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[bookmark: _GoBack]ABSTRACT - This paper presents a new current control design for doubly-fed induction generators (DFIG) in wind turbine systems, where the control is implemented on the rotor side. The mechanical angular speed of the rotor is considered as a time varying parameter. A self-scheduled controller is then designed for the inner current loop in order to guarantee decoupling of torque and power factor, and to achieve high robust dynamic performance for all admissible trajectories of the rotor speed in the operating range. The closed loop system performance with the proposed controller is compared with a conventional control scheme. Performance and robustness of the controlled system are demonstrated via simulations.
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NOMENCLATURE
vsd, vsq: 		d and q components of stator voltage	: 	total linkage coefficient
[bookmark: OLE_LINK7]vrd, vrq: 		d and q components of stator voltage	 : 	time constant of stator
[bookmark: OLE_LINK5]isd, isq:   		d and q components of stator current	 : 	time constant of rotor
ird, irq: 		d and q components of rotor current	 		stator electrical speed
 	Stator flux components					rotor electrical speed
Lm: 		Mutual inductance 			: 	rotor speed
[bookmark: OLE_LINK6]Ls, Lr: 		stator and rotor inductances		
Rs, Rr: 		stator and rotor resistances		 : 	time constant of rotor



1.  INTRODUCTION
Doubly-fed induction machines (DFIMs) are often used as generators for variable speed wind turbines because of their advantages in comparison with other machines. The most important feature is that approximately 30% of the generator power is handled by power converters. Therefore, converters should be designed in a cost effective fashion.
In the regular configuration of variable speed wind turbines, the stator of DFIM is directly connected to the grid and the rotor is connected with two converters, one on the grid side,
the so-called Grid Side Converter (GSC), and the other on the rotor side, the so-called Rotor Side Converter (RSC), coupled by a DC-voltage link as shown in Fig. 1.
The grid side converter is controlled to keep the DC-link voltage at a constant value and to supply an amount of required reactive power into the grid. The rotor side controller is used to control active and reactive powers on the stator side.
2.  MODELLING OF DOUBLY- FED INDUCTION MACHINE
In this paper, a dq reference frame, which is independent of the machine parameters and rotor speed measurement accuracy, is adopted. This reference frame has the d axis coinciding with the grid voltage vector [1]. In this reference frame, the DFIM equations can be written as

[image: ]
Fig. 1. Variable speed wind turbine system
In this reference frame, the DFIM equations can be written as
· 
· 
· 
· 
Rewriting (1),(2), (3),(4)  in a compact form and in combination with the output equation leads to

Where:
 







3. CONTROL OF DFIM IN WIND TURBINE SYSTEMS
3.1. Control hierarchy 
3.1.1 Operating mode with the national grid
This operating mode is characterized as follows:
· The national grid can be seen as hard grid with extremely large P, with stable voltage and frequency.
· The active power is controlled following the curve with optimal power (Figure 2), to extract maximum power from the wind.
· The power factor cos ϕ is often fixed by value nearly 1. That means the wind power plant will neither generate nor consume a reactive power Q.
3.1.2 Independent operating mode without the national grid
Specific examples for this operating mode are  wind power plan WPPs on islands with following characteristics:
· Local grids are built by a group of diesel generators with small active power P. These are the so called wind based hybrid power systems.
· Local grids are soft grid whose voltage and frequency are unstable.
· The load is divided between the group of diesel generators and the WPP. The WPP may generate only a fixed active power P = const (Figure 2) specified by the rate of distribution.
· The power factor cos ϕ of WTs should be set flexibly in the appropriate value to ensure safe and efficient exploitation of the diesel generators.
[image: ]
[bookmark: OLE_LINK41]Figure 2: Characteristic curves for power extraction from wind
3.2. Control structure
[bookmark: OLE_LINK42]3.2.1 Grid side control structure:


Fig. 3. Grid side control structure
The main method is the grid voltage oriented control. Some works have tested the method direct power control inspired by the direct torque control of electric three-phase AC drives.
The control must ensure the decoupling between P and Q, as well as the flexible setting of cos ϕ. It only needs a linear control structure [7].
[bookmark: OLE_LINK43]3.2.2 Generator side converter 
Because the stator of doubly fed induction generator  is directly connected to the grid, therefore this is the case with most challenge regarding to the generator control. 
· The main method is the grid voltage oriented control.
· The control must ensure the decoupling between P and Q (decoupling between mG and cos ϕ), as well as the flexible setting of cos ϕ.
· The control structure can be either linear or nonlinear.
· Crowbar control.


