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Preface This report describes the modelling and control work carried out during two projects, i.e. “Simulation platform for modelling, optimization and design of wind turbines”, and "Electrical Design and Optimisation of Wind Turbines". These projects, carried out in a cooperation between Risø DTU National Laboratory for Sustainable Energy and Aalborg University, were funded by the Danish Energy Agency contract numbers ENS 1363/04-0008 and ENS-1363/010013.
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1 Introduction The present report describes the dynamic wind turbine models implemented in the power system simulation tool DIgSILENT, which provides both an extensive library for grid components and a dynamic simulation language (DSL) for the modelling of each wind turbine component. The development of these models is a part of the results of a national Danish research project, whose overall objective is to create a model database of electrical components mainly, in different simulation tools in order to enhance the design and the optimisation of the wind turbines. The developed model database is able to support the analysis of the interaction between the mechanical structure of the wind turbine and the electrical grid both during normal operation of the wind turbine and during transient grid fault events. Such models make it possible to simulate the dynamic interaction between a wind turbine/wind farm and a power system. They enable both the potential wind turbine owners and the grid utility technical staff to perform the necessary studies before investing and connecting wind turbines (farms) to the grid. Simulation of the wind turbine interaction with the grid may thus provide valuable information and may even lower the overall grid connection costs. The motivation for this research work is the ever-increasing wind power penetration into power networks. In recent years the trend has been moved from installations with a few wind turbines to the planning of large wind farms with several hundred MW of capacity. This increased and concentrated penetration makes the power network more dependent on, and vulnerable to, the wind energy production. This situation means that future wind farms must be able to replace conventional power stations, and thus be active controllable elements in the power supply network. In other words, wind farms must develop power plant characteristics (Sørensen P. et al., 2000). The two utilities responsible for the transmission systems in Denmark, Eltra and Elkraft System, have issued requirements (Eltra, 2000) that focus on the influence of wind farms on grid stability and power quality, and on the control capabilities of wind farms. Another consequence of the increased future size of wind farms is that the large wind farms will be connected directly to the high voltage transmission grid. Until now, wind turbines and wind farms have been connected to the distribution system, which typically has either 10/20 kV or 50/60 kV grids. Therefore, the main focus has been on the influence of the wind farms on the power quality of the distribution system. For example in Denmark, this has been regulated by the Danish Utilities Research Institute (DEFU) requirements for grid connection of wind turbines to the distribution system (DEFU, 1998). However, the transmission system operators in Denmark now issue more strict connection requirements for large wind farms if they are connected directly to the transmission system. Moreover, national standards for power quality of wind turbines have recently been supplemented by a new standard for measurement and assessment of power quality of grid connected wind turbines, namely (IEC 6140021,2001). A large part of the report is dedicated to the modelling and control of three wind turbine concepts, namely: 1. Fixed speed active stall wind turbine concept
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2. Variable speed doubly-fed induction generator wind turbine concept 3. Variable speed multi-pole permanent magnet synchronous generator wind turbine concept The report is organised as follows. First, the power system simulation tool DIgSILENT is shortly described. Then the wind turbine modelling in DIgSILENT is presented. The modelling and control of the mentioned wind turbine concepts in the power simulation tool DIgSILENT are then presented, their performance being assessed and analysed by means of simulations. Different control strategies are presented and designed for both normal and fault operation, based on goals such as fast response over disturbances, optimum power efficiency over a wider range of wind speeds, voltage ride-through and grid support capabilities.



2 Wind turbine modelling in SILENT



DIg-



After a short description of the power system simulation tool, the goal of this chapter is to describe the wind turbine modelling in DIgSILENT at component level, namely the modelling of each wind turbine component.



2.1 Power system simulation tool - DIgSILENT The increasing capacity of wind power penetration is one of today’s most challenging aspects in power-system control. Computer models of power systems are widely used by power-system operators to study load flow, steady state voltage stability, dynamic and transient behaviour of power systems. Today these tools must incorporate extensive modelling capabilities with advanced solution algorithms for complex power-system studies, as in the case of wind power applications. An example of such a tool is the power system simulation tool DIgSILENT (DIgSILENT, 2006). DIgSILENT has the ability to simulate load flow, RMS fluctuations and transient events in the same software environment. It provides models on a different level of detailing. It combines models for electromagnetic transient simulations of instantaneous values with models for electromechanical simulations of RMS values. This makes the models useful for studies of both (transient) grid fault and (longer-term) power quality and control issues. DIgSILENT provides a comprehensive library of models of electrical components in power systems. The library includes models of e.g. generators, motors, controllers, dynamic loads and various passive network elements (e.g. lines, transformers, static loads and shunts). Therefore, in the present work, the grid model and the electrical components of the wind turbine model are included as standard components in the existing library. The models of the wind speed, the mechanics, aerodynamics and the control systems of the wind turbines are written in the dynamic simulation language DSL of DIgSILENT. The DSL makes it possible for users to create their own blocks either as modifications of existing models or as completely new models. These new models can be collected into a library, which can be easily used further in the modelling of other wind farms with other wind turbines.
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The program DIgSILENT has been extended and further developed for wind power applications, based on extensive communication and collaboration between DIgSILENT and Risø DTU National Laboratory for Sustainable Energy. In the following, the two types of models in DIgSILENT are presented: 1. Built-in models, which are standard electrical component models, already existing in the DIgSILENT library. 2. DSL models, which are created by the user in the dynamic simulation language DSL.



2.2 Grid component built-in models in DIgSILENT The built-in models are standard models existing in DIgSILENT for different electrical components. The internal details of these models (e.g. equations, assumptions, approximations) are not directly accessible for the user and therefore they can only be used as black boxes with predefined inputs and outputs. During the implementation of different wind turbine models in DIgSILENT, different built-in models are used for the grid components and for the electrical wind turbine components, e.g. generators, power converters, transformers and capacitors. The simulation results depend strongly on these built-in component models and they are therefore briefly described below, based on DIgSILENT documentation. A grid can be modelled in a graphical programming environment, see Figure 1, where the power system component models (built-in models) are dragged, dropped and connected.



Figure 1: DIgSILENT graphical programming environment.
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2.2.1



Electrical machinery



DIgSILENT provides models for induction (asynchronous) machines as well as for synchronous machines. DIgSILENT machine models are black boxes with predefined inputs and outputs. Figure 2 illustrates the built-in blocks, with the most relevant input and output signals for squirrel cage induction generator (SCIG), doubly-fed induction generator (DFIG) and synchronous generator (SG). Squirrel Cage Induction Generator Turbine power



pt



xspeed



Speed



Pgt



Active power



ElmAsmo Additional rradd Rotor Resistance



Doubly -fed induction generator Turbine power



pt



PWM Amplification, Real Part Pmd PWM Amplification, Imaginary Part Pmq



ElmAsmsc



Additional rradd Rotor Resistance



xspeed



Speed



Pgt



Active power



Ird, Irq



Rotor currents (rotor reference frame)



ψs_r, ψs_i



Real/Imaginary stator flux (system reference frame)



ϕm



Mechanical angle



ussd



Voltage d-component



ussq



Voltage q-component



ut



Subtransient voltage



pgt



Active power



ie



Excitation current



xspeed



Speed



Synchronous



generator Excitation voltage Turbine power



ve pt



Mechanical torque xmdm



ElmSymo



Figure 2: Squirrel cage induction generator (SCIG), doubly-fed induction generator (DFIG) and synchronous generator (SG) blocks. 1. Squirrel cage induction generator model (ElmAsmo asynchronous machine block model) – has the mechanical power of the wind turbine as primer mover input. An additional rotor resistance can be inserted if it is necessary. The outputs are the generator speed and the electrical power. In the load flow calculation, used in the initialisation process of the system, the information on the generators active power has to be specified. 2. Doubly-fed induction generator model (ElmAsmsc slip controlled asynchronous machine block model) – has as inputs the mechanical power of the wind turbine, the pulse width modulation factors Pmd, Pmq and the additional rotor resistance. As outputs, besides the speed and the active power, the rotor currents, the stator flux and the mechanical angle of the rotor can be delivered. In the load flow calculation, the active power for the stator, the reactive power and the slip have to be specified. Internally, the corresponding modulation factors of the converter are calculated and together with power balance between the AC and DC side of the converter, DC voltage and DC current are obtained. 3. Synchronous generator (ElmSymo – synchronous machine block model) – has as inputs the excitation voltage and the mechanical power of the wind turbine. The outputs are the generator speed, the electrical power and the excitation current. In the load flow calculation, used in the initialisation process of the system, the information on the generators active power has to be specified.
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2.2.1.1



Squirrel cage induction generator (SCIG)



DIgSILENT uses different equivalent circuits to define the parameters in the induction generator model, as illustrated in Figure 3. It consists of a general model for the stator, which can be combined with three different rotor models, depending on the type of the generator. The model is thus basically a classical induction machine model including a slip dependent rotor impedance Zrot.



General model



Zrot for squirrel cage rotor without current displacement



Zrot for squirrel cage rotor with current displacement



Zrot for double cage rotor



Figure 3: Squirrel cage induction generator diagram with the different definitions for the rotor impedance Zrot. The model is characterized by the stator winding resistance Rs, the stator leakage reactance Xs, the magnetizing reactance Xm and the rotor impedance Zrot. The rotor impedance Zrot is frequency dependent and allows therefore the modeling over a wide speed/slip range. The rotor impedance can be approximated by parallel R-L elements. Different rotor circuit designs, depending on the rotor geometry, can thus be modeled by selecting a specific rotor impedance Zrot. Three different squirrel cage rotor types, as illustrated in Figure 3, can be used: • Squirrel cage rotor without current displacement • Squirrel cage rotor with current displacement • Double cage rotor The input parameters of the generator can be entered either by directly specifying the resistances and reactances of the equivalent circuit diagrams (if they are known e.g. from tests or other simulation programs) or by specifying characteristic points on the slip-torque and slip-current characteristic of the generator. When the electrical parameters are not available, they are automatically
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calculated from the nominal operation point and slip-torque/slip-current characteristics. The nominal operation point is specified by the rated mechanical power, the rated power factor, the efficiency at nominal operation and the nominal speed. The dynamic model of the induction generator uses the steady state parameters defined in the equivalent diagram depicted in Figure 3. DIgSILENT provides a d-q model, expressed in the rotor reference frame:



us = Rs is + j ωsyn ψ s +



dψ s dt



0 = Rr ir + j (ωsyn − ωr )ψ r +



(1)



dψ r dt



where u, i, and ψ are space vectors for the voltage, current and flux, respectively. ωsyn is the synchronous speed, while ωr is the angular speed of the rotor. As the rotor is short-circuited in the squirrel-cage induction generator, the rotor voltage is set to zero. The voltage equations are used in DIgSILENT in per unit quantities, as follows:



ωsyn 1 dψ s ψs + ωn ωn dt (ω − ωr ) 1 dψ r 0 = R r i r + j syn ψr+ ωn ωn dt



us = Rs is + j



(2)



where ωn is the nominal electrical frequency of the network. As mentioned before, DIgSILENT provides models with different detailing levels. Depending on the goal of the analysis, it is possible to select the models of an appropriate detailing level, by choosing the type of simulation method. For stability analysis, power quality and control issues, RMS simulations are used. RMS simulations are based on simplified electromechanical transient models. In the case of induction generators, the RMS simulation is using a third order generator model, where the stator transients are neglected. For the analysis of the wind turbine’s behavior during grid faults, electromagnetic transient EMT simulations of instantaneous values are used. For this purpose, models of higher detailing level e.g. a fifth order generator model are used. The generator inertia is modeled inside the built-in induction machine model. The generator inertia is specified in the form of an acceleration time constant in the induction generator type. The dynamic model of the induction generator is completed by the mechanical equation:



J ω& r = Te − Tm



(3)



where J is generator inertia, Te is the electrical torque, Tm is the mechanical torque. The mechanical equation can be rated to the nominal torque:



Tn = Pn / [ω n (1 − s n )]



(4)



and thus the acceleration time constant Tag can be expressed as:



Tag
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J (1 − s n ) ω n2 = Pn



(5)
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where ωn is the nominal electrical frequency of the network and sn is the nominal slip. 2.2.1.2



Doubly-fed induction generator (DFIG)



The doubly-fed induction generator (DFIG) model in DIgSILENT, illustrated in Figure 3, extends the usual induction generator by a PWM rotor-side converter in series to the rotor impedance Zrot (DIgSILENT, 2006).



Figure 4: Doubly-fed induction machine with rotor-side converter. The PWM converter inserted in the rotor circuit allows for a flexible and fast control of the machine by modifying the magnitude and phase angle of the generator’s AC voltage output UAC on the rotor side. This is done by modifying the modulation factor PWM. Based on the power balance between the AC and DC side of the converter, the DC voltage and DC current can be then calculated (DIgSILENT, 2006). The AC-DC relationship of the PWM converter is the following (the AC voltage is expressed as line-to-line voltage):



U ACr = U ACi



3 ⋅ PWM r ⋅ U DC 2 2



3 = ⋅ PWM i ⋅ U DC 2 2



(6)



where PWMr and PWMi are the real and imaginary components of the modulation factor, respectively. It is assumed that a standard bridge consisting of six transistors builds the converter and that an ideal sinusoidal pulse width modulation is applied. The relationship between AC and DC currents can be found by assuming that the PWM converter is loss free: ∗ PAC = Re(U AC I AC ) = U DC I DC = PDC



(7)



During time domain simulations the converter is controlled through the pulse width modulation factors PWMd and PWMq, which define the ratio between DC-voltage and the AC-voltage at the slip rings. The model equations of the doubly-fed machine can be derived from the normal induction machine equations by modifying the rotor-voltage equations:



ωsyn 1 dψ s ψs + ωn ωn dt (ω − ωr ) 1 dψ r −ω )t = R r i r + j syn ψr+ ωn ωn dt



us = Rs is + j ur e



− j (ωsyn



(8)



r



The per unit rotor voltage that appears in the above equation is related to the DC- voltage as follows:
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u rd = u rq =



U 3 ⋅ PWM d ⋅ DC U rnom 2 2



(9)



U 3 ⋅ PWM q ⋅ DC U rnom 2 2



where Urnom is the nominal rotor voltage. In the case of faults near the generator, rotor currents are increasing and risk to damage the rotor-side converter. The rotor-side PWM-converter is therefore protected against such high rotor currents by a bypass-circuit (Pöller, M., 2003). If the rotor current exceeds the maximum allowed value, a bypass R-L-circuit is immediately inserted and the rotor-side converter is blocked. All parameters of the bypass protection, including the time for its automatic removal can directly be entered in the input dialogue of the doubly-fed induction machine (element). Figure 5 illustrates the single line diagram of DFIG configuration in DIgSILENT. External grid
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Figure 5: Single line diagram of the DFIG in DIgSILENT. It contains a DFIG built-in model (the usual induction machine model extended with the PWM rotor-side converter), a common DC – busbar, an IGBT grid-side converter (independent component in DIgSILENT’s library) and an inductor in series with the grid converter, used to smooth the converter currents. This inductor may also be integrated into the transformer.
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The controllers of the rotor-side converter and of the grid-side converter are implemented as DSL models in DIgSILENT – see for details in Chapter 4. 2.2.1.3



Synchronous generator



A DC excited synchronous generator can be electrically represented by the one phase equivalent circuit shown in Figure 6. In addition to that, the phasor diagram of the synchronous generator is plotted for an arbitrary operational point. The rotor field is generated by the excitation current If, which induces the voltage E (electromotive force EMF) in the stator windings. The total magnetic field is represented with the main inductance Xh. Rs I s



j ⋅ X sσ I s j ⋅ X h Is Xh
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Figure 6: One phase equivalent circuit and phasor diagram of a DC excited synchronous generator If the stator windings resistance Rs and the leakage reactance X s are neglected the equivalent circuit can be simplified. A simplified equivalent circuit is shown in Figure 7 for a permanent magnet induction generator. The voltage E is now induced by permanent magnets. Xh



E = j ⋅ ωgen ⋅ΨPM
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Figure 7: Simplified equivalent circuit a phasor diagram of a PM excited synchronous generator. electromotive force (induced voltage) stator voltage voltage, representing the main field stator current ΨPM Permanent magnet flux ΨE DC excited flux If excitation current ωgen
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field winding reactance main reactance stator leakage reactance stator reactance δ load angle ϕ power factor generator rotational speed Xf Xh Xsσ Rs
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Both, frequency and amplitude of the induced voltage E depend on the actual rotor speed ω gen = p ⋅ Ω gen . The difference between the two voltage vectors E and Us, which is mainly caused by the load angle δ, drives the stator current Is. Based on this, a dependency between the machine torque, the voltages E and Us and the load angle δ can be derived:



