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Simulation of a Doubly-Fed Induction Generator with Hydro Turbine for Electrical Energy Production

In this paper, the authors propose a behaviour simulation of a micro power station system for electric power generation in isolated equatorial regions, e.g. Africa and South America. These remote areas have usually a good potential of hydroelectric relative to small community or activity need. They are characterized by sufficient rainfall, which leads to the steady average flow of the rivers. Despite this energy resource the electrical power generation in these regions is more often achieved by the use of diesels generators. The study proposed here deals with a hybrid electrical power station (photovoltaic and hydro turbine based on Doubly-Fed Induction Generator) and diesel generators. Two cases are considered in this paper, the first correspond to active and reactive power management when the Doubly-Fed Induction Generator is coupled to a microgrid. The second case is based on the stator voltage and frequency control when the hybrid electrical power station ensures energy to isolated electric loads.

I.

INTRODUCTION

During these recent decades, renewable energies increasingly have give real opportunity to supply people with electrical power, taking special care to environmental requirements. However, the use of renewable energies have been for a long time marginalized in favor of other fossil energy sources, global awareness on the problems of air pollution and nuclear risks have induced recent interest. In this context, a previous study has proposed an electric power station system for the isolated equatorial regions such as Africa and South America [START_REF] Ramuz | Modelling and Simulation of a Doubly Fed Induction Generator in stand alone Variable Speed Hydro Turbine[END_REF]. When the electrical energy is supplied by micro-hydro power station (P < 150 kVA) with variable-speed turbines, the doublyfed induction generator (DFIG) enables to optimize the power produced. This system enables also to compensate the rivers flow variability effect in acceptable proportions and guarantees a good energy quality of micro-grid. The generator control strategy based on an orientation of the stator flow ensures the control of the stator voltages and frequency whatever the turbine speed variation and the reasonable power consumption. Moreover, this system allows to coupling the DFIG with other energy sources (such the photovoltaic panels and batteries) via a common DC-bus for an important electrical energy supply. The originality of this system is conferred by the hybridization on DC bus of an already existing photovoltaic system as indicated in Fig. 1, which enables the magnetization of DFIG.

II. HYDRO TURBINE MODELING

In this study, the banki turbine is considered due to its flexibility of operation on a broad range speed and its efficiency. Moreover, considering the height average waterfalls (1 to 3m) and low velocity of the rivers (~ 1 m/s), the speed of the turbine will be rather slow, but this problem can be solved by using gear box. The hydraulic power available to the turbine is given by [START_REF] Ramuz | Modelling and Simulation of a Doubly Fed Induction Generator in stand alone Variable Speed Hydro Turbine[END_REF].

H Q g P f h ⋅ ⋅ ⋅ ≈ ρ (1) 
This equation defines the theoretical maximum mechanical power of a waterfall. However, there are some losses due to penstock or the diversion channels. In other word, the final mechanical power is not always the theoretical mechanical power in the case of Pelton or Banki turbines. These losses are characterised by the efficiency η c of the penstock.

c H Q g h P f η ρ ⋅ ⋅ ⋅ ⋅ = (2)
It is interesting to define the hydro-turbine torque and the available mechanical power as function the water speed. This speed is presented in [START_REF] Muller | Doubly-Fed Induction Generators Systems for Wind Turbines[END_REF], where V is in (m/s), v k a loss ratio (~ 0, 95 …1), g acceleration of gravity and H the fall height (m) without considering pressure losses. The mechanical power supplied by hydro-turbine can be estimated by [START_REF] Robyns | Equivalent Continuous Dynamic Model of Renewable Energy Systems[END_REF], where P m is in (kW), η is the global efficiency (penstock channel, gear-box, and turbine), ρ present the water density (~1000 kg/m3) and the Q f variable defines the rivers flow (m 3 /s).