Figure 4. Generator side converter
[bookmark: OLE_LINK44]3.3. Open loop analysis
Let us analyze the system (5) denoted by Gr.
[image: ]
Fig. 5. The plant model
As illustrated in Fig. 5, the rotor voltages vr  are the control inputs, the controlled outputs are the rotor current ir,  while the stator voltages vs can be considered as the input disturbances.
The frequency responses of the channels vs → ir  can be seen in Fig. 6 and 7. The time response of the rotor currents with respect to the rotor voltages vr  and the stator voltages vs  for some values of ω in its operating range can be seen in Fig. 8.
An analysis of the open-loop shows:
· Stator (gird) voltages can be considered as input disturbance.
· The bandwidth is close to the excitation frequency of stator voltages [2], [3].
· Because of the magnetic coupling between stator and rotor, variations of grid voltages result in oscillations in rotor currents.
In the normal operation the stator voltage vs is assumed to be a constant. However, in some specific cases such as grid faults, the sag in the grid voltage will results in a significant influence on the performance of the system.
[image: ]
Fig. 6. Bode magnitude plot from the rotor voltages vr to the rotor currents ir. Dash lines: ω = 0.7ωs , dotted line:  ω = ωs, and solid line: ω = 1.3 ωs .

[image: ]
Fig. 7. Bode magnitude plot from the stator voltages vs to the rotor currents ir. Dash lines: ω = 0.7 ωs, dotted line:  ω = ωs, and solid line: ω = 1.3 ωs .
[image: ]
Fig. 8. Open loop time response of the rotor currents ir with respect to the rotor voltages vr (left) and the stator voltages vs (right) for 15 values of ω in the range of [0.7ωs, 1.3ωs].
3.4. Close  loop analysis
The total control structure of double fed induction machines   in a Wind Energy Conversion System (WECS) is shown in Fig. 3 and 4. Here two current controllers are designed for the rotor and grid side converters respectively. However, in this paper, only the control structure on the rotor side with two loops as shown in Fig. 9  is discussed. The inner loop in Fig. 9 with controller Krc is called the rotor current control loop.  The design goal of the rotor current controller Krc is to achieve high dynamic
performance and robust tracking of the rotor currents. The outer loop with controller Kg is called the electrical torque control loop used for tracking the optimal values of electrical torque  and power factor .  
[image: ]
Fig . 9 . Rotor side current control loop
In Fig. 9, Gr represents the plant according to equations (2); yg is the controlled output that is estimated from the outputs of the plant. Based on the actual measured values of the wind speeds and the characteristics of each particular wind turbine, the main control station will track the optimum torque from a look-up table and use it as the reference value for the power electronics control stage.
The electrical torque of the DFIM on the dq reference frame aligned to the stator voltage, i.e. Ψsd = 0, can be computed by

On the other hand, controlling the reactive power can be implemented by regulating the power factor  . This factor can be computed as follows:

The equations (6) and (7) show that the torque and power factor of the DFIM can be regulated via the components of the rotor currents ird and irq.
The essential common features of the conventional design methods [4], [5], [6], [7], [8] to design the current controller Krc are:
· The vector control technique [9] is used which allows one to achieve decoupled control of active and reactive powers in both generator and motor operations.
· The difficulties of the nonlinear dynamics of DFIG are not taken into account, i.e. the model of the machine is linearized and it is assumed that both the machine parameters required by the control algorithm and the grid voltage are precisely known.
· The closed-loop behavior is highly sensitive to a change of the operating conditions and/or parameters.
In this paper, the rotor current controller is designed based on the linear parameter varying (LPV) systems approach [10], [11], [12]. In this approach, the rotor mechanical angular speed ω in (1) is considered as a time varying parameter or, in other words, as a scheduling variable. This particular choice is motivated by the fact that ω, which causes the system to be nonlinear, can be measured online. Then, a self-scheduled controller is designed for the inner current control loop in order to achieve high robust dynamic performance for all admissible trajectories of the rotor speed in the operating range.
3.5. Model and  control of the LPV system 
[bookmark: OLE_LINK45]In fact, the rotor mechanical angular speed varies by ± 30% around the synchronous speed ωs. Therefore, with − 1 ≤ δω ≤ 1 and   = 0. 3, the mechanical angular speed can be expressed as ω = ωs (1 + δω ). Thus (1) now becomes affinely parameter dependent and can be rewritten as

[bookmark: OLE_LINK46]A mixed sensitivity T/S loop shaping  optimization [ 13 ] is proposed for the rotor current control loop ( see Figure 7). The external control inputs   consist of stator voltages and reference rotor currents

A mixed sensitivity T/S loop shaping  optimization [ 13 ] is proposed for the rotor current control loop ( see Figure 7). The external control inputs   consist of stator voltages and reference rotor currents
 
