
™ | <
i /\ I 09 oggf- | e e
4 |
j\\L V oa
T /
» Y
o 106 09
088
0 10 15 0
Time (secl
Head in [pu] versus discharge [pu] Head in [pu] versus discharge [pu]
, 1
. 1
, Hpump 112
111 - n
1 TR
o e S ——
S - e—— R
> P 10 e g i
i - ~ — )
Y NG 1084+ //
~ - —
10 e i
. r w —
~. P \\g . ‘,L/ o I -
108 - ( L r———— | T /
- -
£ . Y
< L Pump instability , S
— N e
os O T
T 1
103 T
B \\ 1
102 R
101 102
101
qlpul 1 098 0.96 9 088 086

094 0%
9 lpul

Figure 14 Pump transient behavior in case of voltage drop WerSpeed machine with initial rotational speed

of 1 pu, left and in case of initial rotational speof 1.03 pu, right.



Synchronous Machine VarSpeed Machine

H H ' Stable
Unstable

Penstock
He-Ha

v, He-Ha

Pump characteristic
HA N =cste

N, <N,
Figure 15Pump stability with fixed speed machine and Var8p®achine when the speed is increased for high
head operation.

6 Conclusions

The transient behavior of a pumped storage powarttplas investigated by means of numerical simaragif

the whole hydroelectric power plant modeled frontewdo wire. The time domain simulation of the dyna

behavior of the power plant in pump mode of operaivith both variable speed and fixed speed teduyol
enabled to point out the following conclusions:

- the start-up of the 200MW dewatered pumps can b&ewaed with VarSpeed technology without
supplementary equipment within 260s; this time paobably be reduced if the modulation process
is modified from PWM to fixed cycle ratio;

- during the re-watering and the loading, the vaaapeed technology enables to reduce the pressure
fluctuations resulting from the spherical valve nipg as the rotational speed can be setup in order
to have pressure equilibrium on both side of theevarior to the opening; moreover, the power
control enables to keep the input power of the meiging units constant during the start-up
procedure and thus contributes to power netwoltkilgta

- the variable speed motor can sustain longer shanitthan the fixed speed motor up to 250ms
and thus features increased stability performances;

- the variable speed motor complies with the voltdgep criteria defined by the TSO while the
synchronous machine would not;

- the variable speed technology also enables toaseréhe margin with respect to the stability limit
especially under high water level operating condgi by increasing the rotational speed and thus
avoid unstable behavior of the pump in case ofagatdrop.

If some aspects investigated here can be fairlgstigated with separated electrical and hydraumktion
models, some of them featuring strong hydroeleattieractions can only be addressed with a fullrbgtéctric
simulation model. Such kind of simulations can jewkey insights at early stage of project to assesl select
the most appropriate technology for the electroraatal equipment. Using SIMSEN simulation softwéoe
the pumped storage of interest, it was possiblpdiat out that the variable speed technology prewitietter
stability performances than fixed speed machinestaat these equipments comply with the TSO requergs.
Moreover, it was also shown that this technologgbées to reduce pressure fluctuations and imprtadalisy
margin during normal operation and faults and thasld reduce penstock solicitations and possitiigua.

7 Nomenclature

A: pipe cross section [t h: piezometric heald=z+p/(pg) [m]

Ay gallery cross section fih g:  gravity [m/§]

Ast:  surge tank cross sectiongm p: static pressure [Pa]

Dt machine reference diameter [m] lg: length of the gallery [m]

H: net head [m] p: pressure [Pa]

Q:  discharge [ris] t: time [s]

N: rotational speed [rpm] X: position [m]

No:  specific speed [rpm**s*7 | y:  turbine guide vane opening [-]
Ng=N [Ql’z/ H /ZS) Z elevation above a datum [m]

P: power [W] Zs.  number of stages [-]

T: Torque [Nm] o: rotational pulsation [rd/s]

a pipe wave speed [m/s] R subscript for rated
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