H g k V v ⋅ ⋅ ⋅ = 2 (3) 
η ρ ⋅ ⋅ ⋅ ⋅ = H Q g m P f (4)
The mechanical torque as function the river flow [START_REF] Ramuz | Modelling and Simulation of a Doubly Fed Induction Generator in stand alone Variable Speed Hydro Turbine[END_REF], [START_REF] Sylvain | Petites centrales hydrauliques[END_REF], the radius and the tangential speeds is given by Euler equation [START_REF] Boyette | Direct and indirect control of a Doubly Fed Induction Generator wind turbine including a storage unit[END_REF].
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Where T hydro is in (Nm),

g ⋅ = ρ ϖ
presents the weight water per unit volume in (N/m 3 ), r 0 is the water filament input radius in (m), v t0 : water filament tangential speed in (m/s), 1 r and 1 t v are respectively the output wheel radius in (m) and tangential speed in (m/s). From (5), the mechanical power m P of the turbine can be also estimated as function the hydro-turbine speed ω in (rd/s) as indicated in [START_REF] Guo | Decoupled Control of Active and Reactive Power for a Grid-connected Doubly-fed Induction Generator[END_REF].

m hydro T m P ω ⋅ = (6)
In the Banki turbines, the actual values often differ from those calculated because of pressure losses existing in the penstock or the diversion channels resulting from H parameter.

III. DOUBLY-FED INDUCTION GENERATOR AND MICRO GRID/LOAD MODELLING

A. Doubly-Fed Induction Generator Modelling

In the case of the energy production by hydraulic turbine, the Doubly Fed Induction Generator (DFIG) enables to optimize the produced power [START_REF] Muller | Doubly-Fed Induction Generators Systems for Wind Turbines[END_REF][START_REF] Robyns | Equivalent Continuous Dynamic Model of Renewable Energy Systems[END_REF][START_REF] Boyette | Direct and indirect control of a Doubly Fed Induction Generator wind turbine including a storage unit[END_REF][START_REF] Guo | Decoupled Control of Active and Reactive Power for a Grid-connected Doubly-fed Induction Generator[END_REF][START_REF] Ramuz | Simulation of a Doubly Fed Induction Generator used in an Autonomous Variable Speed Hydro Turbine with Maximum Power Point Tracking Control[END_REF]. Indeed, considering the variable speeds and the rivers flows in the equatorial regions, the DFIG allows compensating these variations in acceptable proportions while guaranteeing a good quality of the micro-grid. The control strategy consists in first case to providing constant voltage V s and frequency f s at stator, whatever of the speed variations and reasonable energy consumption, when the system is in isolated area. In second case, it consists to control active and reactive power when the generator is coupled to existing micro-grid [START_REF] Poitiers | Simulation of a Wind Energy Conversion System Based on a Doubly Fed Induction Generator[END_REF][START_REF] Gergaud | Energy modeling of a lead acid battery within hybrid Wind / Photovoltaic systems[END_REF][START_REF] Zhao | Modeling and control of a wind-turbine-driven DFIG incorporating core saturation during grid voltage dips[END_REF][START_REF] Li; Haskew | Analysis of Decoupled d-q Vector Control in DFIG Back-to-Back PWM Converter[END_REF].

The dynamic model of DFIG [START_REF] Qiao | Improved Control of DFIG Wind Turbines for Operation with Unbalanced Network Voltages[END_REF][START_REF] Ye | Comparison of transient behaviors of wind turbines with DFIG considering the shaft flexible models[END_REF][START_REF] Wu | Decentralized Nonlinear Control of Wind Turbine With Doubly Fed Induction Generator[END_REF][START_REF] Fang | Flexible Grid-connection Technique and Novel Maximum Wind Power Tracking Algorithm for Doubly-Fed Wind Power Generator[END_REF] in Park axes system (d,q) is defined by ( 7) and ( 8), where R s , R r , L s , L r and M present the generator parameters, which are giving in Table I 
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The magnetic fluxes at the stator and rotor in Park axes system are respectively defined in [START_REF] Gergaud | Energy modeling of a lead acid battery within hybrid Wind / Photovoltaic systems[END_REF].
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After some transformations of ( 7), ( 8) and ( 9) equations, the dynamic model of DFIG can be presented by differential equations [START_REF] Zhao | Modeling and control of a wind-turbine-driven DFIG incorporating core saturation during grid voltage dips[END_REF], where A, B and σ are defined below.
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In this dynamic model: I sd and I sq (stator currents) with rotor current (I rd ,I rq ) present the state variables.