{



Pgen = m ⋅ ℜ U s ⋅ I s*



} = m ⋅ ℜ ⎧⎨U ⎩



s



⋅



U s − E ⋅ (cos δ − j sin δ ) ⎫ ⎬ − jX h ⎭



U ⋅E sin δ = −m ⋅ s Xh P − m Us ⋅ E Te = e = ⋅ sin δ Ω gen Ω gen X h



(10)



The reactive power of the generator is determined by:



{



Q gen = m ⋅ ℑ U s ⋅ I s* = m⋅



} = m ⋅ ℑ ⎧⎨U ⎩



s



⋅



U s − E ⋅ (cos δ − j sin δ ) ⎫ ⎬ − jX h ⎭



U − U s ⋅ E cos δ Xh 2 s



m number of phases Te Electromagnetic torque p number of pole pairs



Pgen Qgen



Ωgen



Generator active power Generator reactive power Mechanical generator speed



Under load conditions, the stator current Is and the stator reactance Xh also cause a magnetic field, which is superposed to the field of the rotor. Thus, the voltage Us corresponds to the voltage induced by the total magnetic field (Grauers, 1999). The voltage drop over the machine’s reactance Xh provokes a phase delay between the electromotive force E and the stator voltage Us, which are equal only for no-load. An increasing torque of the generator increases the load angle (the phase shift between Us and E) and thus also the reactive power of the machine. While electrical excited machines are controlled to be reactive neutral (reducing the converter rating to the active power value), permanent magnet machines, with their fixed excitation, work generally underexcited (Jöckel, 2002). Synchronous machine models for power system analysis are usually based on the assumption that the magnetic flux distribution in the rotor is sinusoidal. With this assumption the flux can entirely be described by a vector and thus the internal voltage E induced in the stator by the permanent magnets can be expressed as follows:



E = ω gen Ψ PM = 2 π f ⋅Ψ PM



(11)



where ωgen is the electrical generator rotational speed, ΨPM is the magnitude of the flux provided by the permanent magnets of the rotor, and f is the electrical frequency. The excitation voltage E is proportional with the electrical speed of the generator. The equations of a PMSG can be expressed directly from the equations of a DC excited SG, with the simplification that a PMSG does not have damper windings (Kundur, 1994). The voltage equations of the generator, expressed in
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the rotor-oriented dq-reference frame RRF (the reference frame d-axis is aligned with the vector of the permanent magnet flux), can be expressed as follows:



u sd = Rs i sd − ω e ψ sq + ψ& sd



(12)



u sq = Rs i sq + ω e ψ sd + ψ& sq With the stator flux components:



ψ sd = Ld i sd + ψ PM ψ sq = Lq i sq



(13)



Where uds and uqs are the terminal stator voltages, ids and iqs are the stator currents, Ld and Lq are the stator inductances in the dq reference frame. In stability studies, where the stator transients can be neglected, the stator voltage equations can be reduced to:



u sd = Rs i sd − ω e ψ sq



(14)



u sq = Rs i sq + ω e ψ sd The electrical torque of the generator is:



Te =



[



]



[



3 3 p Im ψ s* i s = p ψ sd i sq − ψ sq i sd 2 2



]



(15)



Expressing further the stator flux components, the electrical torque can be calculated by:



Te =



[



3 p ( Ld − Lq ) i sd i sq + ψ PM i sq 2



]



(16)



If the generator is a round rotor machine, where Ld=Lq, the equation for the electrical torque results only from the permanent magnet flux and the q-component of the stator current:



Te =



3 p ψ PM i sq 2



(17)



The active and reactive power of the synchronous generator can be then expressed as:



Pgen = Te ω m = Q gen =



[



[



3 u sd i sd + u sq i sq 2



3 u sq i sd − u sd i sq 2



]



(18)



]



As multipole permanent magnet generators are low speed applications and generally connected to the grid through a frequency converter system, the generator has no damper winding in the rotor core. Moreover, due to the permanent excitation a PMSG has no field windings, in which transient currents could be induced or damped, respectively. Hence, in case of load changes the field windings would not contribute to damping either. As neither a damper nor field winding exists in a PMSG, no transient or subtransient reactances, as known for wound rotor SGs, can be defined for the PMSG.
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xd = xd′ = xd′′ xq = xq′ = xq′′ xd xd´´



(19)



Synchronous reactance Subtransient reactance



xd´



Transient reactance



However, as the multipole PMSG is a low speed application with slow dynamics, a damper winding is less important (Akhmatov, 2003). Nevertheless, a damping of the system must then be applied by means of the converter control. 2.2.2



Power converters



DIgSILENT provides models for different power converters such as: rectifiers/inverters, PWM converters, softstarter. They are briefly described below. Rectifier/Inverter The rectifier/inverter model is used to create DC power links, or for building power electronic devices such as variable speed drives (DIgSILENT, 2006). The rectifier and inverter models allow modelling of different types of frequency converters. For example, in the doubly-fed induction generator concept, the rotor circuit is connected to the grid through two PWM converters working back-to-back. PWM converter The power converters used in wind turbines are usually realised by selfcommutated pulse-width modulated circuits, voltage source AC/DC converter based on the equivalent circuit shown in Figure 8. The DC-link capacitor is not included in the converter model.



Figure 8: Generic PWM converter model. These circuits are built by six valves with turn-off capability and six antiparallel diodes. The valves are typically realised by IGBTs (insulated gate bipolar transistors) because they allow for higher switching frequencies than classical GTOs. The general model of the PWM converter, that usually operated as a voltage source converter, is illustrated in Figure 9.



Figure 9: PWM converter - general model.
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In load flow analysis, PWM converter model supports several control conditions. The initial value of the PWM modulation index results from the load flow calculation. The supported control conditions are as follows:



•



Vac-phi – Specifies magnitude and phase of the AC terminal. Typical control mode for motor-side converters in variable speed applications.



•



VDC-phi – Specifies the DC-voltage and the AC-voltage phase. No typical application;



•



PWM-phi – Load flow setup without control. The PWM index is directly set in magnitude and phase.



•



VDC-Q – Specifies DC-voltage and reactive power. Typical applications: STATCOM, UPFC, grid-side converter for doubly-fed induction machine, VSC-HVDC applications.



•



Vac-P - Specifies AC-voltage magnitude and active power. This mode is equivalent to a PV characteristic of synchronous generators. Typical applications: Grid-side converter of converter driven synchronous machines, VSC-HVDC;



•



P-Q – Specifies P and Q at the AC-side. This control is equivalent to a PQ characteristic of synchronous machines. Typical applications: Grid-side converter of converter driven synchronous machines, VSC-HVDC.



Since the model is based on the fundamental frequency approach, the load flow calculations will assume always a 50 Hz frequency on the bus bars. Then, the voltage angle for each bus bar is calculated in respect with the global reference frame as shown in Figure 10. This is the reason that for all the control conditions in the load flow analysis the frequency is not a controlled variable.



Figure 10. Reference systems in DIgSILENT. Moreover, for the same reason the doubly-fed induction machine model in DIgSILENT includes the generator side PWM converter. In this case the frequency of the rotor voltage depends on the mechanical speed. If a separate model for the PWM converter is used and connected to the machine terminals via a bus bar, terminal or point terminal the load flow calculation will not be possible. In this situation the fundamental frequency of 50 Hz is used for the
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PWM converter from the rotor-side and the modulation index cannot be calculated according with the mechanical speed of the machine. For both RMS and EMT simulations, the PMW converter model is based on a fundamental frequency approach. The PWM index (magnitude and phase) can be defined in different ways depending on the application. The model supports sinusoidal and rectangular modulation. Saturation and losses are taking into account. An equivalent resistance between the DC terminals models the losses in the converter. At fundamental frequency, the ideal, loss-less converter can be modelled by a DC voltage controlled AC voltage source conserving active power between AC and DC side. For values |PWM|0. Based on how many capacitors are connected at a certain time and on the measured reactive power Qmeas (“required” at that moment), the number of capacitors to be further connected or disconnected at the next time step is calculated.



2.4 Combined heat and power plant In order to obtain the characteristics of a local grid a dynamic model of a small CHP unit is implemented in DIgSILENT. Various technologies are used in CHP plants (Jenkins N., et al. 2000) e.g. back pressure steam turbines, pass-out condensing steam turbines, gas turbine with waste heat recovery, etc. CHP units are typically controlled, or despatched, to meet the heat demands and not to export electrical power to the utility distribution system (Jenkins N., et al. 2000). The heat output is generally controlled as a function of ambient temperature. Alternatively, a CHP unit can be controlled to meet the
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electrical load demand or may be run to supply both heat and electricity in an optimal manner (Jenkins N., et al. 2000). However, the last mode of operation requires a more complex control system. Currently, the Danish small CHP plants are mainly controlled to meet the heat demand. Usually, the small CHP units are equipped with a self-regulated brushless synchronous generator (alternator). The rated power is in 2-10 MVA range with voltages in the 3-13.8 kV. Power generating sets are generally manufactured to meet specific requirements (A. van Kaick Neu-Isenburg, a). The generator consists of a primary internal pole machine (G1), an external pole exciter (G2), an equal-pole type of auxiliary exciter (G3) and a voltage regulator with a thyristor control element as shown in Figure 29.



Figure 29: Block diagram of a self-regulated brushless alternator type AvK.. Some protection schemes are included such as:
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•



External short-circuits – in a multi branch mains system the circuit breakers should operate selectively in such a way that the switch nearest the short-circuit trips as fast as possible while all others remain in circuit. In this way the short-circuits are always isolated within the main grid and do not cause the generator switch to trip. So, the alternator short-circuit protection normally operates as a stand-by protection device.



•



Overload – this is the main protection device for the generator;



•



Unbalanced load – an unbalanced loading cause a temperature rise in the machine;



•



Short break in the mains voltage – the generators operating in parallel with the main grid have a high risk in the case of a fault in the main grid particularly if the rating of the main grid is higher than the generator rating. The recovery voltage from the main grid may catch the generator in an asynchronous phase position and can cause high currents similar to short-circuit currents and the possibility of mechanical damage. Disconnection of the generator from the main grid should take place in less than 200 msec (A. van Kaick Neu-Isenburg, a);



•



Protection against reverse power – if the prime mover fails the machine becomes an electric motor and drives the generating sets (turbine);
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•



Asynchronous operation – can occur as a result of a failure of the excitation system or the grid voltage collapsing during short-circuits;



•



Exciter failure;



•



Underspeed and overspeed protection;



•



Overvoltage – this type of protection is used on medium voltage alternators. A 2-stage protection relays are used typically for 30% over voltage. Voltage monitors will not protect the alternator against external voltage peaks (switching peaks or atmospheric effects);



•



Overfrequency – is used if there is a risk of dangerous over speeds caused by the prime mover. Since the principal method of control for small CHP unit is based on active power and reactive power/power factor as shown in Figure 30 it requires a connection with an infinite bus bar.



Figure 30: Typical control scheme for a small CHP unit. A voltage measurement is supplied to the Automatic Voltage Regulator (AVR) and a speed/frequency measurement to the governor. However, in this mode of control these signals are not used. The error between the active power set point and the measured ones fed to the governor. This governor controls the steam/gas supply to the turbine. Similarly, the excitation of the generator is controlled based on reactive power or power factor. The error signal between the set point and the actual value is passed to the AVR and exciter. The exciter controls the field current and thus the reactive power output (power factor) of the generator. Using this control method the operational points of the CHP are as shown in Figure 31. Usually, the CHP operates at unity power factor during the night while during the day it works at 0.8 power factor. The active power is related with the heat demand.
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Figure 31: Operational points for a synchronous generator used in a small CHP. It is clear that such a control scheme does not take into account the grid conditions. The active power is set to a value which does not take into account the frequency of the system whereas the reactive power set point (or power factor) does not consider the grid voltage. Moreover the operation at non-unity power factor increases the electrical losses in the generator, while changing the active power delivered to the grid according with the grid frequency will affects the prime mover if the unit operates as a CHP. The model, which was implemented in DIgSILENT during this project has the above mentioned control characteristics. The control variables are the active power and the power factor. However, additional signals namely frequency and voltage are available. Thus, this model can be extended so that the possibilities of dispatching the unit can be explored in the future. The block diagram of the model implemented in DIgSILENT during the project is shown in Figure 32.



Figure 32: Block diagram of the small CHP unit implemented in DIgSILENT.



42



Risø-R-1400/Second Edition (EN)



An AvK generator type DIDB 160 h/4 with 5.4 MVA rated power is used for the CHP model (A. van Kaick Neu-Isenburg, b). The prime mover model is based on a GEC Alsthom gas turbine Type GT8C2 (Cigre, 2003). The excitation system is IEEE Type AC5A, which is a simplified model for brushless excitation systems (IEEE Std 421.5-1992). This model can be used to represent small excitation systems and has been widely implemented by the industry (IEEE Std 421.5-1992).



3 Fixed speed active stall wind turbine concept with AC connection – with traditional power controller An active stall wind turbine is in principle a stall-controlled turbine with variable pitch angle. The generator of an active stall turbine is a simple squirrel cage induction generator directly coupled to the grid. The main difference between stall and active stall turbines is a pitch actuator system for variable pitch angles, which allows the stall effect to be controlled. In addition the power coefficient Cp can be optimised to a certain extend. The implementation of the controller is done in a general way so that as much as possible is expressed in terms of parameters. The idea is to use this controller model to simulate different existing wind turbines with specific parameters. In-depth knowledge about manufacturer specific controller design is not necessary. The model described in this report spans the power control during normal operation in the range from start-up wind speed to shutdown wind speed of a single speed generator turbine. When the wind speed is between start-up wind speed and nominal wind speed the pitch angel is adjusted to optimise Cp i.e. power output. When the wind speed is above nominal wind speed power output is limited to nominal power by utilising the stall effect. To get a flat power curve, i.e. constant nominal power in the range between nominal wind speed and shut-down wind speed, the pitch angle has to be adjusted accordingly. For comparison: In a stall-controlled turbine the pitch angle is fixed and that means that the power output cannot be held constant. Instead the stall effect leads to a drop below nominal power in the range of high wind speeds. The maximal power of a stall turbine depends on air density, grid frequency and aerodynamic influences e.g. dirt on the blades.



3.1 Active Stall Control Strategy It is desirable to be able to control the electrical output power of wind turbines. There are different types of wind turbines, which apply different control strategies for controlling the output power of the turbine. One is the active stall controlled wind turbine. The operation of an active stall wind turbine can be divided into two modes: • Power limitation: power output is limited to nominal power when wind speed is between nominal wind speed and shut-down wind speed; pitch angle θ is adjusted to control the stall effect. In order to get a flat power curve, i.e. constant nominal power in the range between nominal wind
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speed and shut-down wind speed, the pitch angle has to be adjusted accordingly. • Power optimisation: power yield is maximised between start-up wind speed and nominal wind speed; pitch angle θ is adjusted to optimise the power coefficient Cp and hence the power output. In a passive stall turbine the pitch angle is fixed and that means that the power output can neither be optimised nor controlled limited at wind speeds beyond nominal wind speeds. Instead the stall effect leads to a drop below nominal power in the range of high wind speed. Although active stall turbines also use the stall effect like passive stall wind turbines, active stall turbines have considerable advantages. The maximum power output of passive stall turbines depends on wind speed, air density, grid frequency, and aerodynamic influences like dirt on the blades, while the maximum power output of active stall turbines can be controlled to a constant value. 3.1.1



Power Limitation



Power limitation is activated whenever the electrical power is above its nominal value, or the wind speed is above its nominal value. In the power limitation mode the power is controlled in a closed control loop, where the measured and averaged generator power is compared with its setpoint, which is the turbine’s nominal power. If the averaged power exceeds the setpoint, θ is increased in negative direction to increase the stall effect and hence to limit the power output. If the averaged power falls below the nominal power, θ is increased in positive direction to reduce the stall effect. 3.1.2



Power Optimisation



The power output of the turbine is optimised whenever the wind speed is below the nominal wind speed and the power is below the nominal power. Optimising power can only be done by finding the pitch angle that corresponds to optimal power coefficient Cp(θ,u) at a given wind speed u. Optimising power by varying the tip speed ratio λ, which in the simplest case could happen by switching between two different generator speeds, is not considered here. The pitch angle θ can be adjusted to get optimal Cp(θ,u) at a given wind speed. In reality this means that the wind speed is averaged over a certain time and θ is adjusted so that it tracks optimal Cp(θ,u) for this averaged wind speed. Power optimisation is an open loop control since there is no feedback from θ and power to wind speed. By adjusting θ not only according to wind speed, but also according to power, side effects like varying air density and dirt on the blades can also be taken into account (Lehnhoff M. et al, 1998). This aspect is not considered in this project, since here focus is on the simulation of short-term operations. Dirt on the blades and varying air densities however are comparatively slow effects. In power optimisation the controller looks up appropriate values of θ in a lookup table. This lookup table consists of wind speed values and corresponding θ values that refer to maximum Cp at the respective wind speed.
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3.1.3



Transition between power limitation and power optimisation mode



The transition between the operation modes power limitation and power optimisation is a decision the controller based on the operating point of the wind turbine. P o w e r o ve r w in d s p e e d 2 0 0 0P.0 n
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Figure 33: Static power curve with operation modes of an active stall controlled wind turbine. The static power curve in Figure 33 shows the operation modes: power optimization and power limitation. The dashed line shows the border between the operation modes, which is where the transition takes place, considering steady state operation. In the dynamic operation of the turbine the decision whether power optimisation or power limitation mode is to be active has to be made on the basis of averaged wind speed and averaged power values.



