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Abstract- This paper presents the modeling, simulation and
analysis of the dynamic behavior of a fictitious 2x320 MW
variable speed pump-turbine power plant including hydraulic
system, electrical equipments, rotating inertias and control
systems using the software SIMSEN. First, the modeling of
hydraulic and electrical components of the power plant is
presented. Then the pseudo continuous approximation is
introduced. It consists in a simplification of the electrical part of
the power plant. Thanks to this simplification, simulation time
can be reduced drastically (~ factor 60). The complete and
simplified models are compared by simulation and the validity of
the pseudo continuous approximation is discussed. Finally two
control strategies in generating mode are implemented and
compared by simulation.

I. INTRODUCTION

Variable speed pump-turbine units have become nowadays
an interesting way to increase stability of electrical power
networks due to their high level of operating flexibility.
Indeed, variable speed pump-turbine units offer several
advantages for both pumping and generating modes such as: (i)
possibility of active power control in pumping mode, (ii)
efficiency increase and wide range of operation in generating
mode especially under partial load, (iii) network stability
improvement by reactive power control and (iv) network
stability improvement by instantaneous active power injection
in the grid (flywheel effect). For operating stability purposes,
the increase of dynamic performance is of major concerns and
its optimization requires reliable simulation models.

II. MODELING OF THE POWER PLANT

The complete model of the power plant comprising the
hydraulic and electrical systems is presented in Fig.1.
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Fig.1. Complete model of the power plant

A.  Modeling of the hydraulic system

The layout of the hydraulic system is presented in Fig.2 and
is made of an upstream reservoir, a 600 meters long gallery, a
18 meters diameter surge tank, a 900 meters long penstock
connected to Francis pump-turbines 320 MW. The main
parameters of the pump-turbines are presented in Table I while
the pump-turbine characteristics are presented in Fig.3. It can
be noticed that these ones feature the so-called S-shape curve
in the 1 and 4™ quadrants.
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Fig.2. Hydraulic system of the power plant

TABLE I
RATED VALUES OF THE PUMP-TURBINE
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Fig.3. Pump-turbine characteristics

Ni1, Qi1 and T, are dimensional factors defined from the
speed N, the discharge Q, the torque T, the head H and the
reference diameter of the pump-turbine D,; as follows:
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Modeling of the different hydraulic components is based on
an electrical analogy. For example, the procedure necessary to
model a pipe is developed in this section.

By assuming uniform pressure and velocity distributions in
the cross section and neglecting the convective terms, the one-
dimensional momentum and continuity balance equations for
an elementary pipe filled with water of length dx, cross section
A and wave speed a, see Fig.4, yields to the following set of
hyperbolic partial differential equations [6]:
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The system (2) is solved using the Finite Difference Method
with a 1* order centered 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 [1], [3], [5] as
presented in Fig.5. The RLC parameters of this equivalent
scheme are given by:

20| ax dx g-A-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 ny
elements based on the equivalent scheme of Fig.5. The system
of equations relative to this model is set-up using Kirchoff
laws.
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Fig.4. Elementary hydraulic pipe
of length dx.

Fig.5. Equivalent circuit of an
elementary pipe of length dx.

As presented in Table II, the modeling approach based on
equivalent schemes of hydraulic components is extended to all
the standard hydraulic components such as the surge tank and
the Francis pump-turbine, see [2].

TABLE II
MODELING OF HYDRAULIC COMPONENTS WITH RELATED EQUIVALENT
SCHEMES

Component Hydraulic scheme Parameters
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¥, svolume of gas [m*]

, :pressure of gas [m]

¥, sturbine head characteristic [] . :turbine equivalent length [m]

w, :turbine torque characteristic [-]  p :viscosity of the fluid or material [Pas]

These models are finally implemented in the EPFL software
SIMSEN, developed for the simulation of the dynamic
behavior of hydroelectric power plants, [2], [4]. The time
domain integration of the full system is achieved in SIMSEN
by a Runge-Kutta 4™ order procedure.

