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Abstract-This paper presents the start-up and synchronization
procedures of large variable-speed pump-turbine units in
pumping mode. These procedures applied to a doubly-fed
induction motor-generator with three-level voltage source
inverters VSI cascade in the rotor side, can be achieved without
any supplementary equipment, for instance without an
autotransformer connected to the rotor. The control strategy
used in the start-up procedure and based on a stator flux
oriented control is summarized as well as different steps in order
to reach the minimal speed required for synchronization. An
optimization of the start-up time can be achieved by a
modification of the modulation type of the converters. Simulated
results obtained for two variable-speed pump-turbine units of
340 MW and 250 MW are presented and discussed.

Index Terms—control systems, numerical simulation,
induction motors, AC-DC power converters, pumps, turbines,
pulse width modulation, torque, variable speed drives.

I.  NOMENCLATURE

dt Phase difference in s
fisf. Stator/rotor frequency in per unit
i Current in per unit
J Inertia in kgm®
n Speed in per unit
p Active power in per unit
" Resistance of the stator/rotor in per unit
s Laplace operator
t Torque of the pump-turbine in per unit
” Electromagnetic torque in per unit
Th, Park rotor angle in rad
Voltage in per unit
X5 X, Total reactance of the stator/rotor in per unit
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X, Magnetizing reactance in per unit
@ Angular frequency in rad/s
4 flux in per unit

II. INTRODUCTION

I{enewable energy resources like wind farms and hydro

electric power plants will play in the coming years a more
important role in the future power grids. Due to the high
volatility of wind power, electrical power networks
particularly islanded ones, with high level of wind power
penetration, may be subject to instabilities. Variable speed
pump-turbine units can significantly increase the stability of
electrical power networks, and thus overcome this problem
[1]-[5].

Several variable speed power stations are planned in Europe
for the next coming years. Goldisthal, the first pump storage
power plant using doubly fed induction machines, is operating
in Germany since 2003. The power station is equipped with
two variable speed units of 265 MW each (333 rpm, speed
range of [+4%; -10%]). The rotor is fed by a cyclo converter.
In the new power stations planned in Switzerland for 2015, the
rotor is fed by a three-level voltage source inverter VSI.

The study, modeling and analysis of the behavior of variable
speed pump-turbine units have been presented and published
in several papers in the last decade [6]-[16]. Among the papers
dedicated to the study of the dynamic behavior of variable
speed pump-turbine units [6]-[10], some ones [6]-[8] are
focused particularly on the modeling of the hydraulic system
and others [3], [9], [10] present detailed models of the
electrical system including the control systems, but with
simplified models of the hydraulic one. These different studies
consider simplified models for the electrical system and do not
take into account the converters. The modeling, simulation
and analysis of the dynamic behavior of a 2 x 320 MW
variable-speed pump-turbine power plant, including a
hydraulic system, electrical equipment with the three-level
VSIs of the converters, rotating inertias and control systems
have been presented in [17]. Morel et al. [18] present the self-
starting and synchronization of a variable speed unit using a
double fed induction machine. A field-oriented control
strategy is described with and without a sensor. The starting is
done with an autotransformer connected to the rotor, with the
short-circuited  stator. Then, the autotransformer is
disconnected for the synchronization of the unit. Boldea ([19],
chapter 2) describes this same control strategy and presents the
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transient response of a 400 MW unit [9] for generating and
pumping operation at the power grid. The theoretical aspects
related to the start-up and synchronization procedures for such
large pump-turbine units have been presented in details [20].
The aim of this paper is to present the aspects related to the
optimization of the start-up procedure in order to guarantee the
different operation modes within a reasonable time and by
using the only existing equipment used in normal operating
modes (speed sensor and without use of any autotransformer
connected to the rotor). Two variable-speed pump-turbine
units of 340 MW and 250 MW have been considered for this
study. It is shown that on the one hand, for both units, under
specified conditions, the start-up and synchronization in
pumping mode can be achieved successfully without any
additional equipment. On the other hand, the modification of
the modulation type of the converters during the start-up is
necessary in the case of the variable-speed pump-turbine unit
of 340 MW, otherwise the start-up cannot be achieved without
additional equipment. It leads to a significant decrease of the
start-up time (factor > 2) for the variable-speed unit of 250
MW.

The paper is organized as follows: Section III presents the
modeling of the power plant. The start-up procedure based on
a stator flux oriented control [21], as well as the optimization
of the start-up time is presented in Section IV. Section V
defines the condition to fulfill for the synchronization of the
group. Different simulation results related to both procedures
are presented for the two studied power plants and discussed
in Section VI. Finally, conclusions are given in Section VII.

III. MODELING OF THE POWER PLANT

The complete model of the power plant is presented in Fig.
1.

Starting without water in the runner, the pump-turbine is
simply modelled by a resistive torque depending on the speed.
This torque includes pump-turbine friction losses, ventilation
losses, bearing losses and is equal to 2.8 % of the pump rated
torque at rated speed. The saturation effect of the magnetizing
reactance of the induction machine is considered.