3.2 Traditional power controller In the following subchapters the active stall controller is developed. For this purpose a fictive 2 MW example turbine is used. The controllers for power optimisation, power limitation and transition are described in the following. 3.2.1



Power optimisation



In the power optimisation mode the pitch θ-values are looked up in a table. The θ-values corresponding to optimal Cp-values have to be found in the Cp table,



which describes the aerodynamic properties of the blades. In order to achieve maximum power yield for each wind speed the maximal Cp and the corresponding θ has to be found, because the aerodynamic power is calculated according to:



P=



1 ⋅ ρ ⋅ π ⋅ R 2 ⋅ u 3 ⋅ C p (θ , u ) 2
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Generating θ lookup table



3.2.1.1



The aerodynamic properties of the blades are applied in the simulation model, as a Cq table. In order to generate a θ lookup table that contains θ-values, which correspond to maximum Cp- and not maximum Cq-values, a Cp table has to be generated from this Cq table. This is done using the following equation:



C p (θ , u ) = Cq (θ , u ) ⋅ λ



(41)



Note that maximising Cq would not achieve maximal power output since maximum Cq and maximum Cp do not necessarily correspond to the same θ. The lookup table needed in the controller is a θ versus u table. λ is converted to u since in a constant speed turbine the tip speed utip of the rotor does not vary. u is calculated as follows.



λ= u=



utip



(42)



u R ⋅ω



(43)



λ



Note that rotor speed and hence tip speed utip are considered to be constant, neglecting the fact that the slip in the generator is actually a function of power. (Nominal slip is typically 1% to 2% of nominal speed.) Cp over theta, parameter wind speed 0.5 0.45 0.4 0.35
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Figure 34: Cp curve as function of the pitch angle θ for different wind speeds. To get an idea how accurately the optimal θ should be met, Figure 34 shows Cp curves for different wind speeds as a function of θ. It can be seen that at low wind speeds the Cp over θ curves have rather sharp maxima, i.e. Cp is sensitive to small deviations from optimal θ (optimal θ corresponds to maxima in Cp). At higher wind speeds the curves become flatter and the values of the
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maxima lie closer to each other, i.e. deviations from optimal θ and slight variations in wind speed make no big differences in Cp. The graph in Figure 35 shows maximum Cp, optimal θ and linearly interpolated θ over the range of relevant wind speeds (power optimisation range). Optimal θ is the pitch angle required to achieve maximum Cp under any wind speed. Cp max, optimal theta, linear theta over wind speed 2.5
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Figure 35: Maximal Cp, optimal θ and linearised θ over wind speed. In Figure 35 the graph of optimal θ shows a lot of discontinuities, especially between 8 m/s and 9.5 m/s. These discontinuities stem from rounding errors and from the discrete data points in the Cp table, which have a rather low resolution (step sizes are: θ = 0.1 degrees and λ = 0.2). It is not desirable to follow the discontinuities in theta opt as depicted in Figure 35 in a wind turbine controller. Looking at Figure 34 it becomes clear that only a little increase in Cp can be achieved from an attempt to follow optimal θ all too accurately. Hence for control purposes a lookup table with the most relevant points and a linear interpolation between these points is used. These values can also be seen in Figure 35 where they are called linear theta opt. When finding the points between which θ shall be linearly interpolated it has to be kept in mind that the optimal θ for lower wind speeds should be met precisely. As it can be seen in Figure 34 the Cp over θ curves have sharp maxima for low wind speeds. The pitch angle θ is adjusted on the basis of averaged wind speed values instead of instantaneous wind speed values. For this purpose the method of moving average is used. Moving average is a realistic way of filtering the wind signal since this is the method often used in wind turbine controllers. 3.2.2



Power limitation



To get the power limiting stall effect the blades have to be pitched in negative direction when electrical power of the wind turbine exceeds nominal power. Figure 36 illustrates how power over wind speed behaves for different pitch angles.
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Figure 36: Power over wind speed for different pitch angles. Figure 37 illustrates how the pitch angle has to be adjusted in order to get nominal power (which is 2 MW in this model) for all wind speed values between nominal wind speed and shut-down wind speed. 2MW pitch -4.7 11.0
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Figure 37: Pitch angle θ required for constant 2 MW power output in the power limitation wind speed range. The pitch angle θ is controlled in a control circuit as shown in Figure 39, where the averaged electrical power from the turbine is compared with the power setpoint i.e. nominal power (2 MW). The electrical power is filtered using moving average in the same way the wind speed signal is filtered in the power optimisation mode. 3.2.3



Transition between optimisation and limitation



Figure 35 and Figure 37 show that the pitch angle θ at the end of the optimisation range and at the beginning of the limitation range is quite different. The reason for this is that the power curves for different pitch angles in Figure 36 lie



48



Risø-R-1400/Second Edition (EN)



close to each other and are very steep in the range between 10 m/s and 12 m/s. To avoid big steps in θ when moving from one operation mode to the other, the θ-values at the end of the power optimisation range have to approach the θvalues at the beginning of the power limitation range. This can be achieved by modifying the θ lookup table, so that θ falls linearly with the slope as in the linearly interpolated θ curve between 10 m/s to 11 m/s. The linearly interpolated and extrapolated θ curve, implemented as a lookup table in the simulation model, are depicted in Figure 38. This solution is a compromise between maximal power yield in the power optimisation mode and a smooth transition between the operation modes. This compromise reduces the maximum possible power in the range between 11 m/s and 11.8 m/s (which is the nominal wind speed in this example). However, the maximal difference between the practically achieved and the theoretically possible power is only 13.5 kW at 11.8 m/s. This is not only a marginal loss in terms of power, it is also a very small loss in terms of produced energy, since it is reasonable to assume that in most wind power sites a wind speed of 11.8 m/s is a rarely occurring wind speed. linearised and extrapolated theta over v 2
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Figure 38: θopt and θ as implemented in θ-lookup table: Linearly interpolated in power optimisation range and linearly extrapolated for transition between power optimisation and power limitation. For transition between power optimisation and power limitation the following conditions have to be fulfilled: • Transition from power optimisation to power limitation: power output has to be greater than nominal power or wind speed has to be greater than nominal wind speed. • Transition from power limitation to power optimisation: power output has to be less than nominal power and wind speed has to be less than nominal wind speed. 3.2.4



Pitch angle control system



In this subchapter the generation and implementation of the pitch angle setpoint in the pitch control system is described. Figure 39 shows a diagram of the general control circuit of the pitch control system. The control circuit diagram is divided into four sections, namely “power limitation”, “transition switch”, “pitch logic” and “pitch system”.
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The PI-controller for power control (in the section “power limitation” in Figure 39) generates a pitch angle setpoint from the difference between the power setpoint and actually measured and averaged power. The I-part of the PI controller is combined with an anti-windup loop. The task of this anti-windup is to avoid that the integrator keeps integrating while the power control is not active, or while the pitch angle is held constant by the pitch logic. The gain Paw in the anti-windup loop has to be tuned to the normal hold time of the sample and hold (S&H in the section “pitch logic”). When the gain Paw is not tuned correctly the anti-windup either does not work properly, or effectively disables the I-controller. The first case occurs when Paw is too low and the latter case occurs when Paw is too high. For safety reasons the signal from the PI-controller is limited to a reasonable range, e.g. –2deg to –90deg, which is the range in which θ can be during the power limitation mode. Also in the section “power limitation” in Figure 39 is a block called “overpower”, which detects when the averaged electrical power is excessively above nominal power. In the section “transition switch” in Figure 39 is the switch, which selects a pitch angle setpoint, either from the power controller for power limitation mode, or from the lookup table for power optimisation mode. over power
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Figure 39: General control circuit of active stall pitch actuator system. PI-power controller, pitch mode selection, sample and hold with a selection of 2 hold times, threshold for pitch angle setpoint and pitch actuator system model. To the right of the section “transition switch” in Figure 39 is the section “pitch logic”. This section contains a sample and hold (S&H) and a threshold block. The desired operation of an active stall wind turbine is to pitch only when necessary. The S&H block has an input from the overpower block in section “power limitation”. This input to the S&H block has impact on the hold time, which is needed for overpower protection. In the section “pitch system” in Figure 39 is a representation of the pitch actuator system. The characteristic of the pitch actuator system is modelled by a pure limitation in the rate of change in pitch angle. The pitch angle setpoint θsp is compared with the actual pitch angle θ and the difference is multiplied with a factor Ppitch, which has the unit deg/ s . This signal is limited to a parameter that deg



defines the maximum rate of change in the pitch angle.
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The integrator in section “pitch system” integrates over the limited rate of change in the pitch angle setpoint, which leads to the actual pitch angle of the blades. The factor Ppitch determines the slope of the limiter characteristic in the range between the limits. It is desirable to have the steepest possible slope in order to avoid that the simulation of the pitch actuator system shows a dynamic behaviour in the range of small rates of pitch angle changes. This would mean that the integrator would not integrate fast enough. If however Ppitch becomes too big, i.e. the slope becomes too steep; the limiter cannot output small rates of change. In such a case it would permanently jump from one limit to the other instead of staying at a value between the limits. 3.2.4.1



Subsystem to avoid unnecessary pitching



To get pitch actions only once in a specified period the pitch angle setpoint θc from either the power controller or from the lookup table, is held in a S&H block. To further avoid unnecessary pitching a threshold block downstream of the S&H block (in Figure 39) allows a new setpoint θsp only when the new setpoint differs from the old setpoint by a minimum value. The function of this combination of S&H and threshold is depicted in Figure 40 where an example θc with two different slopes is used to illustrate the function of the system. The S&H block samples at each positive flank of the rectangular signal. In this example the parameters for threshold, hold time and the slopes of the input signal θc are chosen such that the function of the threshold block becomes clear.
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Figure 40: Function of the combination of sample and hold (S&H) and threshold. Input signal θc is a ramp, which leads to the output signals θsp of the S&H and the threshold block. The rectangular signal triggers the S&H at each flank. The rectangular signal determines at which points in time the S&H block samples a new value. If however the difference between the newly sampled
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value and the current output value of the threshold block is not bigger than the threshold parameter, the current output of the threshold block is held. 3.2.4.2



Overpower protection



Overpower protection protects the wind turbine from damages due to excessive power production. If under any circumstance the averaged power exceeds a certain level, immediate action has to be taken to limit the power output to avoid damages in mechanical and electrical components of the turbine. The overpower block in Figure 39 compares the power error with an overpower parameter. If the power error exceeds the value of this parameter the overpower block effects that S&H uses a much shorter hold time. This means that pitching takes place much more frequently and hence the power output of the turbine can be reduced within a reasonable time. The power signal that is used for overpower protection (and also for power control) is averaged using a moving average. The averaging time should not be too long but should only make sure that periodic fluctuations in power are filtered out. This avoids that the power controller picks up a setpoint that is not realistic to act on. If the averaging time would be too long, the implied delay would make the overpower protection ineffective.



3.3 Wind turbine controller implementation in power system simulation tool In the following the implementation of the above-described controller, into the power system simulation tool DIgSILENT PowerFactory is described. During the implementation of the controller care has been taken, that as much as possible is expressed in terms of parameters. The idea is to simulate different existing active stall wind turbine controllers with this simulation model. The parameters allow the model to be fitted so that it represents the existing controllers of the considered wind turbine. Furthermore the parameters make the program understandable by avoiding constants in the program that are not self-explanatory. The controller is split up into sub-models as it can be seen in Figure 41. setpoint
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Figure 41: The part of the wind turbine composite model that contains the pitch controller, the pitch actuator system, the sample and hold (S&H) unit and the two clocks that are necessary for the two different hold times in the S&H. The block “pitch controller” in Figure 41 contains a macro that is depicted in Figure 42. The pitch controller macro contains the PI controller for power
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limitation, pitch angle setpoint selection (operation mode selection) and clock signal selection for overpower protection. pitch_controller: over power threshold
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Figure 42: Pitch controller macro. The block “pitch system” in Figure 41 contains the macro, which is depicted in Figure 43. pitch_system:
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Figure 43: Pitch actuator system macro with threshold and pitch rate limiter. As it can be seen in Figure 41 the two clocks as well as the S&H block are separate units in the composite model and not a part of the pitch actuator system macro where they would naturally belong. The reason for this is that clocks as well as S&H are built-in DIgSILENT elements and can hence only be used in composite models, but not in macros. 3.3.1



Power optimisation



For power optimisation, i.e. pitch angle from θ-lookup table, the θ versus wind speed table is implemented in the program. In Figure 42 the block select_pitch determines whether or not θ from the lookup table (in Figure 42 it is called
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theta_lookup) is to be chosen. The conditions for choosing theta_lookup as theta_setpoint are: av_el_power < setpoint OR av_wind_speed < nominal wind speed (The variable names are as depicted in Figure 42, and “nominal wind speed” is a parameter.) Wind speed is averaged using moving average. The averaging time is determined by setting a parameter. The averaging time should be similar to the normal hold time of the S&H block. For θ values corresponding to wind speed values, which lie between two values in the table, linear interpolation is applied. The moving average function, used for averaging the wind speed and electrical power signal, is implemented into the program as shown in Figure 44 (here at the example of wind speed).



wind_speed



1/s



wind_speed



-



0



av_wind_speed divisor T



delay T



Figure 44: Moving average macro. For initialisation of the moving average block the assumption is made that the wind speed is constantly on the initial value prior to the start of the simulation. This way a moving average with a constant averaging time can be realised, even at the beginning of the simulation i.e. before the simulation time exceeds the averaging time. 3.3.2



Power limitation



The PI-controller of the closed power control loop is split up into a P- and an Icontroller. As explained before, the I-controller is combined with an anti-windup loop. The gain in the anti-windup loop has to be tuned to the normal hold time of the S&H. When the gain is not correctly tuned the anti-windup either does not work properly, or effectively disables the I-controller. The first case occurs when the gain is too low and the latter case occurs when gain is too high. The power that is controlled (in Figure 42 this signal is called av_el_power) is not the instantaneous power but a moving average of the instantaneous electrical power. The averaging time is a parameter and has to be tuned so that fast periodic fluctuations like 3p and fast transient wind speed changes are filtered out, but at the same time overpower can be detected after a tolerable time delay. Therefore it is advantageous to set the power averaging time to a value similar to the short hold time of the S&H because during overpower protection operation these two times have to match each other. If the averaged power exceeds a certain level of overpower i.e. the condition error < -(overpower parameter) is fulfilled the overpower block sets its digital output to high. This effects that the switch in Figure 42 selects the fast clock signal. The clock signal is input to the S&H block where it determines the
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hold time. By switching between two different clock signals the pitch controller can choose between two different hold times i.e. pitch frequencies.



3.4 Simulations Different scenarios are simulated to assess the performance of the controller developed. The impact of the S&H/threshold subsystem on power production is assessed, where applicable, by comparison with a reference turbine. This reference turbine is subject to the same wind speed input but has the least possible restrictions on the pitch action. In both cases i.e. the turbine to be assessed and the reference turbine, the power is averaged over 600 seconds. This allows an effective comparison of the power yields and a quantification of this difference. 3.4.1



Parameter Settings



In all simulations the parameter settings are the same and as listed in Table 2. The parameter settings are chosen such that a fictive example-turbine rated at 2 MW is simulated. By selecting other sets of parameters specific types of active stall turbines could be modelled. The Power Averaging Time (TaP) is a parameter and has to be tuned so that fast periodic fluctuations like 3p and fast transients from transient wind speed changes are filtered out, but at the same time overpower can be detected after a tolerable delay time. Therefore, it is advantageous to set TaP to a value similar to Tsh of the S&H. uN PN



ρ



R TaP TaW r Ppitch Ppow Ipow Paw Tnh Tsh Pover



Δθmin



Nominal Wind Speed [m/s] Nominal Power [kW] Air Density [kg/m3] Rotor Diameter [m] Power Averaging Time [s] Wind Averaging Time [s] Maximum Pitch Rate [deg/s] Gain Pitch System Gain Power Controller I-gain Power Controller Gain Anti-Windup Normal Pitch Setpoint Hold Time [s] Short Pitch Setpoint Hold Time [s] Allowed Overpower [kW] Minimum Pitch Angle Change [deg]



11.8 2000 1.25 80 5 60 8 1000 0.01 0.0025 500 60 5 300 0.5



Table 2: Parameters of simulation model of an active controlled wind turbine. The reference turbine, to which the power yield of the turbine described in Table 2 is compared to, has the same parameter settings as in Table 2; only the parameters listed in Table 3 are different.
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Tnh Δθmin



Normal Pitch Setpoint Hold Time [s] Minimum Pitch Angle Change [deg]



5 0



Table 3: Parameters of reference turbine. The reference turbine has the least possible restriction on the pitch actions. As it can be seen in Table 3 the pitch angle setpoint threshold is disabled and Tnh is set to the shortest possible value. (Continuous pitch action is not possible since the controller is not designed for that i.e. instabilities might occur under certain conditions.) 3.4.2



Power optimisation



DIgSILENT



Figure 45 illustrates the simulated operation in power optimisation mode with the mean wind speed set to 8 m/s. 8.838 8.424 8.010 7.596 7.182 6.768 0.00
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Figure 45: Normal operation in power optimisation mode at mean wind speed 8 m/s. Wind speed, electrical power and pitch angle. In Figure 45 the pitch angle is held constant since the changes that would be due are below the threshold. The restrictions on pitching implied by the parameters Δθmin and Tnh lead to losses in the 10-minute average of power production as it can be seen in Table 4. To calculate the relative difference in averaged power the power of the active stall turbine (restricted pitch action) is used as basis (100%).