B.  Modeling of the electrical system

The complete model of the electrical system comprises a
doubly - fed induction generator, whose main parameters are
presented in Table III, with VSI (Voltage Source Inverter)
cascade in the rotor side. This electrical system can be divided
into two sections, a transformer section and a machine one, as
identified in Fig.6.
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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 control
structure is shown in Fig.7, see [8].
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Fig.7. Control structure of the transformer section
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The main role of the machine section is to control the speed
of the machine. The speed and the stator reactive power of the
machine can be controlled by acting on the rotor currents
through the right-side converter. The control structure is shown
in Fig.8, see [8].
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Fig.8. Control structure of the machine section

III. PSEUDO CONTINUOUS APPROXIMATION

Voltage Source Inverters require a very small integration
step, which results in expensive time consuming simulations.
Simulation time can be considerably reduced by using a
pseudo continuous approximation of the cascade, which
consists in replacing the voltage source inverter on the rotor
side by three controlled voltage sources and suppressing the
inverter on the transformer side. As there is no more physical
link between the rotor and the grid, see Fig.9, the rotor power
transit with the grid has to be taken into account through a
calculation block included in the machine control.
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Fig.9. Complete and pseudo continuous models

IV. CONTROL STRATEGIES

In generating mode, two control strategies are investigated.
The first strategy is illustrated in Fig.10 and considers turbine
power governor and generator speed controller, see [7].
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The speed control structure is shown in Fig.8. The power
control is detailed in Fig.11 and consists of a PI type regulator
whose output acts on the guide vane opening through a
servomotor. The maximum displacement speed of the
servomotor is fixed by a rate limiter.

Fig.10. First strategy in generating mode
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Fig.11. First strategy: power control structure

The second strategy is presented in Fig.12 and based on
turbine speed governor and generator power controller, see [7].
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Fig.12. Second strategy in generating mode

The power control structure can be deduced from the
structure detailed in Fig.8 by simply replacing the speed
control block by a power control block. The speed control is
shown in Fig.13 and consists of a PID type regulator acting on
the guide vane opening as explained before.
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Fig.13. Second strategy: speed control structure
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The power set point is imposed by the grid conditions
and the speed set point is calculated by a speed optimizer in
order to maximize the turbine efficiency. This speed optimizer
is a surface representing the optimal speed as a function of the
power and the head. This surface is shown in Fig.14 and is
calculated from the pump-turbine characteristics defined in
Fig.3. The optimum rotational speed is calculated from the
dimensionless turbine characteristic, from which efficiency
hill-charts are deduced as function of head and mechanical
power for different rotational speeds N; via interpolation
process. For each combination of head and power in the
operating range of the turbine, the rotational speed presenting
the highest efficiency is selected. This approach provides the
speed look-up table of Fig.14. It might be noticed that, as
expected, the optimum rotational speed is the lowest for low
power under low head, and is the highest for high power under
high head.

H/Hn

P/Pn
Fig.14. Speed look-up table N=N(H/Hn, P/Pn)

V. SIMULATION RESULTS

The simulation results are presented for both strategies 1 and

2 in generating mode, for a decrease of the active power set

point. As shown in Fig. 15, the new speed set point is

calculated by the speed optimizer depending on the new power
set point and the head.
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Fig.15. Power set point (red), filtered head (blue) and speed set point (green)
in (pu)

A. Strategy 1

Concerning the first strategy, the new speed set point is
reached very fast in about 4 seconds, because the speed is
controlled by the electrical system (Fig.16).
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Fig.16. Speed set point (red) and speed (blue) in (pu)