The controller outputs are 
 . 
The controller inputs or tracking errors are 

The measured outputs are 

The sensitivity function is
 
And complementary sensitivity function is 

The interconnection of the system used for synthesis is shown in Figure 10. 
[image: ]
Fig. 10. The interconnection of the system
Wrs is the low-pass filter used to shape the sensitivity for tracking. Wrt is the high pass filter used to shape the complementary sensitivity function to guarantee robustness against high frequency un-modelled dynamics.
The  control problem is to find a stabilizing LTI controller K rc(ω) at fixed frozen values of ω such that the  - norm of the channel wrc → zrc is smaller than a specified bound γ, namely


3.6 Synthesis of gain-scheduled current controller
The gain-scheduled controller synthesis is similar to the classical  synthesis, but both the plant and the controller are now LPV systems. The optimization problem is to find a stabilizing controller Krc(ω) such that the L2 gain of the channel wrc → zrc is smaller than γ for all trajectories of

We employ the Linear Matrix Inequality (LMI) Control Toolbox in Matlab [14] in order to compute the vertex controllers


With : 



4.  SIMULATION
A. Simualating the controller dynamics 
The Bode plots of the closed-loop system with the LPV controller in Fig. 11, 12, and 13 show that the designed controller maintains the performance requirements specified by Wrt and Wrs for some frozen rotor speeds in its variation range.
[image: ]

Fig. 11. Close-loop frequency response of the complementary sensitivity function Trc with inverted weighting function Wrt (left) and sensitivity function Src with inverted weighting function Wrs (right) for 7 values of ω in the range of [0.7ωs , 1.3 ωs ]
[image: ]
Fig.12 . Bode magnitude plots of the effects of the stator voltages vs to the rotor currents ir (left) and control errors er (right) for 7 values of ω in the range of [0.7 ωs , 1.3 ωs ]
[image: ]
Fig. 13  Close-loop time responses of the rotor currents ir with respect to the references (left ) and the stator voltages vs (right) for 7 values of ω in the range of [0 .7 ωs , 1.3 ωs ].
B. Performance of the system with step changes of electrical torque and power factor
Fig. 14 shows the performance of the controlled system depicted in Fig. 9 tested with step changes of the reference values for the electrical torque Te and the power factor sin ϕ.
[image: ] 
Fig. 14. The performance of the system with step changes

The initial value of the torque is -500Nm. Then it increases to -1500Nm at time 3s. Finally, it decreases to -1250Nm at time 7s. Meanwhile, the set value of ϕ increases from the initial value of 0.05 to 0.3 at the time 2s, and then it decreases to 0.1 at the time 6s. We see from Fig. 12 that the electrical torque Te and the power factor sin ϕ accurately track their reference values. The decoupling effect of the controller can be extracted from the fact that torque control is achieved by controlling the d-component, while power factor control is achieved by controlling the q-component of the rotor currents.
C. Performance of the system with stator voltage dip
When the grid undergoes a fault, the sag in the grid voltage will result in an increase of the current in the stator windings of the DFIM. Because of the magnetic coupling between stator and rotor, this current will also flow into the rotor circuit and the power converter leading to the destruction of the converter if nothing is done to protect it. On the other hand, the study in [7] shows that the dynamics of the DFIM has poorly damped poles in the transfer function of an LTI model of the machine. This will cause oscillations in the flux if the DFIM is affected by grid disturbances. After such disturbances, an increased rotor voltage will be needed to control the rotor currents. When this required voltage exceeds the voltage limit of the converter, it is not possible any longer to control the current as desired [16]. Therefore, the control system should maintain the operation and reduce oscillations as much as possible during grid voltage faults.
[image: ]
Fig. 15. The performance of the system when grid voltage is faulty
In Fig. 15, the grid voltage was dropped down to 25% of the normal voltage. This phenomenon occurred in a period of 300 msec before it recovered to its rated value. After that, the grid voltage was once again dropped to 50% of the rated voltage during 200 msec. The graphs show that the oscillations of torque and currents were remarkably dampened at the grid voltage fault time.
More results compared in two complete simulation models, one based on a conventional control scheme called dead-beat control (similar to that in [15]) and the other based on the described LPV framework, can be found in the poster. The details of LPV controller  synthesis for affinely parameter dependent systems, the resulting performance of the controlled system with respect to the time-varying parameter, and robust performance of self-scheduled LPV control of DFIM in comparison with the dead-beat controller under parameter changes as well as grid voltage faults will be given in a future paper.

5. CONCLUTION
This paper presents self-scheduled LPV controller synthesis for the doubly-fed induction generator in a variable speed wind turbine system. The characteristics of the open-loop of the plant as well as the closed-loop of the controlled system were analyzed. The LPV framework was based on considering the online measurable rotor mechanical angular speed as a time-varying parameter. Hence the designed controller achieves robust tracking for the rotor currents of the inner loop for all trajectories of the rotor speed over its operating range. As a result, one also achieves tracking of optimal values of the electrical torque and the power factor in the outer loop of the rotor side. Furthermore, the simulation results show that performance of the closed-loop system was confirmed during the grid faults.
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