56



Risø-R-1400/Second Edition (EN)



600 s power average standard active stall turbine



600 s power average reference turbine



P1



Δ averaged power



relative Δ averaged power



6.7 kW



0.98 %



P 2 − P1



P2



684.4 kW



691.1 kW



P 2 − P1 *100% P1



Table 4: Comparison of power yield in power optimisation mode. It can be seen that the pitch angle changes that occur maximum every 5 seconds (when no Δθmin is used) lead to a better power yield of 0.98%. This increase in power yield however has to be paid for with many consecutive pitch actions (every 5 seconds), which means stress for the pitch actuator system.



3.4.3



Transition between optimisation and limitation



DIgSILENT



To simulate the behaviour of the controller under transition conditions the mean wind speed is set to 12 m/s. 13.51 12.82 12.12 11.43 10.73 10.04 0.00
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Figure 46: Operation at mean wind speed of 12 m/s. Frequent transition between operation modes. Wind speed, electrical power, pitch angle, overpower indicator and operation mode indicator. The diagram in Figure 46 shows that transition frequently takes place. The signal “power_limitation_flag” is a digital indicator: If on 1 power limitation mode is active; if on 0 power optimisation mode is active. The power is always around nominal power, intolerable overpower does not occur, nor is power below nominal power, while wind speed is above nominal wind speed. The pitch angle is held constant since the differences implied by the changes in wind speed and by the different operation modes are always be-
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low 0.5 degrees. This proves that the linear extrapolation of the θ lookup table leads to a smooth transition between the two operation modes. Unlimited pitch action leads to no increase in power yield, on the contrary averaged over 10 minutes the power yield is slightly less. Unlimited pitch action avoids not only power deviation below, but also beyond nominal power. However, damages caused by excessive overpower have not to be feared since this is cared for by the overpower protection. Hence pitching every 5 seconds leads to no improvements but to extra stress for the pitch actuator system only. 600s power average standard active stall turbine



600s power average reference turbine



P1



P2



1918 kW



1916.8 kW



Δ averaged power



relative Δ averaged power



-1.2 kW



-0.06 %



P 2 − P1



P 2 − P1 *100% P1



Table 5: Comparison of power yield under operation mode transition condition.



3.4.4



Power limitation



DIgSILENT



In Figure 47 the performance of the controller in power limitation mode is assessed by applying rather high wind speeds, i.e. mean wind speed is set to 23 m/s. 26.19 24.78 23.36 21.94 20.53 19.11 0.00
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Figure 47: Operation in power limitation mode at mean wind speed 23 m/s. Wind speed, electrical power and pitch angle. Also for such high wind speeds the controller finds the appropriate pitch angle so that power is always around nominal power. If mean wind speed is at a constant level, pitch angle changes are usually not required as can be seen in Figure 47.
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Although it has to be said that the absolute power variations are rather big considering that they exceed ± 100 kW around nominal power, trying to control them out would make little sense in terms of power quality. Considering large wind farms these fluctuations anyway do not exist to such an extent at the terminals of the wind farm, since fluctuations of individual turbines partially offset each other (Rosas, P., 2003). The operation of the reference turbine is an attempt to control out the power fluctuations. Here the power output of the turbine gets much closer to nominal power, which means less deviation from nominal power. This leads to a decrease in the 10-minute power average of negligible 0.03 % as it can be seen in Table 6. 600s power average active stall turbine



600s power average reference turbine



P1



P2



2000.9 kW



2000.2 kW



Δ averaged power



P 2 − P1



-0.7 kW



relative Δ averaged power



P 2 − P1 *100% P1 -0.03 %



Table 6: Comparison of power yield in power limitation mode for an active stall controlled wind turbine.



DIgSILENT



While the power limitation is a straightforward task for an active stall wind turbine in the case of moderate wind speed changes only, it becomes a more demanding task when the overall average wind speed increases considerably. To simulate such a situation in the following simulation, the mean wind speed is 11 m/s until the simulation time 60 s, between 60 s and 160 s it is ramped up from 11m/s to 16 m/s. This corresponds to a slope in mean wind speed of 3 m/s per minute. The simulation results of this scenario are depicted in Figure 48. 18.36 16.48 14.60 12.73 10.85 8.969 0.00
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Figure 48: Operation with increasing wind speed implying overpower. Wind speed, electrical power, pitch angle, overpower indicator and operation mode indicator.
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The turbine starts off in the power optimisation mode, where an increase in the pitch angle takes place. With an increasing wind speed the turbine enters into power limitation mode and a further increasing wind speed lets the average of the power exceed 2300 kW (300 kW beyond nominal power, which is the maximum allowed level of tolerable overpower). As soon as overpower is detected the pitch angle is adjusted with a maximum delay time of 5 seconds, which is Tsh. The signal “overpower_flag” is a digital indicator: If overpower is detected it is set to 1. Due to the steadily increasing wind speed it takes three overpower protection operations to get power permanently down to nominal power. It can be seen that the controller manages efficiently to limit power to or at least close to nominal power and at the same time does only pitch when it is effective and necessary.



4 Fixed speed active stall wind turbine concept with AC connection – with grid support power controller Today, the wind turbines on the market mix and match a variety of innovative concepts with proven technologies for both generators and power electronics (Hansen A.D., et al., 2004), (Blaabjerg F., et al., 2004), (Hansen A.D., 2005). The survival of these wind turbine technologies is strongly conditioned by their ability to support the grid, to handle faults on the grid and to comply with the stringent requirements of the utility companies (Slootweg JG, et al., 2001), (Gjengedal T., 2003). These wind turbine technologies have to support the grid, i.e. to participate actively in the control of the active and the reactive power on the grid. During the last years, the market interest for the fixed speed active stall wind turbine concept has decreased slightly in favour of variable speed wind turbine concepts (Hansen A.D., 2005). One reason for that is that they do not contain advanced power-electronic components and their control is typically not designed to support the grid. However, they are still attractive due to their robustness, simplicity and low cost. The market interest for wind farms with active stall turbines may therefore increase if their grid support is improved. A grid support power controller for active stall wind turbines has been developed and presented e.g. in (Hansen A.D., et al., 2006a) and (Hansen A.D., et al., 2006b). Such designed power controller has as task of enabling better grid integration characteristics for active stall wind turbines with AC connection. It has to be as fast as possible to power reference changes, but still with physical limits on pitch activity. The active stall wind turbine model, presented in this work, is intended to cover turbines like the ones in Nysted. Figure 49 illustrates a typical example layout of the active stall wind turbine. The induction generator, softstarter, the capacitor bank for reactive power compensation and the step-up transformer are all placed in the nacelle, and thus the transformer is considered part of the wind turbine. The control of active and reactive power is based on measured power at the Main Switch Point MSP.
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Figure 49: Active stall wind turbine layout including softstarter and capacitor bank.



4.1 Grid support active power controller Wind turbine active power controller must be able to adjust the wind turbine production to the power reference demanded by the system operator. In case of normal operation conditions, the wind turbine has to produce maximum power. In power limitation operation mode, the wind turbine has to limit its production to the power reference received from a wind farm controller or directly from the system operator. The power reference required from the wind turbine can be equal to the rated power of the wind turbine or less than that. Figure 50 illustrates the power curve and Cp curves for a 2 MW active stall wind turbine for different imposed power setpoints.
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Figure 50: Power curve and Cp curve for different wind turbine power setpoints. Notice that by imposing a power setpoint lower than the designed rated power of the wind turbine, the wind turbine range with high aerodynamic efficiency is, as expected, reduced, while the maximum aerodynamic efficiency is moving toward lower wind speeds. In the previous chapter, i.e. Chapter 3, a traditional power controller has been presented and designed for a typical active stall wind turbine. This traditional controller is very slow because it tries to reduce the pitch activity as much as possible to limit the stress of the pitch system. Such a controller design is not optimal for grid support, since in this case the wind turbine or the wind farm is asked to act as a fast active element in the power system. To speed up the power control, a new active stall power controller is proposed and described in this chapter. To provide the best grid support, the aim is to use a simpler power controller, which enables fast control of the wind turbine power to different power setpoints imposed for example by system operator. Figure 51 illustrates the new proposed power control scheme for an active stall wind turbine. A PI controller with antiwind-up ensures a correct active power production from the wind turbine both in power optimisation control and power limitation control modes. The input of the controller is the error signal between the measured active power at the Main Switch Point (MSP) (see Figure 49) and an imposed active power reference. The PI controller produces the pitch angle reference θ ref , which is further compared to the actual pitch angle θ and then the error Δθ is corrected by the servomechanism. In order to get a realistic response in the pitch angle control system, the servomechanism model accounts for a servo time constant Tservo and the limitation of both the pitch angle and its gradient. The output of the actuator is the actual pitch angle of the blades. The available power of the wind turbine can be monitored at each instant, based on the wind turbine’s power curve and the filtered wind speed uf, as illustrated in Figure 51. The wind speed is filtered appropriately to avoid unnecessary fluctuations.
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Figure 51: Grid support active power control scheme. In the power optimisation control mode, the controller has to maximise the power production. In this case the difference between the measured power and its reference value is always positive and is integrated up until the pitch reference angle reaches the upper limit of the controller. The optimal pitch angle is thus given by the upper limitation of the controller. This upper limitation is calculated on-line based on an “optimal pitch” look-up table as a function of the estimated tip speed ratio λ = ωWTR R / u f , where ωWTR is the wind turbine rotor speed, R is the rotor radius and uf is the filtered wind speed. In the power limitation control mode the error signal ΔP of the controller is negative and therefore the pitch angle moves from the upper limitation and starts to actively drive the measured power to the power reference. Notice that the measured power used in the error signal is lowpass filtered in order to avoid the 3p fluctuations (three times the rotational frequency) in the power causing the pitch angle to fluctuate with the 3p frequency as well. This is because it is assumed that the pitch system is too slow to remove the 3p from the power, and thus the 3p fluctuations in the power would stress the system unnecessarily. Compared with the controller presented in Chapter 3, the present controller contains an additional gain scheduling control of the pitch angle in order to compensate for the existing non-linear aerodynamic characteristics. The gain scheduling is necessary to ensure that the total gain of the system remains unchanged irrespective of the operational point of the wind turbine. The non-linear aerodynamic characteristics imply that the effect of pitching on the power varies depending on the operational point. The goal of the gain scheduling is therefore to change the proportional gain of the controller Kp in such a way that the total gain of the system remains unchanged irrespective of the operational point of the wind turbine. The pitch sensitivity, namely the effect of pitching, can be expressed mathematically by



dP . The total gain Ksystem of the system can be dθ
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then expressed as the proportional gain of the PI controller, K P , times the pitch sensitivity of the system



dP , as follows: dθ



dP ⎡ dP ⎤ = K0 ⎢ ⎥ dθ ⎣ dθ ⎦



K system = K P



−1



dP dθ



= const.



(44)



where K0 is a dimensionless constant independent of the operation point. The total gain of the system Ksystem is kept constant by changing K P in such a way that it counteracts the variation of the pitch sensitivity



dP by the dθ



−1



⎡ dP ⎤ reciprocal sensitivity function ⎢ ⎥ , hence: ⎣ dθ ⎦ −1



⎡ dP ⎤ (45) K P = K0 ⎢ ⎥ ⎣ dθ ⎦ dP of the system depends on the operational point of The pitch sensitivity dθ the wind turbine. The operation point of the wind turbine is characterised directly by the wind speed and the power setpoint and indirectly by the pitch angle and tip speed ratio. The implementation of the gain scheduling, namely the expression of the non-linear aerodynamic amplification in the system, is performed on-line based on the simulated pitch angle and tip speed ratio, according to:



dP dθ



=



dC p 1 ρ π R 2 u 3f 2 dθ



(46)



where uf is the filtered wind speed and the power coefficient C p = C p (θ , λ ) depends on the pitch angle θ and the tip speed ratio λ. Figure 52 illustrates the pitch sensitivity for different wind speeds and power setpoints. Psetpoint 2MW
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Figure 52: Pitch sensitivity function versus wind speed for different power setpoints.
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Notice that the pitch sensitivity increases at higher wind speeds. This shows that the more sensitive the system is (larger pitch angles θ / higher wind speeds) the smaller the gain for the controller should be and vice versa. When the active power setpoint is decreased, the pitch sensitivity becomes significant also for lower wind speeds.



4.2 Grid support reactive power controller Compared with the controller described in Chapter 3, the present wind turbine controller contains also an additional controller for the reactive power of the wind turbine. As illustrated in Figure 49, a capacitor bank is chosen to compensate for the reactive power absorbed by the induction generator or required by the grid operator. The reactive power consumption of an induction generator is a function of its loading and it increases as the active power increases. The power factor of the induction generator at rated load is usually in the range of 0.85-0.90, which means that the consumption of reactive power is typically about half of the active power generation. This aspect is taken into account in the design of the size of the capacitor bank. In order to be able to produce reactive power to the grid, the size of capacitor bank should thus be larger than the amount of reactive power consumed by the generator. In the present implementation, a standard DIgSILENT SVC component is used to model the capacitor bank instead of a number of individual capacitors as used in earlier models (Sørensen P., et al, 2001a). The SVC component is a standard component in DIgSILENT and has the advantage of being an effective and easier way to simulate a capacitor bank consisting of several capacitor steps of the same size. The standard SVC component is a combination of a shunt capacitor bank and a thyristor controlled reactance (TCR). The thyristor controlled reactance is usually used for a continuous control of reactive power. However, the compensation unit in wind turbines consists only of capacitors. Thus the TCR part of the standard SVC component is deactivated in the design of the present SVC control. A discrete control of SVC is implemented using the dynamic simulation language DSL of DIgSILENT – see Figure 53. The capacitors in the capacitor bank can be switched on and off individually by the control system, depending on the load situation, in response to changes in the reactive power demand.
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Figure 53: Designed SVC control for the active stall wind turbine. MSP The difference ΔQ between the measured reactive power Qmeas on the lowvoltage side of the step-up transformer at the Main Switch Point MSP (see MSP Figure 49) and an imposed reference reactive power Qref , is used inside a



sample-hold block. This block stores its sampled input signal at the output until the next rising edge of the clock signal appears. The clock supervises further-
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more a register, which memorises the number of capacitors, which have been switched on at the previous clock period. For each clock period, based on the new updated and the old loading situation, a digital integrator determines the required number of capacitors. The control system of SVC has to solve a dilemma: it must be able to switch the capacitors fast in order to be able to support the grid but on the other hand it should not attempt to control the 3p fluctuations in the reactive power consumption of the induction generator due to the wind fluctuations. The traditional wind turbines with directly connected induction generators are equipped with standard capacitor banks using mechanical contactors, which are typically controlled in intervals of 1-10 minutes. This control is not fast enough in the case when the turbine has to support the grid. However, if the capacitors are switched more often using mechanical contactors, the transients due to the switchings will reduce the lifetime of the capacitors and contactors too much. To provide a faster control possibility, new wind turbines are using thyristor switches instead of mechanical contactors, which can reduce the switching transients significantly and thus make it possible to switch the capacitor much more often without reducing the lifetime significantly. As an example, the active stall controlled Bonus wind turbines in Nysted offshore wind farm in Denmark are equipped with such a dynamic phase compensation unit, using thyristor switches. Another similar dynamic phase compensation unit was tested on a wind turbine by Sørensen et.al. (Sørensen P, et al., 2004). This test concluded that the dynamic phase compensation technology should not be used to remove the 3p fluctuations in reactive power, because the transients caused by the many capacitor switchings appeared to cause more flicker than could be removed by dynamically compensating the 3p reactive power fluctuations. The control system of the capacitor bank has thus to switch the capacitors fast in order to be able to support the grid, but on the other hand it should not attempt to control the 3p fluctuations in the reactive power consumption of the induction generator. In the present work, the fast switching of the capacitors is ensured by the clock time 20 ms, while the insensitivity to 3p fluctuations in the wind speed is realised by implementing a hysteresis in the digital integrator. The output of the digital integrator is sent directly to the SVC component and thus the required number of capacitors is switched on or off. The hysteresis has been used instead for a lowpass filter in order to keep a very fast response to large changes in the reactive power reference. This is regarded as important for the ability of the wind turbines to support with voltage control.