This speed diminution leads to a power injection in the
grid resulting from the transfer of kinetic energy from the
rotating inertia to the grid. This phenomenon is called flywheel
effect (Fig.17). Then the power is slowly regulated by the
pump-turbine as illustrated in Fig. 17. Simulated results
obtained by the first strategy show that the transient behavior
(particularly the active power represented in Figure 17)
following the set point variation of the active power is not
acceptable and thus this strategy cannot be applied. The use of
a rate limitation of the set point of the speed controller is
necessary in order to avoid the undesirable transients of the
active power. Figure 18 represents in per unit the head h, the
discharge q, the torque t, the speed n and the turbine guide
vane opening y.
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Fig.17. Power set point (red) and power (blue) in (pu)
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Fig.18. Transient behaviour of the pump-turbine in (pu)
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In order to validate the pseudo-continuous approximation,
these results can be compared with those obtained when
considering the complete model of the rotor cascade (Fig.19).
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Fig.19. Comparison of the power and the electromagnetic torque (absolute
value) obtained with the pseudo-continuous respectively the complete models

One can notice that there is a very good agreement between
the results obtained by the two models. Using such pseudo-
continuous model leads to a computation time reduction of
factor 60 compared to the computation time obtained with the
complete model. On the other hand, the complete model
permits a precise analysis of the harmonics due to the
converters. Indeed, a VSI converter introduces harmonics of
ranges 6k+1 in the rotor currents, whose fundamental
frequency is S - f =S -60[Hz] (Fig.20). These current
harmonics lead to harmonics of ranges 6k in the
electromagnetic torque (Fig.21).

— ia_rotor [pu] — ia_rotor regenerated [pu]

SASARAAAARARRARRRAANALARRARDS
VY ,,\,!,,U,,,U,,U ,,,,,, V,,V ,,,,,, U,,U ,,,,,, U,,U,,U,,V ,,,,,, W ,,,,,, VUV

20 10
Harmonics with a fundamenrtal frequency of 28194 Hz

Fig.20. Complete model: frequency analysis of the rotor current in phase a
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Fig.21. Complete model: frequency analysis of the electromagnetic torque

B.  Strategy 2

Concerning the second strategy, the new power set point is
reached very fast in less than 0.3 second because the power is
controlled by the electrical system as presented in Figure 22.
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Fig.23.

— h[pu] — q[pu] — t[pu] —n[pu] — y[]

1 \
08y

08y

O

I

R

R

10 20 30 40
Time [sec]

Fig.24. Transient behaviour of the pump-turbine in (pu)

This power diminution leads to an acceleration of the
machine resulting from the accumulation of kinetic energy in
the rotating inertia. Then the speed is slowly regulated by the
pump-turbine as shown in Figures 23 and 24.

A comparison between these results and those obtained with
the complete model of the rotor cascade confirms the validity
of the pseudo-continuous approximation (Fig.25 and 26).
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Fig.25. Comparison of the power and the electromagnetic torque (absolute
value) obtained with the pseudo-continuous respectively the complete models
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Fig.26. Comparison of the transient behavior of the pump-turbine obtained
with the pseudo-continuous and the complete models

C.  Comparison of the two strategies in generating mode

It’s finally interesting to compare the dynamic behaviour
resulting from strategies 1 and 2 in terms of both active and
rotational speed variations as presented respectively in Fig.27
and Fig. 28.
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Fig.27. Power set point (red), power with strategy 1 (blue) and power with
strategy 2 (green) in (pu)
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Fig.28. Speed set point (red), speed with strategy 1 (blue) and speed with
strategy 2 (green) in (pu)

One can notice that the second strategy is capable of power
set point changes about 84 times faster than using the first
strategy, and therefore this strategy will be preferred.

VI. CONCLUSION

The behavior of a fictitious 2x320 MW variable speed
pump-turbine power plant including hydraulic, electrical and
control systems has been simulated in steady-state and
transient conditions. Two control strategies in generating mode
have been compared and the dynamic performances pointed
out. A pseudo-continuous approximation related to the rotor
cascade has been presented and validated by comparison with
the complete model. A very important gain in the computation
time (factor of about 60) is obtained by using this approach.
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