The complete model of the electrical system comprises a
doubly-fed induction motor-generator, with three-level
Voltage Source Inverters (VSI) cascade in the rotor side [16],
[22].

The main parameters of the double-fed induction generator
are presented in TABLE [ for the first power plant, and in
TABLE 1I for the second one. The equations relative to its
modeling are expressed in per unit in the synchronous
reference frame.
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Fig.1. Complete model of the power plant
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The rated DC-link voltage of the three-level VSI rotor
cascade is U ., = 6000 V' . In the case of a linear modulation

in a three-phase inverter, the fundamental-frequency
component in the output voltage varies linearly with the
amplitude modulation ratio s, [23]. The peak value of the

fundamental-frequency component in one of the inverter leg is
given by:

Urpp=m,-Up., /12 with m, <1 )

The electrical system can be divided into two sections, a
transformer section and a machine one, see Fig. 1. The
transformer section operates as a Static Var Compensator
(SVC), its main role being to exchange reactive power with
the grid. The reactive power and the capacitors voltage can be
controlled by acting on the transformer primary side currents
through the left-side converter.

The machine section is used to start up the unit, to
synchronize it with the grid and finally to control the speed
and the stator reactive power of the machine by acting on the
rotor currents through the right-side converter [8], [17].

IV. START-UP PROCEDURE

The machine is started up through the rotor cascade by
short-circuiting the stator [20].
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TABLE |
RATED VALUES OF THE FIRST POWER-PLANT
Symbol Quantity Value Unit
N, rated speed 450 rpm
S, rated apparent power 380 MVA
U, rated voltage 18 kV
£, rated frequency 60 Hz
2p number of poles 16 -
. N,k,, | transformation ratio 0.589 -
TNk
S max maximum slip 7 %
oo rotor inertia 2661 tm”
coupling Yy
7, stator resistance 1.744 107 pu
o i o |
X, magnetizing reactance 4.1975 pu
X' rotor leakage reactance 0.2720 pu
r' rotor resistance 2.014 107 pu
Transformer | coupling Yy0
connected
to the grid
S, rated apparent power 380 MVA
U, primary rated voltage 230 kv
U secondary rated 18 kv
" voltage
X, short-circuit reactance 0.12 pu
X, magnetizing reactance 1000 pu
Lines
connected | equivalent reactance 5.424 Q
to the grid
il el I
Transfprmer Switching frequency of 2°160 Hz
section the converter
TABLE II
RATED VALUES OF THE SECOND POWER-PLANT
Symbol Quantity Value Unit
N, rated speed 500 rpm
S, rated apparent power 280 MVA
P, rated active power 250 MW
U, rated voltage 18 kv
/1 rated frequency 50 Hz
2p number of poles 12 -
S ax maximum slip 6 %
i transformation ratio 0.566 -
J roror rotor inertia 1200 tm>
wrbine pump-turbine inertia 70 tm?

A.  Control strategy

The strategy considered for the start-up is based on a stator

flux oriented control, so that it’s possible to control the speed
and the stator flux by acting on the rotor currents of the
machine.
As the control strategy is oriented on the stator flux:
v,=0 ¥ =y, ®)
The control strategy is represented in Fig. 2. The stator flux
and the speed can be controlled respectively by acting on the
rotor currents in the d and q axes.
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Fig.2. Start-up control strategy

In order to optimize the start-up procedure, the machine
acceleration, and thus the electromagnetic torque, has to be
maximized. The torque, produced by the flux in the direct-axis
and the current in the quadrature axis, can be obtained from

(6) and (8):
Low = _xih'l//xd 'irq ©)
X,

s

Consequently one has to impose the flux set point y ,

and the rotor current set point in the quadrature axis Ly s SO

set

that the torque is maximal. Note that [y s CAN be chosen by

modifying the limit values of the speed regulator output, as
this one is equal to its maximal value during all the start-up
procedure. The three steps related to the start-up procedure are
summarized in TABLE III [20].

B.  Maximal speed reachable at the end of the start-up procedure

One can notice that the electromagnetic torque decreases
with the rotor frequency while the absolute value of the
external torque increases with this one. Consequently the
maximal speed at the end of the start-up procedure is

max_start
reached when both torques are equal, as represented in Fig. 3.
The only way to increase p is then to increase the

max_start

electromagnetic torque. From the expression of the
electromagnetic torque given for Step 3 of the start-up, one
can notice that the only modifiable parameter enabling to

increase t,, 1S y

r_max
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TABLE III
STEPS RELATED TO THE START-UP PROCEDURE

Stepl: O<n<n

max startstep 1

Start-up under rated torque

quiset = _1 Wsdiset = 1
X X
— h — h
pr - _7f; tun -
xs 'xs
Step2: n <n<n

max startstep 1

Flux decrease

max startstep 2

Ju, = (0%, 1)

X X
ty == u (0%, f)

'xs xr f;

Step3: n>n

max startstep 2

Optimization of the rotor current
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Fig.3. Electromagnetic and external torques.
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This value depends on the DC voltage Uper and on the

modulation type. When considering a fixed modulation ratio,
the relation (7) becomes

U h=2-Up, /70 (10)

This leads to an increase of 4 by a factor equal to4/7.