4.3



Simulations



Different scenarios are simulated to illustrate the performance of the new developed grid support power controller for the active stall wind turbine. The controller’s performance is assessed and discussed by means of normal operation simulations of a 2 MW active stall wind turbine. Figure 54, Figure 55 and Figure 56 present simulation results of the proposed power control strategy of the active stall wind turbine, shown in Figure 51 and Figure 53, respectively. The active stall wind turbine is simulated at an average wind speed of 11 m/s and a turbulence intensity of 20%. This operational point for the wind turbine corresponds to a transition operational regime for the wind turbine, between power optimization and power limitation regime, where the 3p fluctuation (three times the rotational frequency) is strong.
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Figure 54: Power reference response of an active stall controlled wind turbine. Figure 54 shows the reference power Pref, the measured power Pmeas at the MSP and the filtered measured power Pfilt used in the controller, together with the pitch angle and generator speed, respectively. As expected for an active stall wind turbine, the 3p fluctuation is present in the measured electrical power Pmeas. In order to illustrate the performance of the active stall wind turbine controller, the following sequence is assumed. The first 60 sec, the power reference is set to the rated power (i.e. 2 MW). The power reference is then stepped down to 0 MW and after 120 sec it is stepped back again to 2 MW. In the first and last 60 sec of the simulation, by setting the power reference equal to the rated power for a wind speed less than the rated wind, the wind turbine has to produce maximum possible power. In this case the pitch angle is set by the upper limit of the controller given by the “optimal pitch” look-up table – see Figure 51. The wind turbine is then ordered to work in the power limitation mode when the power reference is set to 0 MW. In this control mode, the turbine has to produce less than it is capable of and therefore the power controller starts to actively drive the measured power to the power reference. The controller has been tuned so that the pitch angle changes smoothly from one steady state operational point to another without any overshoot. A reduction of the power production implies a more negative pitch angle and a smaller generator speed (slip). The demand of producing 0 MW is achieved while the wind turbine operates close to the border between generator and motor modes. Figure 55 gives a more detailed view on the power and the pitch angle in the moment when the power reference is stepped down to 0 MW. The new power reference is reached in 4-5 seconds. The change in the pitch angle is limited by the pitch rate limiter ± 8 deg/s, which exists in the actuator.
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Figure 55: Detailed view of the power reference responses illustrated in Figure 54. Figure 56 illustrates the simulation results for the reactive power control, sketched in Figure 53. The simulation case is the same as shown in Figure 54. The reactive power at the MSP is controlled to zero by switching on or off a certain number of capacitors. In the present simulation a capacitor bank consisting of 12 steps with 0.1 MVar is used. A clock with 20 ms sampling period ensures a necessary fast switch of the capacitors. With this fast sampling period, as seen in Figure 56, the reactive power is changed immediately by capacitor switchings as soon as the reactive power exceeds the hysteresis interval ±150 kVar. Figure 56 also shows the number of capacitors switched during the simulation. Notice that, as expected, a step down in the active power reference implies a reduction of the reactive power demand and, as a result, the number of connected capacitors is decreased.
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Figure 56: Reactive power control for the active stall controlled wind turbine.



5 Fixed speed active stall wind turbine concept with HVDC/VSC connection The HVDC transmission system with Voltage Source Converter (VSC) has been developed as an alternative to the classical HVDC system due to some specific attributes such as: independent control of reactive and active power, continuous voltage and frequency regulation, black-start capability, etc (Schettler F. et al., 2000), (Bahrman M.P.et al., 2003). Currently two main concepts exist for such a transmission system. The first concept is the HVDC Plus developed by Siemens, which use two single 6-pulse converters to form a 12-pulse bipolar group as shown in Figure 57.
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Figure 57: Main circuit diagram of a bipolar HVDC Plus transmission system. This system is available for power ratings up to 200 MW for one bipolar unit with DC voltages up to ± 150 kV (Schettler F. et al., 2000). The second concept developed by ABB is the HVDC Light based on a 6-pulse bipolar VSC with ratings up to 330 MW/± 150 kV DC for one bipolar unit (Bahrman M.P.et al., 2003), as shown in Figure 58.



Figure 58: Circuit diagram for the HVDC Light transmission system. Both concepts have a four-quadrant operation in the P-Q plane and decoupled control for active and reactive power. This means that each converter can operate as rectifier or inverter at variable frequency and to absorb or deliver reactive power to the AC grid. In 1998, Eltra decided to investigate the HVDC Light technology for DC connection of wind power to transmission grid. An HVDC Light transmission system was realized on the existing wind farm at Tjæreborg (Skytt A.K. et al., 2001), (Søbrink K.H. et al., 1999). The schematic of the Tjæreborg system including some basic data is shown in Figure 59.



Figure 59: Schematic of the Tjæreborg transmission system. The Tjæreborg wind farm consists of 4 different type of wind turbine with different nominal powers. Two of these turbines are pitch regulated (type B and type C) while the other two are stall controlled (type A). The rated power of the wind farm is 6.5 MW (Søbrink K.H. et al., 1999), while the HVDC system is 8 MVA rated.
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The DC transmission system is in parallel with an AC line and it has a length of 4.3 km. The voltage and frequency in the wind farm can be varied continuously and independently of the transmission grid (Skytt A.K. et al., 2001), (Søbrink K.H. et al., 1999) using this DC link. In isolated operation the frequency can vary between 30 and 65 Hz (Skytt A.K. et al., 2001). According to (Skytt A.K. et al., 2001) the control concept was implemented and tested in EMTDC program under different conditions and it has been found a “fairly good agreement between simulation and commissioning tests”. However, the frequency control of the wind farm was an exception. In simulation the dynamic frequency control worked fine (Skytt A.K. et al., 2001). During the commissioning test the frequency was varied between 47 and 51 Hz. Outside this range the wind turbines are tripped by their protections (Skytt A.K. et al., 2001). In (Skytt A.K. et al., 2001) is mentioned that a reason for different result in simulation compared with the commissioning tests might be the difficulties in simulating correctly the dynamics of the wind farm. Also the following remark should be noticed “with a stiff voltage concept the interaction between the HVDC Light and the windmills is much more robust and simple”. The control schemes for the DC transmission system developed in DIgSILENT during this project take into account all the above-mentioned aspects. In the following paragraphs these schemes are presented in detail.



5.1 Control for Station A (sending end station) The main target here was to implement a control scheme, which must have available the voltage and frequency set points for the MicroGrid Controller. Therefore, the magnitude of the PWM index and the frequency (Pm_in, f0) are used as control variables for the PMW converter model. Since each wind turbine can have different values for the wind speed in a given moment and therefore different operation points a droop control for both voltage and frequency has been adopted as shown in Figure 60. Each wind turbine will deliver active power and will absorb reactive power according with the wind speed variations. Therefore the voltage stability is dependent on the demand for reactive power (Lasseter R. H., 2002). The voltage control loop should insure that the reactive currents, which circulate inside the wind farm, are not large. A small error in the voltage reference can generate very large reactive currents. A droop characteristic for the voltage controller will minimize the stationary error in this case. Since the induction generator will always draw reactive power from the PWM converter, the reference for voltage should be increased when the generator demand for reactive power increase as shown in Figure 61. The voltage reference value is calculated using:



V ref = V stp + kv Q meas



(47)



where: kv is the voltage droop coefficient. An inner current control loop will assure a relatively fast tracking of the actual current.
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Figure 60: Structure of the control for sending end station (wind farm side).



Figure 61: Voltage set point with droop characteristic. In order to follow and to transfer the entire available power from the wind farm a frequency droop characteristic is used. The set point frequency is varied as a function of the produced power as shown in Figure 62.
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Figure 62: Frequency set point with droop characteristic. The reference for frequency is given in per unit as:



f



ref



(48)



= 1 − k f ( 1 − P meas )



where: kf is the droop coefficient for frequency, k f =



Δf . ΔP



5.2 Control for Station B (receiving end station) Usually in grid-connected applications the PWM converter from the grid side must control the DC-link voltage and the reactive power. Therefore for the receiving end station of the considered DC transmission system such a control scheme is implemented in DIgSILENT. Several DC-link voltage control schemes exist depending on the application (Karlsson P., 2002). There are two topologies commonly used namely master/slave and droop control. The master/slave control is used for parallel operation of converters. The active load sharing is performed and the master controller distributes references for power to other converters (slave). Since this control requires communications between converters the bandwidth of the DC link voltage control can be increased if the communication bandwidth is relatively high (Karlsson P., 2002). In this way less energy needs to be stored in the DC bus and therefore the DC capacitance can be decreased. In (Karlsson P., 2002) is mentioned that the system become sensitive to interactions between the two sides when the energy storage is reduced. In the droop control each converter delivers power to the DC bus determined by the actual DC bus voltage error at the converter (Karlsson P., 2002). This control method does not require communication between converters. Since the PWM converter can be seen as a controlled voltage source the equivalent diagram of the receiving end station is as shown in Figure 63.
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Figure 63: Equivalent diagram of the receiving end station. As the station operates around 50 Hz grid frequency all the time the influence of the capacitors can be neglected. Therefore, the equivalent diagram of the station can be reduced as shown in Figure 64.



Figure 64: Simplified diagram of the receiving end station neglecting the AC filters. The voltage equations can be written as:



v



ABC grid



= R ⋅i



ABC



(49)



di ABC ABC +L + v pwm dt



Assuming that the voltage system is symmetrical and balanced the zero component can be neglected in stationary reference frame. Therefore the previous equation can be written as: αβ = R ⋅ i αβ + L vgrid



(50)



di αβ + v αβ pwm dt



Further in synchronous reference frame it is assumed that its derivate can be neglected



d ωgrid dt



= 0 and therefore the previous equation can be written in



matrix form as: d −ωgrid ⋅ L ⎤ ⎡i d ⎤ ⎡v dpwm ⎤ ⎡vgrid ⎤ d ⎡i d ⎤ ⎡ 0 ⎢ q ⎥ = L ⎢ q⎥+⎢ ⎥⋅⎢ q ⎥ + ⎢ q ⎥ 0 dt ⎣ i ⎦ ⎣ωgrid ⋅ L ⎢⎣vgrid ⎥⎦ ⎦ ⎣ i ⎦ ⎢⎣v pwm ⎥⎦



(51)



It can be observed that there is a cross coupling between axes with the term ωgrid L . A change of the current e.g. in d-axis results in a change of the q-axis
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current. Therefore, this cross coupling should be taken compensated in the control scheme. In this project a droop control of the DC-link voltage is implemented for the receiving end station as shown in Figure 65. The entire control scheme is build in dq-system, therefore a PLL is used to calculate the angle for transformations between axes. The actual power from the DC-link is calculated based on the measured voltage and power. Another measurement block in the connection point delivers the signals for reactive power calculation.



Figure 65: Control structure of the receiving end station (grid side). The DC-link voltage set point is calculated using the actual active power from the DC-link and the droop characteristic. A 5% variation in DC-link voltage is allowed. The error signal between set point and the measured value fed the PI controller. One of the advantages of using the PI controller is the error restoration in droop control (Karlsson P., 2002). The output from DC-link voltage controller is the reference for current in d-axis. The error between the reactive power set point and the actual value is applied to a PI controller, which gives the reference for the q-axis current. The control scheme comprises also an inner current control loop for both axis and a feed-forward compensation of the voltage references (modulation index in d and q axis). The feed-forward compensation requires the exact value of the total reactance connected between PWM converter and the connection point in the grid. This reactance is the sum of the phase reactor and transformer reactances. The transformer reactance has been calculated based on:



Δuk ⋅U n2 ZT = 100 ⋅ Sn



(52)



ΔPCu ⋅U n2 RT = 1000 ⋅ Sn where:



•



Δuk



- short circuit voltage [%];



•



Un



- rated voltage [kV];
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•



Sn



- rated apparent power [MVA];



•



ΔPCu



- copper losses [kW].



Without the feed-forward compensation the reactive power cannot be controlled accurate. The reactive power set point is given so that the reactive power on the connection point is kept at zero. However, other values for this set point can be imposed according with the System Operator or MicroGrid Controller.



5.3 System overview The structure of the system implemented in the power system simulation tool DIgSILENT is presented in Figure 66.



Figure 66: Structure of the system implemented in DIgSILENT. The simulation scheme comprises an active stall wind farm, a DC transmission system, a small CHP and some loads. Three active stall wind turbines models the wind farm, each turbine being equipped with a 2 MW squirrel-cage induction generator. The power set point from the wind turbine control is available. The DC transmission system is based on IGBT-Voltage Source Converters. There are two stations, on the wind farm side (Station-A) and on the local grid side (Station-B) respectively. A 10 km DC cable (± 9kV) connect these two stations. The rated power of the transmission system is 8MVA. The wind farm and the Station-A are connected at a 10 kV wind farm grid while the Station-B, a small CHP with 5.4 MVA rated power and some loads (8 MVA rated power) forms a local grid. A connection with the main grid, which is relatively stiff, (5000 MW short circuit power) is also present. The wind farm grid has some particular characteristics as: The wind farm delivers variable active power and draw reactive power according with the operational point of each wind turbine. The voltage and frequency can vary in some limits. A variable frequency in this case will allow a better wind power conversion especially in the case of low wind speeds. The voltage stability is dependent on the wind farm demand for reactive power On the other hand the local grid has the following characteristics: • CHP is non-despatchable , which means that the active power delivered depends on the heat demand. The reactive power produced has a fixed value. Usually, a power factor of 0.8 or 1 is used in operation. • The voltage and frequency are controlled via the main grid. The Station B should control the voltage and frequency when this connection is not available.
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In fact all these characteristics make this system to be a MicroGrid (Lasseter R. H., 2002). From the utility point of view the system should act as a single controlled cell of the power system. On the other hand from the customer point of view the system should meet some specific needs such as voltage and frequency support, island operation when the connection with the main grid is not available, etc. A MicroGrid/Wind Farm Controller should perform the overall control for each component from this system based on the System Operator requests or based on the demand of the local loads during island operation.



5.4 Simulation results 5.4.1



Case A



There are several events in the system in this case as: •



The average wind speed is increase from 11 m/sec to 16 m/sec in the time interval 60 – 120 sec so that the wind turbines will pass through all three operating modes of the active stall controller;



•



A 100% increase in the load occurs at time 50 sec. The load is 2.5 MW rated power.



•



The CHP operates first at 0.7 p.u. turbine power and a power factor of 0.8. The power set point of the turbine is increased to 1 p.u. at time 300 sec. The reactive power set point for Station B is kept to zero. The frequency droop coefficient kf in Station A (sending end station) is zero. Therefore a fixed reference for frequency (50 Hz) is used. The wind time series for each wind turbine as well as the pitch angles are shown in Figure 67.



Figure 67: Wind time series and pitch angles for each wind turbine.
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As the wind speed and the produced power are greater than the rated values the active stall controller take actions. In order to limit the output power the pitch angle is increase. An overpower of 300 kW is allowed. The active and reactive powers for each wind turbine are shown in Figure 68.



Figure 68: Active and reactive power for each wind turbine. The power balance in the connection point is shown in Figure 69.



Figure 69: Power balance in the connection point. It can be observed that the receiving end station operates at zero reactive power.
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The voltage and frequency profile for each Station are shown in Figure 70.



Figure 70: Voltage and frequency for both terminals of the DC transmission system. The DC-link voltage is shown in Figure 71. There is an overshot of 1.5% for the DC-link voltage when the wind farm starts to deliver the rated power. Since the control scheme allows a 5% variation in the DC-link voltage, this result shows that the DC-link voltage control works properly.



Figure 71: DC-link voltage. Finally, the output of the CHP in terms of power and power factor is shown in Figure 72.
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Figure 72: The output of the CHP. Even if the power set point of the turbine varies, it can be observed that the CHP operates at constant power factor. The output power factor of the plant is not exactly 0.8 because of the parameters for the excitation system and the rated voltage of the generator. The rated voltage of the generator is 11.5 kV whilst the bus bar voltage of the local grid in Dig Silent is 10.5 kV. Changing the bus bar voltage or using another generator will correct this problem. 5.4.2



Case B



In this case the frequency droop coefficient for Station A (sending end station) is 0.02 that correspond with ca. 50.2 Hz for the maximum output power of the wind farm. The frequency at the wind farm bus bar will vary according with the produced active power. The wind time series for each wind turbine as well as the pitch angles are shown in Figure 73.
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Figure 73: Wind time series and pitch angles for each wind turbine. The active and reactive power for each wind turbine, as well as the power balance in the connection point are shown in Figure 74 and Figure 75.