V sd and V sq correspond to stator voltage which can be obtained from micro grid or load model V rd and V rq correspond to system control variables (rotor voltages) which can be obtained from inverter (DC/AC converter) average model These equations can be solved easily by using S-function algorithm implemented in Matlab/Simulink software.

The electromechanical equation of the system is giving in [START_REF] Li; Haskew | Analysis of Decoupled d-q Vector Control in DFIG Back-to-Back PWM Converter[END_REF], where f presents the coefficient of viscous friction.

m em m m t f T T Ω dt d J Ω ⋅ - - = ⋅
) ( [START_REF] Li; Haskew | Analysis of Decoupled d-q Vector Control in DFIG Back-to-Back PWM Converter[END_REF] In this equation, the mechanical torque T m , and electromagnetic torque T em can be estimated using [START_REF] Qiao | Improved Control of DFIG Wind Turbines for Operation with Unbalanced Network Voltages[END_REF] and [START_REF] Ye | Comparison of transient behaviors of wind turbines with DFIG considering the shaft flexible models[END_REF], where p and Ω define respectively the pair of poles number and hydraulic turbines speed:
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The shaft system provides a coupling between the turbine rotor and generator rotor. It is necessary that the shaft dynamics should be included in simulation models, even in variable speed turbines because shaft oscillations and power fluctuations. Alternatively, the two masses can be considered [START_REF] Kayikci | Assessing Transient Response of DFIG-Based Wind Plants-The Influence of Model Simplifications and Parameters[END_REF], referring the inertias to the high speed shaft as in [START_REF] Wu | Decentralized Nonlinear Control of Wind Turbine With Doubly Fed Induction Generator[END_REF], where J t is the global inertia in kgm 2 and G is the gear-box ratio

DFIG turb t J G J J + = 2 (14)

B. Micro Grid/Load Modelling

The main goal of this section consists to establish a global model which enables to deduce the grid and load models. To establish these models, the balanced three phase system is considered. The grid/load coupling strategy is presented in Fig. 2. When the stator of the DFIG is coupled to balanced three phase load, E d and E q are zero. When the DFIG is coupled to an existing microgrid, then E d and E q can be obtained by using Park transformation on following fundamental equations.
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Two phases resulting model is presented in [START_REF] Kayikci | Assessing Transient Response of DFIG-Based Wind Plants-The Influence of Model Simplifications and Parameters[END_REF], where R and L correspond respectively to load or grid resistance and inductance
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To implement this equation in Matlab/Simulink (using transfer function), it is necessary to transform ( 16) as shown equations ( 17) and [START_REF] Xu | Coordinated Control of DFIG's Rotor and Grid Side Converters During Network Unbalance[END_REF]. The implementation of these equations is showing in Fig. 3, where E max = 2 1/2 .E. 
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IV. DOUBLY-FED INDUCTION GENERATOR CONTROL STRATEGY

The system control strategy includes two states. The first correspond to active and reactive power control when the DFIG is coupled to existing grid. The second strategy deals stator voltage control when the generator ensures electrical energy to isolated electric loads.

A. Active and reactive power control strategy

For active and reactive power control strategy simplifying, the reference frame must be choose where equation ( 7) must be projected. Indeed, the majority of authors choose a reference frame related to the stator.

However, this choice is not best in this application, i.e. the parameters must to be controlled are in stator (P, Q), the choice of an axes system shifted 90° behind on the vector of stator voltage (V sd =0 and V sq =V s ) is much more advantageous. It allows connecting the axes system directly to the frequency of the micro-grid and Fig. 4 illustrates this choice. The active and reactive power control strategy obtained from this assumption is presented in Fig. 5, where the decoupling terms V rd' , V rq' are as function the rotor currents and stator flux as indicated in [START_REF] Hu | Improved Control of DFIG Systems During Network Unbalance Using PI-R Current Regulators[END_REF].