Nevertheless, the fixed modulation ratio does not allow the
control of the amplitude of the rotor voltage but only the
related frequency and phase. The idea is then to use this type
of modulation only during the second and third steps of the
start-up procedure, when the rotor voltage amplitude is equal
to its maximal value and does not require to be controlled.

Consequently, a modulation type change at the end of the
first step of the start-up procedure enables to increase the
maximal rotor voltage and thus the maximal speed 5,

max_start *

A disadvantage related to the use of the fixed modulation
ratio is the introduction of supplementary harmonics. Indeed if
the pulse width modulation generates harmonics only at the
converter commutation frequency, the fixed modulation ratio
introduces harmonics of order 6k+1.

V. SYNCHRONIZATION PROCEDURE

Once the machine has reached a minimal speed required for
synchronization, the stator terminals are opened and the stator
voltage can be regulated in order to synchronize the machine
with the grid. The synchronization is optimal if stator and grid
voltages are equal in amplitude, frequency and phase. The
control strategy used for the synchronization procedure is
illustrated in Fig. 4 [20].
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Fig.4. Synchronization control strategy

The minimal speed required for synchronization is given by:

2
1 ,T.x
nminﬁsynch =1- f;‘imaxisynch =1- a)iT [urmax th -1 (1 1)

r

The synchronization of the group is only possible if the
maximal speed reached at the end of the start-up procedure is
greater than the minimal speed required for synchronization:
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nmax;\'turt 2 nminﬁxym'h ( 1 2)

One can notice that during the synchronization procedure,
the electromagnetic torque is equal to zero and the speed falls
down. Consequently, at the end of the start-up procedure, the

speed is equal to a value Poen ok < Mo syne

VI. SIMULATION RESULTS

A. First variable speed pump-turbine unit (340 MW)

For this unit, the condition for synchronization (Eq. 12) is
not fulfilled, without additional equipment, for instance an
autotransformer connected to the rotor. Thus, the
modification of the modulation type is necessary in this case
in order to achieve successfully the start-up and
synchronization = procedures. @~ The speed and the
electromagnetic torque during both procedures are represented
in Fig. 5 and Fig. 6. The stator fluxes, rotor currents in the
quadrature axis expressed in p.u are represented in Fig. 7
during the start-up procedure.

The rotor voltage during the start-up procedure is
represented in Fig. 8. The grid and stator voltages expressed in
p.u at the synchronization time (Fig. 9) confirm the
effectiveness of the proposed approach.
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B. Second variable speed pump-turbine unit (250 MW)

In this case, the condition for synchronization (Eq. 12) is
fulfilled. Fig.8 show that the modulation type modification
enables to increase the maximal rotor voltage by a factor4/r,
which leads to an increase of the electromagnetic torque (Fig.
10). This greater torque allows an important reduction of the
start-up time. One can notice that the start-up time is reduced
significantly by a factor > 2 when considering the modulation
type modification, as shown in Fig.11.
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The use of the fixed modulation ratio generates
supplementary harmonics that can be observed in Fig.10. The
generation of such harmonics didn’t constitute a problem in
this case, because they exist only during the start-up
procedure, when the machine is not yet connected to the grid.

During the synchronization procedure, the fixed
modulation ratio cannot be used because the control of the
rotor voltage amplitude is required in order to control the
stator voltage.

The global optimized procedure for both start-up and
synchronization procedures of a variable-speed pump-turbine
unit in pumping mode is summarized in TABLE IV. The
values y1 and y2 are related to the outputs of the units (macro)
shown in Fig.1 and allowing the system to commute from a
procedure to another one, when specific conditions are
fulfilled.

TABLE IV
GLOBAL OPTIMIZED PROCEDURE
Modulation

Speed [p.u] Procedure yl y2 type
0 Start-up 0 0 PWM
nmax7 start _stepl Start'up 0 0 Fixed
nmax7 start _step?2 Start—up O O leed
Piin_synch Synchronization 1 0 PWM
Rypnen ok Speed control 1 1 PWM
1 Speed control 1 1 PWM

VII. CONCLUSION

The start-up and synchronization procedures of two
variable-speed pump-turbine units of 340 MW and 250 MW in
pumping mode are described. By fulfilling specified
conditions, the start-up and synchronization of such units may
be achieved without any additional equipment. The control
strategy in the start-up procedure based on stator flux oriented
control, and the conditions to fulfill in the synchronization
procedure are summarized. The modification of the
modulation type of the converters during the start-up
procedure enables to achieve successfully the procedures for
the variable-speed unit of 340 MW, and to reduce significantly
the start-up time (factor > 2) for the variable-speed unit of 250
MW. Simulated results obtained in different cases confirm the
validity and the effectiveness of the proposed approach.
Experiments on a 2-level VSI low power test bench of 2.2 kW
are in progress in order to validate this approach.
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