Figure 74: Active and reactive power for wind farm.
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Figure 75: Active and reactive power in the connection point. The voltage and frequency profile for each Station are shown in Figure 76.



Figure 76: Voltage and frequency for DC transmission system. It can be observed that the deviations from the rated values for both frequency and voltage are less than 0.5% The DC link voltage is shown in Figure 77.
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Figure 77: DC-link voltage. Again there is an overshot of 1.5% when the wind farm operates in power limitation mode. The output of the CHP is shown in Figure 78.



Figure 78: Output of the small CHP. Based on these results it can be concluded that the control of the DC connection works properly.
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5.4.3



Different frequency drop coefficients



Some comparisons for different frequency droop coefficients are made. During the calculation of initial condition different pitch angles are calculated for each wind turbine, even if the initial conditions are identically (see Figure 67 and Figure 73). Therefore, in order to evaluate the droop control for sending end station a fixed pitch angle is used for all wind turbines. This pitch angle is the optimal value (ca. -1.5 deg) for an average wind speed of 11 m/sec. The system has been simulated for 120 sec with a fixed value for the pitch angle and an average wind speed of 11 m/sec. For the sake of simplicity only the relevant waveforms are shown. First the frequency for the wind farm bus bar is shown in Figure 79.



Figure 79: Wind farm frequency for different droop coefficients. The average frequency increases with 0.4%, which corresponds to a frequency of 50.2 Hz. The shaft speed of the generator for “Wind Turbine 1”, when different coefficients for the droop characteristics are used, is shown in Figure 80.
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Figure 80: Shaft speed for on wind turbine using different droop coefficients. Some simple calculations shows that the average speed increase with only 0.5% while the increase in the energy capture is around 7% for the considered time frame. The power spectra density of the shaft speed in the considered cases is shown in Figure 81.



Figure 81: Power spectra density of the shaft speed for Wind Turbine 1. It can be observed that the power spectra density of the shaft speed is reduced when the frequency droop coefficient is not equal with zero. This means that the shaft speed is smoother in this case than in the previous case and the mechanical stress is also reduced.
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In order to evaluate this control strategy for a wide range of wind speeds further investigations are necessary. Moreover an optimal value for the frequency droop coefficient should be found. 5.4.4



Island operation



The entire system is analysed when the connection with the main grid is lost. There are several events in the system in this case as: •



The average wind speed is kept constant to 8 m/sec so that the wind turbines controller will operate in optimization mode;



•



A 100% increase in the load occurs at time 50 sec. The load is 2.5 MW rated power.



•



The CHP operates first at 0.7 p.u. turbine power and a power factor of 0.8. The power setpoint of the turbine is increased to 1 p.u. at time 200 sec;



•



The circuit breaker for connection to the main grid is opened at time 300 sec. The system will operate in island mode. The reactive power set point for Station B is kept to zero as well as the frequency droop coefficient kf in Station A (sending end station). Therefore a fixed reference for frequency (50 Hz) is used. The wind time series for each wind turbine as well as the pitch angles are shown in Figure 82.



Figure 82: Wind speeds and pitch angle for each wind turbine. The active and reactive powers for wind turbines are shown in Figure 83. The power balance in the connection point is shown in Figure 84. The voltages and frequencies for each terminal of the DC connection are shown in Figure 85.
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Figure 83: Active and reactive power for wind turbines.



Figure 84: Active and reactive power on the connection point.
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Figure 85: Voltages and frequencies in each terminal. The DC-link voltage is shown in Figure 86 while the CHP output in Figure 87, respectively.



Figure 86: DC-link voltage.
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Figure 87: CHP output. From the above figures it can be concluded that the control scheme for the receiving end station (Station B) is not able to regulate the voltage and the frequency of the local grid because of the following reasons: •



There is no active power balance in the local grid. Since the wind farm is not controlled, the production of the wind farm and the CHP output does not match the load demand.



•



The reactive power set point for station B is kept at zero whilst the CHP operate at constant power factor. Therefore there is no reactive power balance in the local grid. Using a MicroGrid/WindFarm controller the set points for each wind turbine can be given according with the load demand as well as the set point for the reactive power in station B. However, the station B controls the DC-link voltage and an AC voltage control might be necessary.



6 Variable speed wind turbine concepts During the last few years, variable speed wind turbines have become the most dominating type of yearly installed wind turbines (Hansen, A.D., 2004), (Hansen, L.H., et al., 2001). The increased interest in the variable speed wind turbines is due to their very attractive features, given by the presence of the power converter, with respect to both the wind turbine itself as well as to more onerous grid requirements. The variable speed wind turbines have a more complicated electrical system than the fixed speed wind turbines. They are typically equipped with an induction or synchronous generator and a power converter. If the wind turbine
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operates with variable rotational speed, it implies that the electric frequency of the generator varies and therefore it is decoupled from the grid frequency through a power electronic. The presence of the power converter makes the variable speed operation itself possible. By introducing the variable speed operation, it is possible to continuously adapt (accelerate or decelerate) the rotational speed of the wind turbine to the wind speed, in such a way that the turbine operates continuously at its highest level of aerodynamic efficiency. Contrary to fixed speed wind turbines, which are designed to obtain maximum efficiency at one wind speed only, the variable speed wind turbines are designed to achieve maximum aerodynamic efficiency over a wide range of wind speeds. The power converter controls the generator speed in such a way that the power fluctuations caused by wind variations are more or less absorbed by changing the generator speed and implicitly the wind turbine rotor speed. Seen from the wind turbine point of view, the most important advantages of the variable speed operation compared to the conventional fixed speed operation are: • reduced mechanical stress on the mechanical components such as shaft and gearbox – the large inertia of the wind turbine is used as a flywheel during gusts, i.e. the power fluctuations are absorbed in the mechanical inertia of the wind turbine. • increased power capture – due to the variable speed feature, it is possible to continuously adapt (accelerate or decelerate) the rotational speed of the wind turbine to the wind speed, so that the power coefficient is kept at its maximum value. • reduced acoustical noise – low speed operation is possible at low power conditions (lower wind speeds). Additionally, the presence of power converters in wind turbines also provide high potential control capabilities for both large modern wind turbines and wind farms to fulfil the high technical demands imposed by the grid operators (Eltra, 2000), (Sørensen,P., et al.,2000), such as: • controllable active and reactive power (frequency and voltage control) • quick response under transient and dynamic power system situations • influence on network stability • improved power quality (reduced flicker level, low harmonics filtered out and limited in-rush and short circuit currents) Due to these advantages, the variable speed operation offers the possibility of increased “grid friendliness”. Its direct drawbacks are the additional losses due to power electronics, more components, thereby reliability issues, and an increased capital cost due to the power electronics. As power electronic is a rapidly developing technology today, it is clear that variable speed wind turbines will continue to be the norm and not the exception. As well known, a wind turbine is characterised by its power speed characteristics. For a horizontal axis wind turbine, the amount of mechanical power Pmec that a turbine produces in steady state is given by:



1 Pmec = ρ π R 2 u 3 C p (θ , λ ) 2



(53)



where ρ is the air density, R the turbine radius, u the wind speed and Cp(θ, λ) is the power coefficient, which for pitch controlled wind turbines depends on both the pitch angle θ and the tip speed ratio λ. The tip speed ratio λ is given by:
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λ=



ωrot R



(54)



u



where ωrot denotes the rotor turbine speed. The prime motivation for variable speed wind turbines at lower wind speeds is to adjust the rotor speed at changing wind speeds so that Cp(θ, λ) always is maintained at its maximum value. The power coefficient Cp(θ, λ) has a maximum for a particular tip-speed ratio λopt and pitch angle θopt. This means that for extracting maximum power from a particular wind speed, the control strategy has to change the turbine rotor speed in such a way that the optimum tip speed ratio λopt is always obtained. The maximum power a particular wind turbine can extract from the wind is a cubic function of the turbine optimum speed, as follows:



[



max Pmec = K opt ω opt rot



]



3



(55)



where:



K opt



max 1 5 Cp = ρπ R 2 λ 3opt



(56)



Kopt depends on the turbine characteristics and the air density. Tracking the maximum power is the goal as long as the generated power is less than the rated power. At wind speeds higher than rated wind speed, the control strategy has to be changed so that the wind turbine no longer produces maximum power but only rated power. The blades are thus pitched to reduce the power coefficient Cp(θ, λ) and thereby to maintain the power at its rated value. Wind gusts are absorbed by rotor speed changes, the wind turbine’s rotor behaving as energy storage. The mechanical power is transformed in the generator into electrical power, the relation between them being given by:



Pel =η gen Pmec where ηgen is the generator efficiency.



(57)



Currently, for units above 1MW, there are two dominating groups of variable speed wind turbine concepts with a fast growing market demand (Hansen, A.D., 2004): • Variable speed concept with partial scale frequency converter – known as doubly-fed induction generator (DFIG) concept. The generator is a wound rotor induction generator (WRIG), where the stator is directly connected to the grid, while the rotor is controlled by a partial scale power converter. The rotor frequency and thus the rotor speed are controlled by the partial-scale frequency converter, whose size defines the range of the variable speed (typically +/- 30% around synchronous speed). • Variable speed concept with full-scale frequency converter – where the generator stator is interconnected to the grid through a full-scale power converter. The generator can be synchronous (wound rotor synchronous generator WRSG or permanent magnet synchronous generator PMSG) or induction generator (wound rotor induction generator WRIG).
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The attention in the following chapters is thus focused on a detailed model and control strategies description of variable speed DFIG wind turbine concept and variable speed multi-pole PMSG wind turbine concept, respectively.



7 Variable speed DFIG wind turbine concept – normal operation In this chapter, the attention is drawn to the control strategies and performance evaluation of the variable speed pitch controlled wind turbine with DFIG. The chapter is organised as follows. First, the characteristics of the variable speed wind turbine and of the doubly-fed induction generator (DFIG) are summarized. Then, the overall control system of the variable speed wind turbine with DFIG is described, with focus on the control strategies at the different control levels: DFIG control and wind turbine control. The fundamental feature of the DFIG is that the power processed by the power converter is only a fraction of the total wind turbine power, and therefore its size, cost and losses are much smaller compared to a full-scale power converter used in the full variable speed concept. The typical DFIG configuration, illustrated in Figure 88 consists of a wound rotor induction generator (WRIG) with the stator windings directly connected to the three-phase grid and with the rotor windings connected to a back-to-back partial scale power converter. The back-to-back converter is a bi-directional power converter. It consists of two independent controlled voltage source converters connected to a common DC-bus. These converters are illustrated in Figure 88, as rotor-side converter and grid-side converter. The behaviour of the generator is governed by these converters and their controllers both in normal and fault conditions. The converters control the rotor voltage in magnitude and phase angle and are therefore used for active and reactive power control. Because the optimal voltage of the rotor is typically less than the optimal stator voltage, the transformer connecting the system to the grid has two secondaries: one winding connecting the stator and the other connecting the rotor. Stator circuit Sub-synchronous



Pstator > 0
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Over-synchronous



Pstator > 0



Pgrid ≈ Pstator + Protor Grid
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Figure 88: Principle diagram of the power flow in doubly-fed induction generator. DFIG system allows variable speed operation over a large but restricted range. The smaller the operational speed range the less power has to be handled
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by the bi-directional power converter connected to the rotor. For example if the speed should be controllable between +/- 30%, the converter must have a rating of approximate 30% of the generator. Thus the size of the converter does not relate to the total generator power but instead to the selected speed range and hence the slip power (Heier, S., 1998), (Leonhard, W., 2001). Therefore, the cost of the power converter increases when the allowed dynamic speed range around synchronous speed increases. Notice that, since the speed range is restricted, the slip-induced voltage is only a fraction of the grid voltage, depending on the turn-ratio between the stator and rotor. The DC bus voltage is thus relatively low. The operation at a lower DC bus voltage is possible because of the voltage reduction on the rotor side realised by the three winding transformer. In order to cover a wide operating range from sub-synchronous to oversynchronous speed, i.e. the DFIG is able to work as a generator in both subsynchronous (positive slip s>0) and over-synchronous (negative slip s 0 ) in over-synchronous mode, as it is indicated in Figure 88. In both cases (sub-synchronous and over-synchronous) the stator is feeding energy to the grid ( Pstator > 0) (Leonhard, W., 2001). The presence of the power converter allows DFIG a more versatile and flexible operation compared with a squirrel-cage induction machine. The power converter compensates for the difference between the mechanical and electrical frequency by injecting a rotor current with a variable frequency according to the shaft speed. Through collector rings, the power converter supplies thus the rotor windings with a voltage with variable magnitude and frequency. It improves the controllable capabilities of such generator, as for example: ƒ it provides DFIG the ability of reactive power control. DFIG is therefore capable of producing or absorbing reactive power to or from the
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ƒ ƒ



grid, with the purpose of voltage control (i.e. in the case of weak grid, where the voltage may fluctuate). it can magnetize the DFIG through the rotor circuit, independently of the grid voltage. it decouples active and reactive power control by independent control of the rotor excitation current.



7.1 The overall control system of a variable speed wind turbine with DFIG The control system of a variable speed wind turbine with DFIG has as goals to control the reactive power interchanged between the generator and the grid and the active power drawn from the wind turbine in order to track the wind turbine optimum operation point or to limit the power in the case of high wind speeds. Each wind turbine system contains subsystems (aerodynamical, mechanical, electrical) with different ranges of time constants, i.e. the electrical dynamics are typically much faster than the mechanical. This difference in time constants becomes even bigger in the case of a variable speed wind turbine, due to the presence of the power electronics. Such more complicated electrical system requires a more sophisticated control system too. The overall control system of a variable speed DFIG wind turbine is built up with a hierarchical structure. It consists of two control levels with different bandwidths, strongly connected to each other, i.e. it contains a slow dynamic control level and a fast dynamic control level.: • Wind turbine control (slow control) • DFIG control (fast control) The fast dynamic control level, i.e. DFIG control, encompasses the electrical control of the power converters and of the doubly-fed induction generator. Since this controller is an electric one, it works very fast. It addresses the electrical control of the frequency converter. The DFIG control level has as goal to control the active and reactive power of the wind turbine independently. The DFIG control contains two controllers: • Rotor-side converter controller - controls independently the active and reactive power on the grid point M – see Figure 89. • Grid-side converter controller - controls the DC link voltage UDC and guarantees unity power factor in the rotor branch. The transmission of the reactive power from DFIG to the grid is thus only through the stator. As the pulse-width modulation factor PWM is the control variable of the converter, each of these control channels generates a pulse-width modulation factor PWM, for the respective converter. This control variable is a complex number and therefore can control simultaneously two variables, such as the magnitude and phase angle of the rotor induced voltage. For example, for a predefined DC voltage and a control variable (pulse-width modulation factor PWM), the line-to-line AC-voltage is determined as follows:



U AC =



3 ⋅ PWM ⋅ U DC 2 2



(60)



On the other hand, the wind turbine control is a control with slow dynamic responses. The wind turbine control contains two cross-coupled controllers: a speed controller and a power limitation controller. It supervises both the pitch
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angle actuator system of the wind turbine and the active power setpoint of the DFIG control level. It thus provides both a reference pitch angle θref directly to conv , ref for the measthe pitch actuator and a converter reference power signal Pgrid urement grid point M to the DFIG control. Measurement grid point M
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Figure 89: Overall control system of variable speed wind turbine with doubly-fed induction generator. Figure 89 sketches the overall control system of the variable speed DFIG wind turbine. Different line styles are used to provide a quick overview of the signals of the overall control system in Figure 89: • double-dotted lines mark the measured signals. • single dotted-lines reveal reference (setpoint) signals • solid lines reveal the output signals from the controllers Notice that the overall control system requires information on different meas meas measured electrical signals: the active Pgrid and reactive Qgrid power (measmeas ured in the measurement grid point M), the voltage U dc on the DC – busbar, meas (measured in point N), the generator speed the AC- converter current I ac meas ω meas gen and the rotor current I rotor .



The DFIG control level has three reference input signals: conv , ref in the measurement grid • The converter reference active power Pgrid •



point M. This information is delivered by the wind turbine control level. ref in the measurement grid The converter reference reactive power Q grid point M. This reference can be extraordinarily imposed by the grid operators (based for example on a certain dispatch control). For example in the case of a weak grid or a grid fault situation, the DFIG can have the extra task to generate reactive power to support the grid voltage.
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•



ref is a value strictly connected to the size The reference DC- voltage U dc of the converter, the stator-rotor voltage ratio and the modulation factor of the power converter.