( )

( ) ( ) ⎪ ⎪ ⎪ ⎩ ⎪ ⎪ ⎪ ⎨ ⎧ Φ ⋅ ⋅ - + ⋅ ⋅ ⋅ - ≈ ⋅ - ≈ Φ ⋅ ⋅ ⋅ - ≈ sd s s rd r s rq s sq s sd rq r s L M I L V I R V I L rd V sq ω ω σ ω ω ω σ ω ω ' ' (19) 
In the d-q reference frame, the active and reactive powers [START_REF] Xu | Dynamic Modeling and Control of DFIG-Based Wind Turbines Under Unbalanced Network Conditions[END_REF][START_REF] Xu | Coordinated Control of DFIG's Rotor and Grid Side Converters During Network Unbalance[END_REF][START_REF] Hu | Improved Control of DFIG Systems During Network Unbalance Using PI-R Current Regulators[END_REF] absorbed from the grid can be obtained from following equations.

⎪ ⎩ ⎪ ⎨ ⎧ ⋅ - ⋅ = ⋅ + ⋅ = sq sd sd sq sq sq sd sd I V I V Q I V I V P (20)
Choosing d-axis as the reference frame along the statorflux arrangement and assuming the stator resistance is negligible, V sd is zero, and, since the amplitude of the supply voltage is constant, V sq is constant. Therefore, the reactive and active power will be proportional to I rd and I rq , respectively as indicated in (21).
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The stator active power reference is estimated from mechanical torque and this estimation method is illustrated by ( 22), where, k is constant coefficient with a maximum value of ω s =314 rd/s. The main goal of this section consists to system dynamic performance evaluation with classical PI controller [START_REF] Camara | Design and New Control of DC/DC Converters to share energy between Supercapacitors and Batteries in Hybrid Vehicle[END_REF] and some simulation results presented in this paper are obtained in following conditions:

The hydro-turbine speed reference (w mref ) is estimated as function the river flow (Q f )

The stator reactive power reference (Q ref ) is respectively fixed at (2, 0 and 1) kVAR.

The active power reference is estimated from equation ( 22), with k=3.14 rd/s. By convention, the sign of power (active and reactive) is assumed negative for the supplied power and positive in contrary conditions (consumed power). For divergence problems, a lower sampling period (1e -8 s) is used for system simulations.

A. Active and reactive power control result

To illustrate the performance of power control strategy, three closed loops are used. The first is based on mechanical speed control as function the river flow. The second and third are respectively focused on active and reactive powers control.

The simulation result corresponding to first loop is presented in Fig. 6. These curves show the control strategy is satisfactory except the start condition when the mechanical speed loop have not adequate time to react. The active and reactive powers measured at the stator of the DFIG when the generator is coupled to micro-grid are respectively shown in Fig. 7 and Fig. 8; these results allow to concluding the used control strategy is very interesting. The measured powers compared to the reference powers estimated shows that this control strategy takes into account the river flow (Q f ) variation. But some ripples appear in reactive power when the mechanical speed exceeds 80 rad/s. 

B. Stator voltage and frequency control result

For stator voltage and frequency control performance evaluation, two closed loops are used. The simulation results presented in Fig. 9 to Fig. 12 correspond to stator frequency and voltage (V sd ,V sq ) control results when the DFIG is in isolated area (no micro-grid). Fig. 9 shows the stator frequency (f s ) compared to synchronism frequency (f sn ). That of shift and the rotor frequencies, they are respectively presented in Fig. 10 and Fig. 11. The stator voltages control result for two phase model (d,q) of the DFIG is showed in Fig. 12. These results enable to observe the voltage and the frequency control is satisfactory. Due to the rivers speeds and flows variations in the equatorial areas, a Doubly Fed Induction Generator (DFIG), presents an original solution for compensate the variability of the primary source in acceptable proportions, thus guarantees a good quality of the produced energy. The magnetization energy of the Doubly Fed Induction Generator is ensured by photovoltaic cells through a DCbus. The simulations results presented in this paper show that the proposed system is interesting for micro hydro power station applications.

The future developments will be based on the various control devices and hybridization possibilities with other electrical energy systems production with strong variability in the isolated equatorial areas. The control strategy of voltage and power (active and reactive) are satisfactory as shown by simulations results. These controls strategy will be implemented in reduced experimental test bench which is at the moment in design state.
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APPENDIX