The wind turbine control level has a slower dynamic response than the DFIG control. It controls the pitch angle of the wind turbine and the reference active power to the DFIG control level. Different control strategies of variable speed wind turbine are widely presented in the literature (Novak P., et al., 1995), (Bossany E.A., 2000), (Bindner H., et al., 1997), (Hansen A. D., et al., 1999), (Wortmann B., et.al, 2000). In this work two of the most frequent control strategies for variable speed wind turbines, see Figure 90, have been implemented and described: ƒ Control strategy I - where the power converter is used to control the generator speed, while the pitch system limits the power. In this control ref strategy, as long as the power limit Pgrid is not reached (i.e. wind speeds less than the rated wind speed), the wind turbine control keeps the pitch angle to its optimal value and it generates the optimal active power refconv , ref erence Pgrid to the DFIG control level. The DFIG control has then to adjust continuously the generator speed in order to keep the power reference provided by the wind turbine control level. ƒ Control strategy II - where the power converter controls the power, while the pitch system prevents the overspeeding of the generator, i.e. the pitch angle limits the generator speed to its rated value in case of high wind speeds. It provides a fast power control. Control strategy I Speed controller ω Î P P-ω curve meas Pgrid
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Figure 90: Variable speed wind turbine control strategies No matter which control strategy is used, the wind turbine control generates two control signals: conv , ref • The converter reference active power Pgrid - is the setpoint for the active power signal for the DFIG control level. For example in control strategy (I), when the wind speed is less than the rated wind speed, the wind turbine control level generates the converter reference active conv , ref power Pgrid by adjusting the generator speed in such a way that the turbine captures the maximum power.
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The pitch angle θ - is delivered directly to the wind turbine blades. The pitch angle actuator system is implemented as a part of the controller. ref ref (I ) or Pgrid (II ) , depending on the The active power reference signal Pgrid



•



used control strategy, is normally equal to the nominal power of the wind turref bine. Similarly to Q grid , the active power reference signal can be imposed in special situations by the grid operators control system to a power value less then the nominal (rated) power of the wind turbine. The present work considers the ref case when Pgrid is the nominal (rated) power of the wind turbine.



In the following sections, the two control levels, i.e. DFIG control level and wind turbine control level with their individual controller, are described.



7.2 DFIG control The DFIG control contains the fast electrical control of the doubly-fed induction generator. Control strategies and performance evaluation of doubly-fed induction generators have been widely discussed in the literature (Leonhard W., 2001), (Mohan N., et al., 1989), (Novotny D.W. et al., 1996), (Pena, R., et al., 1996), and it is therefore briefly presented in this report. Power converters are usually controlled utilizing vector control techniques. Briefly, vector control allows decoupled control of both active and reactive power. The idea is to use a rotating reference frame based on an AC flux or voltage and then to project currents on this a rotating frame. Such projections are usually referred to as the d and q components of their respective currents. With a suitable choice of reference frames the AC currents appear as DC quantities in the steady state. For flux-based rotating frames, changes in the q component will lead to active power changes, while changes in the d component will lead to reactive power changes. In voltage-based rotating frames (and thus 90 degrees ahead of flux-based frames) the effect is the opposite. 7.2.1



System reference frames



Briefly, the vector control techniques allow de-coupled control of active and reactive power. These techniques are based on the concept of d-q controlling in different reference frames, where the current and the voltage are discomposed into distinct components related to the active and reactive power. Each specific reference frame is defined by two orthogonal axes, namely d-axis (direct axis) and q-axis (orthogonal axis). In this report the stator flux oriented rotor current control with decoupled control of active power and reactive power is adopted (Novotny D.W. et al., 1996).
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GCVRF – Grid converter voltage reference frame (ωV
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Figure 91: Reference frames used in doubly-fed induction generator control. The doubly-fed induction generator DFIG and its control in DIgSILENT is using the following reference frames, illustrated in Figure 91: • System reference frame (SRF)– is the reference frame fixed to the grid, and it is rotating with the grid reference voltage. Therefore its relative speed to the grid is considered zero. • Rotor reference frame (RRF) - is the reference frame fixed to the rotor. The d-axis in the rotor reference frame is chosen collinear to the rotor phase winding. The position of the rotor reference frame is the actual position of the rotor ϕ m . •



Stator flux reference frame (SFRF) – is the reference frame, which rotates synchronously with respect to the stator flux, namely its d-axis is chosen collinear to the stator flux vector. The position of stator flux reference frame is the instantaneous position ϕ dq of the stator flux vector. This



is



calculated



as



ψ tan(ϕ dq ) = ψ



SRF q , stator SRF d , stator



where



ψ dSRF ,stator and



ψ qSRF ,stator are its stationary components on d- and q- axis, respectively in



•



the system reference frame SRF. Since the d-axis of this reference frame is chosen to be the instantaneous axis of the stator field, the phase angle ϕdq of the stator voltage is generally not a constant, although its frequency and magnitude are constants constrained by the power system. This reference frame is defined with respect to the stator flux and not to the stator voltage because the stator flux basically represents the integral of the stator voltage and is therefore much smoother. Grid converter voltage – oriented reference frame (GCVRF)– is the reference frame which d-axis is chosen collinear to the voltage grid converter V . This reference frame is positioned by the voltage angle ϕ, which is measured with a PLL (phase-locked loop) block.



Once, a reference frame is defined, a vector can be discomposed into distinct components on the axes. For example, the grid converter voltage vector V, shown in Figure 91, can be expressed in system reference frame SRF as:



V =V e
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jϕ



= VdSRF + j VqSRF



(61)
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where VdSRF and VqSRF are the components on d (real) and q (imaginary) axis,



(V ) + (V ) SRF 2 d



respectively, in the system reference frame SRF. V =



SRF 2 q



is



the absolute value of the voltage vector, while ϕ is the angle of voltage vector V in the system reference frame SRF. In the vector control, the signals are typically transformed from one reference frame to another. Such coordinate transformations have as scope to simplify the modelling and the control algorithms. For example, the voltage grid converter vector V



V



RRF



=V



SFRF



SFRF



expressed in SFRF can be transformed in RRF by:



(62)



e jX



where X = ϕ dq − ϕ m is the angle between the two reference frames, V



RRF



and



SFRF



are the voltage vectors expressed in coordinates of RRF and SFRF, respectively. The angle sign convention for the coordinate transformation is also shown in Figure 91.



V



7.2.2



Control configuration of DFIG in DIgSILENT



The power converter is a standard built-in model in the PowerFactory library. Its control is not a standard model in the PowerFactory library and therefore it has to be implemented as a user-written model in the dynamic simulation language of the PowerFactory. In this report, the converter control is modelled on a generic level, without focusing on any particular design of a manufacturer. Figure 92 shows the overall control configuration of DFIG in DIgSILENT. Notice that the DFIG model and the control of the converters in DIgSILENT are not using the same reference frame, and therefore different coordinate transformations are performed in order to be able to make possible the interconnection between these different blocks.
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Figure 92: Control scheme of DFIG in DIgSILENT. As illustrated both in Figure 88 and Figure 92, the configuration of the doubly-fed induction generator contains two converters with a DC link:
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Figure 93: Inputs and outputs of the rotor-side converter control. 1. Rotor-side converter: is an integrated part of the DFIG model in DIgSILENT together with the usual induction machine d-q model. The DFIG model in DIgSILENT is expressed in the rotor reference frame RRF and it is a d-q built-in model with predefined inputs and outputs. The rotor-side converter (RSC) operates in a stator flux reference frame SFRF. The q-axis current of the RSC is used to control the active power, while the d-axis current is used for reactive power control. 2. Grid-side converter - is an independent component in DIgSILENT’s library, which can be added to the machine model to form the DFIG with back-to-back converter. The grid-side converter (GSC) operates in the stator voltage reference frame SRF. The d-axis current of the GSC is used to control the DC link voltage to a constant level, while the q-axis current is used for reactive power control. In the following, it is focus on the control of the two converters existing in the DFIG configuration. Both the rotor- and grid- side controllers are explained only to the necessary extent. 7.2.3



Rotor-side converter control



As mentioned before, the rotor windings are connected to the main grid by a power converter allowing controlling the slip ring voltage of the generator in magnitude and phase angle. Figure 93 illustrates the blocks, which are connected with the rotor-side converter control block. Notice that some of the block models are built-in type while others are dsl type. The diagram contains the following blocks: meas P, Q measurement block (built-in model) – delivers the measured active Pgrid meas in a predefined grid point M – see Figure 89. and reactive power Q grid



Coordinate transformation blocks (dsl model) –perform different coordinate transformations, as for example: • from SFRF to RRF: The induced controlled rotor voltage is modulated with the pulse-width amplification factor PWM. This modulation factor is the output of the rotor-side converter controller and it is expressed in SFRF. As the DFIG model is expressed in RRF, the output of the rotor-side converter’s controller has therefore to be transformed to RRF: RRF SFRF PWM rotor = PWM rotor e



•
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The output of the generator model is expressed in RRF and therefore it has to be transformed back to SFRF in order to be used by the rotor-side converter’s controller: SRFR RRF I rotor = I rotor e



− j (ϕ dq − ϕm )



(64)



DFIG block (built-in model) – comprises the model of the doubly-fed induction generator and of the rotor-side converter. Notice that its inputs, outputs and equations are expressed in rotor reference frame RRF. This block can have as RRF SRF output the rotor current I rotor , the rotor position ϕm and the stator flux ψ stator . Prime mover block (dsl model) – gets as input the generator speed ω gen and it delivers as output the mechanical power Pt to the generator. In wind turbine applications, the prime mover of the generator is the turbine itself, where the mechanical component model provides the mechanical power to the generator. Rotor-side converter control block (dsl model) – contains the rotor-side converter control, which is illustrated in Figure 94. As mentioned before, the aim of the rotor-side converter is to control independently the active and reactive power in the measurement grid point M (see Figure 89), and therefore the stator flux oriented rotor current control approach is used. The active and reactive powers are not controlled directly. The impressed rotor current is controlled instead. The rotor-side converter control consists of two PI- control loops in cascade – see Figure 94: • a slower (outer) power control loop • a very fast (inner) rotor current control loop. The power control loop controls the active and reactive power, while the very fast current control loop regulates the machine’s rotor currents to the reference values that are specified by the slower power controller.
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Figure 94: Rotor-side converter control scheme using a cascade control structure. Such cascade control structure is advantageous as the electrical and mechanical dynamics are in different time scales, i.e. the electrical dynamics are much faster than the mechanical dynamics. Since the electrical dynamics are the fastest, the rotor current control loop is the inner loop.
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The rotor current is thus split into a parallel and orthogonal component to the stator flux, respectively. In the stator flux reference frame SFRF, the d-axis is equivalent to the reactive component and the q-axis is equivalent to the active component. In such a reference frame, the active power (the electromagnetic torque, respectively) is only a function of the q- component of the rotor current, while the reactive power is expressed as function of the d- component of the rotor current (Novotny D.W. et.al., 1998): P = func( I qSFRF , rotor )



Q = func( I dSFRF , rotor )



(65)



This means that the active power P control is therefore achieved by controlling the q- component of the rotor current I qSFRF , rotor orthogonal on the stator flux, while the reactive power Q control is achieved by controlling the d- component of the rotor current (the magnetising current) I dSFRF , rotor collinear with the stator flux. Expression (46) illustrates that in SFRF the control of active and reactive power is decoupled. The power control loop generates the reference rotor current components ref I q , rotor and I dref, rotor , respectively, for the rotor current control loop. The rotor current control loop generates the reference rotor voltage components. As the pulse-width modulation factor PWM is the control variable of converter, the output of the rotor-side converter’s controller is expressed in terms of pulseSFRF width modulation factor components PWM dSFRF , rotor and PWM q , rotor , respectively. Notice that the outputs of the controller are expressed in SFRF. As the model of the rotor-side converter is comprised in the DFIG model and expressed in the rotor reference frame (RRF), the outputs of the rotor-side converter controller have to be transformed from stator flux reference frame (SFRF) to the rotor reference frame (RRF), according to equation (44) and to Figure 93. conv , ref Notice that the converter active and reactive power references Pgrid and conv , ref Qgrid for the measurement grid point M, respectively, used as inputs by the



rotor-side converter controller (see Figure 89, Figure 94), can be dynamically varied depending on each specific application. The protection of the rotor-side converter against over-currents is an integral part of the doubly-fed induction machine model in DIgSILENT and it is discussed in (Pöller, M., 2003). 7.2.4



Grid-side converter control



The aim of the control of the grid-side converter is to maintain the DC-link capacitor voltage in a set value regardless of the magnitude and the direction of the rotor power and to guarantee a converter operation with unity power factor (zero reactive power). This means that the grid-side converter exchanges only active power with the grid, and therefore the transmission of reactive power from DFIG to the grid is done only through the stator. Figure 95 illustrates the blocks, which are connected with the grid-side converter control block. Similar to Figure 93, the types of model blocks are also specified. The scheme contains the following blocks: DC - voltage measurement block (built-in model) – measures the DC-voltage in the common DC-busbar of the back-to-back converter.
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AC-current measurement block (built-in model) – measures the ac- current of the grid-side converter (measurement point N in Figure 89). U dcref DC- voltage measurement
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Figure 95: Inputs and outputs for the grid-side converter control in DIgSILENT. PLL measurement block (built-in model) – measures the phase angle ϕ of the AC-voltage generated by the grid-side converter. The voltage phase angle is measured in order to synchronize the AC-converter voltage to the AC-grid voltage. Grid side converter block (built-in model) –is an independent IGBT converter component in DIgSILENT’s library. As mentioned before, DIgSILENT provides several control modes for the control of the converters. The typical control mode used for the grid-side converter of the DFIG is UDC-Q mode, as its function is to regulate the DC-voltage and the reactive power. Grid-side converter control block (dsl model) – contains the grid-side converter control, illustrated in Figure 96. Similarly to the rotor-side converter, the gridside converter is current regulated. The DC-voltage and the reactive power are controlled indirectly by controlling the grid-side converter current.
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Figure 96: Grid-side converter control in DIgSILENT. The grid-side converter control contains two PI control loops in cascade:
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• •



a slower (outer) DC-voltage control loop a very fast (inner) converter current control.



The DC- voltage control loop regulates the DC-link voltage to a predefined ref value U dc , while the very fast current control loop regulates the converter current to the reference value specified by the slower DC-voltage controller. The outputs of the grid-side converter controller define the magnitude and phase angle of the AC-voltage terminal of the converter. The converter current control operates in the grid converter voltage oriented reference frame GCVRF. The converter current is discomposed into a parallel and an orthogonal component on the grid-side converter voltage. In such reference frame the d-axis is equivalent to the active component, while the q-axis is equivalent to the reactive component. The converter current component parallel to the converter voltage (direct phase) I d , conv is used to control the DC-voltage (active power), while the component orthogonal to the converter voltage (quadrature phase) I q , conv is used to control the reactive power. The DC-link voltage is controlled in the outer slower control loop to its ref setpoint value U dc by the d-converter current component. It generates the reference of the direct phase component of the converter current I dref, conv . The reference of the quadrature component of the converter current I qref, conv is constant, almost proportional to the reactive power. To operate the converter with unity power factor (Qconv = 0) implies a zero q- current reference I qref, conv = 0 . Notice that the converter current control loop generates the direct PWMd, and the orthogonal PWMq, conv component of the pulse-width modulation factor in the grid converter voltage oriented reference frame (GCVRF). These components are then transformed into the system reference system SRF, as the grid converter requires controlling signals in SRF. Notice in Figure 89 that the grid-side converter is connected in series with inductors to the line in order to smooth the converter currents. These inductors may also be integrated into the transformer.



conv



7.3 DFIG wind turbine control strategy I As described in Section 7.1, in the wind turbine control strategy (I) the power converter is used to control the generator speed, while the pitch system limits the power. This control strategy is close to that described in (Wortmann B., et.al, 2000). The strongest feature of the implemented control method is that it allows the turbine to operate with the optimum power efficiency over a wider range of wind speeds. Moreover, due to the design of this control method, the transition between power optimisation mode and power limitation mode is not dominated by large power fluctuations due to small changes in generator speed. The control strategy I are fundamentally based on the two static optimal curves, illustrated in Figure 97: (a) Mechanical power of turbine versus wind speed (b) Electrical power versus generator speed. These characteristics are determined based on predefined aerodynamically data of the turbine. A parallel presentation of them, as shown in Figure 97 for a 2 MW wind turbine, provides a graphical illustration of the relation between the generated power, the wind speed and the generator speed for each operational
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stage of the wind turbine. Notice in Figure 97(b) that, as long as the speed can be varied, the maximum power extracted from the wind is a cubic function of the turbine optimum speed, as expressed in (37). Each wind turbine has some physical operational restrictions, related to the acceptable noise emission, the mechanical loads and the size and the efficiency of the generator and of the frequency converter. It is therefore necessary to limit the stationary wind turbine rotational speed, to a range given by a minimum and nom a rated (nominal) value ω min rot , ω rot . Notice that, the graph Figure 97 (b) in
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min dyn , max , n gen ] for the generator also indicates the operational speed range [ n gen



speed. The generator speed can be expressed in [rad/s] or in [rpm] as follows:
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(66)
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min dyn , max where ηgear is the gear-box ratio. The operational speed range [ n gen , n gen ]



covers both the stationary generator speed range as well as the dynamical generator overspeed range, which is allowed by the doubly-fed induction generator DFIG’s control. Power curve
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Figure 97: Two static curves used in the design of the control strategies for a doublyfed induction generator: (a) mechanical power versus wind speed and (b) electrical power versus wind speed. Two control strategies for the variable speed wind turbine are indicated in Figure 97: I. Power optimisation strategy (below rated wind speed urated)– where the energy capture is optimised. It is depicted by the range A-B-C-D, both in Figure 97(a) and in Figure 97(b). II. Power limitation strategy (above rated wind speed urated) – where the goal of the controller is to track the nominal (rated) power refrated , ref erence Pgrid of the wind turbine. It is depicted by the range DE both in Figure 97(a) and in Figure 97(b).
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Figure 97 points out four different control algorithms for the control of the variable speed wind turbine: Algorithm I1. Partial load operation with fixed reference speed at the lower limit (power optimisation strategy zone A-B) This case corresponds to the situation when the wind speeds are so small min that the rotational speed is less than the lower limit ωrot ≤ ωrot (the generator min ). The turbine’s reference speed is therefore set to the minimal speed n gen ≤ ngen min ref value ωrot = ωrot and the tip speed ratio λ(u) is calculated by:



λ (u ) =



min R ωrot



(67)



u



For each determined tip speed ratio λ(u), the optimal power coefficient value C popt (λ ) and then the corresponding pitch angle θ is found in the look-up table C p (θ , λ ) . The optimum power is therefore achieved by keeping the turmin bine speed at the lower limit ωrot :
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opt 1 5 C p (u ) min P (u ) = ρ π R ωrot 3 λ (u ) 2 opt mec
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(68)



Algorithm I2. Partial load operation with variable reference speed (power optimisation strategy zone B-C) This case corresponds to the situation when the rotational speed is higher than the lower limit and less than the nominal rotational min nom nom speed ω rot < ωrot ≤ ωrot (the generator speed n min gen < n gen ≤ n gen ). The goal here is to maximise the energy capture by tracking the maximum power coefficient C pmax curve. The maximum power coefficient value C pmax corresponds to one pitch angle θ opt and one tip speed ratio λopt. The pitch angle is therefore kept constant to the optimal value θ opt , while the tip speed ratio is tuned to the optimal value λopt over different wind speeds by adapting the rotor speed ωrot to its reference, expressed by:



ω ref rot (u ) =
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The maximal mechanical power is therefore achieved by tracking the reference rotational speed: max Pmec (u ) =



C max ref 1 ρ π R 5 p3 ωrot (u ) 2 λopt



[
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3
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(70)



Algorithm I3. Partial load operation with fixed reference speed at the higher limit (power optimisation strategy zone C-D) This case corresponds to the situation when the turbine speed is restricted ref nom to the nominal value ωrot and when the generated power is less than the = ωrot rated ). The control algorithm is similar to Algorithm I1 rated value ( Pmec < Pmec (presented for zone A-B), with the only difference that the tip speed ratio, the optimal power coefficient value C popt (λ ) , the optimal pitch angle θ and the op-
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nom min instead for ωrot . In this case, the timal power are determined based on ωrot



nom . highest efficiency is obtained by operating the turbine at nominal speed ωrot



Algorithm II. Full load operation (power limitation strategy zone D-E) This case corresponds to the situation of wind speeds higher than the rated wind speed. The reference output power is the rated mechanical power ref rated while the reference rotor speed is the nominal rotor Pmec = Pmec ref speed ωrot =ω lated as:



C p (λ ) =



nom rot



. Thus, for each wind speed u, the power coefficient is calcu-



rated 2 Pmec λ3 (u ) nom 3 ρ π R 5 ω rot
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(71)



Once the power coefficient value C p (λ ) is calculated and the tip speed ranom R / u is known, the static pitch angle θ can then be determined tio λ (u ) = ω rot



by interpolation in the power coefficient table C p (θ , λ ) . An example of the pitch angle and rotor speed versus wind speed, determined based on the presented control strategies for a variable speed 2 MW wind turbine, is shown in Figure 98. Similar to Figure 97, Figure 98 also points out the wind turbine operation ranges (A-B, B-C, C-D, D-E). The pitch angle values in the power optimisation strategy are all found close to zero for the given wind turbine, while at higher wind speeds in order to limit the power, the pitch angle is increasing by a non-linear function. The static reference values of the rotor speed are, as expected, varying in zone B-C and otherwise are kept constant. However, as the DFIG control design allows overspeed in the case of a wind gust, the rotor speed can vary dynamically in zone C-D-E. Therefore, the ability to vary the rotor speed ωrot is used in both strategies (power optimisation and power limitation), but it is mostly exploited below rated wind speed (in the power optimisation strategy). The ability to vary the pitch angle θ with wind speed is mostly used above rated wind speed to prevent over rated power production.
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Figure 98: Generic static pitch angle and rotor speed versus wind speed - result of the control strategies.
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As illustrated in Figure 89, this wind turbine control strategy contains two controllers, which are cross-coupled to each other: 1. Speed controller 2. Power limitation controller The design of these two controllers is based on the previous described control strategies. The speed controller is the main controller in the power optimisation strategy, while in the power limitation strategy both controllers are active and cross-coupled to each other. This interconnection can be exemplified as follows. If the wind speed is less than the rated wind speed urated, the pitch angle is kept constant to the optimal value θ opt , while the generator speed ωgen is adjusted by the wind turbine control in such a way that the maximum power is captured out of the wind. If a wind gust appears, the rotor speed ωrot and thus also the generator speed ωgen will increase due to the increased aerodynamic torque. In this moment, the speed control loop reacts by increasing the power conv , ref reference Pgrid to the DFIG control, see Figure 99. If the wind speed increases further beyond the rated wind speed, then the power limitation control loop, see Figure 100, reacts by increasing the pitch angle to prevent the power generation becoming too large. Meanwhile, the speed control loop controls the rotor speed to its nominal value, but allows rotor speed dynamic variations in a predefined speed range. The changes in the aerodynamic power are thus absorbed as changes in the rotational speed instead of as changes in torque and therefore the impact of the wind speed variations on the drive train loads is reduced.



7.3.1



Speed controller (I)



The speed controller has as main tasks: 1. to achieve the optimum power by keeping the generator speed at the min lower limit ω gen (Algorithm I1) in power optimisation A-B zone with fixed low reference speed limit. 2. to keep the optimal tip speed ratio λopt over different wind speeds u, by ref adapting the steady state generator speed to its reference ω gen (Algorithm I2) in power optimisation B-C zone with variable reference speed. 3. to control the generator speed to its nominal value, allowing however dynamic variations in the predefined speed range indicated in Figure 97(b). For wind speeds above rated wind speed urated (in power limitation), the speed control loop prevents the rotor/generator speed becoming too large. Figure 99 shows the implemented speed control loop. It has as input the difference between the reference generator speed and the measured generator ref speed. The reference generator speed ω gen is obtained from the predefined static characteristic (see Figure 97(b)), and it corresponds to the generator speed meas at which the measured active power Pgrid on the grid is optimal. The error ref meas is sent to a PI controller and then further to a power graΔ ω gen = ω gen − ω gen



dient limitation block. Unbalance between turbine torque and generator torque will result in an accelerating torque until the desired speed is reached. The outconv , ref put of the speed controller is the reference power value on the grid Pgrid to the DFIG control.
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Figure 99: Speed controller of the wind turbine control. Notice that the speed controller is active both in the power optimisation and power limitation operating modes. The parameters of the speed controller are changed depending on the wind turbine-operating mode (power optimisation or power limitation).



7.3.2



Power controller (I)



The power limitation controller has as task to increase or decrease the pitch angle in the power limitation strategy, i.e. in order to limit the generated power to the rated power. Figure 100 shows the power limitation control loop. The error signal meas rated , ref Δ P = Pgrid − Pgrid based on the measured power in the grid point M, is sent to a PI-controller. The PI controller produces the reference pitch angle θ ref . This reference is further compared to the actual pitch angle θ and then the error Δθ is corrected by the servomechanism. In order to get a realistic response in the pitch angle control system, the servomechanism model accounts for a servo time constant Tservo and the limitation of both the pitch angle and its gradient. The output of the power limitation controller is the pitch angle of the blades. dθ max dt meas Pgrid , ref P rated grid
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Figure 100: Power limitation controller of the wind turbine control, which controls the pitch. Notice that both speed and power limitation controllers do not need a wind speed measurement. Only the generator speed and the generator active power are required. Ideally, the control parameters would be chosen as a function of the wind speed, but this is not an appropriate procedure due to the fact that it is not possible to measure the wind speed precisely. Assuming that the wind turbine system is well controlled, then the pitch angle and the active power can be used as gain-scheduling parameters instead of wind speed. Therefore, the implementation of the gain scheduling is performed based on knowledge of the pitch angle, which can be thus used to express the non-linear aerodynamic amplification in the system.
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The non-linear variation of the pitch angle versus wind speed for high wind speeds, illustrated in Figure 98, implies the necessity of a non-linear control (gain scheduling) – as indicated in Figure 100. A linear control would result in instabilities at high wind speeds. The total gain of the system in the power control loop Ksystem, can be expressed as a proportional gain K PI in the PI controller times aerodynamic sensitivity of the system



dP : dθ



dP dθ



K system = K PI



(72)



The aerodynamic sensitivity



dP of the system depends on the operating dθ



conditions (the setpoint power value, the wind speed or the pitch angle). Therefore, in order to maintain the total gain of the system Ksystem constant, the proportional gain of the PI controller K PI is changed in such a way that it counteracts the variation of the aerodynamic sensitivity



dP . The gain of the controller dθ
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KPI must therefore incorporate information on the dependency of the variation of the power with the pitch angle. The variation of the aerodynamic sensitivity with the pitch angle for a 2 MW wind turbine is illustrated in Figure 101(a). It increases numerically (absolute value) with the pitch angle and it can vary with a factor up to 10.
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Figure 101: Sensitivity function and the inverse sensitivity function of the wind turbine. (a) sensitivity function dP/dθ versus pitch angle θ . (b) inverse sensitivity function [dP/dθ]-1 versus pitch angle θ. Observe that the variation of the aerodynamic sensitivity is almost linear in the pitch angle θ and therefore a linear expression with the parameters a and b can be estimated:



dP = aθ + b dθ



(73)



This linear description makes it possible to determine the reciprocal of the aerodynamic sensitivity, defined as follows: −1



1 ⎡ dP ⎤ ⎢⎣ dθ ⎥⎦ = − a θ + b
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where the negative sign compensates for the negative ramp of the aerodynamic sensitivity and thus assures that the sign of the total gain of the system does not −1



⎡ dP ⎤ change. Notice that the reciprocal sensitivity function ⎢ ⎥ , illustrated in ⎣ dθ ⎦ Figure 101(b), is non-linear with the pitch angle. It is used in the definition of the controller gain K PI to counteract the mentioned variation, as follows:



⎡ dP ⎤ K PI = K basis ⎢ ⎥ ⎣ dθ ⎦



−1



(75)



where Kbasis is the constant designed proportional gain of the PI- controller, determined to be appropriate for one arbitrary wind speed. Notice that the more sensitive the system is (larger pitch angles θ / higher wind speeds) the smaller the gain for the controller should be and vice versa. The introduction of the gain scheduling enables the PI- controller to perform an adequate control over the whole wind speed range.



7.3.3



Cross-coupled control



Both the speed control loop and the power control loop are cross-coupled in the power limitation strategy. Notice that these two strategies do not need a wind speed measurement. Only the generator speed and active power are required. The interconnection between speed control loop and power control loop can be exemplified as follows. If the wind speed is less than the rated wind speed urated, the pitch angle is kept constant to the optimal value θ opt , while the generator speed ωgen is adjusted by the frequency converter control in such a way that the maximum power is obtained. If now a wind gust appears, the rotor speed ωrot and thus also the generator speed ωgen are increasing due to the increased aerodynamic torque, and the speed control loop reacts by increasing the conv , ref power reference Pgrid (in Figure 99). If the wind speed increases further over the rated wind speed, then the power control loop reacts by increasing the pitch angle to prevent the power generation becoming too large. Meanwhile, the rotor speed is also prevented to become too large by the speed control loop, which tries to keep the rotor speed to its nominal value. DFIG control has the advantage to permit a dynamical variation range of the generator/rotor speed around the nominal value. Thus the impact of the wind speed variations on the drive train loads is reduced. The changes in the aerodynamic power are absorbed as changes in the rotational speed instead of as changes in torque.



7.3.4



Simulation results (I)



Different scenarios are simulated to asses the performance of both the DFIG controller and of the overall control of the variable speed /variable pitch wind turbine. A. DFIG control Using the stator flux control approach, the active power control is decoupled from reactive power control. As mentioned before the active and reactive power can be controlled using the impressed rotor currents in the stator flux reference frame. Thus, the active power control is achieved by controlling the rotor cur-
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rent q- component I qmeas , rotor orthogonal to the stator flux, while the reactive power control is achieved by controlling the d- component of the rotor current referred to the stator flux I dmeas , rotor . Figure 102 illustrates the control of the active power conv , ref on the grid on the grid when a step in the reference active power signal Pgrid conv , ref is imposed and when the reference reactive power signal Qgrid remains un-
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Figure 102: Decoupled control of active and reactive power of DFIG. The active power step response, measured on the grid (30 kV), exhibits good dynamic performance. A little coupling with the reactive power control is observed in the transient phase. However, in steady state the reactive power is not affected by the active power step, as it is back to its reference value. As expected, the step in the reference of the active power is reflected only in the qcomponent and not in the d- component of the rotor current, as the reactive power is controlled by the d- component. B. Power flow inside DFIG Both Figure 103 and Figure 104 illustrate the results of a simulation, where a fictive non-turbulent wind speed with fixed mean value and a sinusoidal variation with a 3p frequency is used. A variable speed DFIG wind turbine with 2 MW rated power is considered. A step in the mean speed value from 7 m/s to 9 m/s is performed to force the system from sub-synchronous to oversynchronous operation. The purpose of this simulation is to illustrate: • the power flow through the grid, stator and rotor when the DFIG changes between sub-synchronous and over-synchronous operations, due to a step in the wind speed. • the filter effect of the mechanical 3p fluctuations in the electrical power. Notice in Figure 103 that during sub-synchronous operation the power delivered to the grid is less than that delivered by the stator Pstator, as in the rotor circuit the power is flowing from the grid to the rotor via power converter (Protor 0). Sub - synchronous (variable reference speed)



Sub - synchronous (variable reference speed)



1.2673



DIgSILENT



Over - synchronous (fixed reference speed) Pgrid



1.1064



[MW]



0.945



Pstator



0.784



0.624



0.463 -0.1000



71.919



143.94



215.96



287.98



..



360.00



215.96



287.98



..



360.00



287.98



..



360.00



G: Pstator[MW] Gen_PQ_controller: Pgrid [MW]



0.200



Protor



[MW]



0.150



0.100



0.050



0.000



-0.0500 -0.1000



71.919



143.94



G: Protor [MW]



9.2525



8.7577



[m/s]



Wind 8.2629



7.7682



7.2734



6.7787 -0.1000



71.919



143.94



Tower shadow model: Wind [m/s]



215.96



Time [sec]



Figure 103: Simulated power through the grid, stator and rotor in subsynchronous and over-synchronous operations. The 3p fluctuations of the wind speed are present in the mechanical part of the system, i.e. in the aerodynamic torque, but not on the electrical part, i.e. in the electrical torque – see Figure 104. The 3p fluctuations in the wind are thus not visible in the electrical power. They are reduced substantially by the control of the DFIG. For this wind speed range (7 m/s to 9 m/s), the wind turbine operates in the power optimisation mode (zone B-C-D), where the speed controller seeks to maximise the power captured from the wind according to Figure 97(b). It thus adjusts the generator speed to its predefined reference (variable or fixed) to be able to capture as much energy from the wind as possible. The power limitation controller is not active here, as the rated power is not reached. The pitch angle is kept constant to its optimal value determined with the control Algorithm I2 and I3.
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Figure 104: Simulated generator speed, aerodynamic torque, electrical torque and pitch angle. C. Overall control of the wind turbine Both Figure 105 and Figure 106 illustrate how the control algorithms are working at different operating conditions. Again a variable speed wind turbine with a rated power of 2 MW is used. The rated wind speed is 11.5 m/s and the rated nom generator speed ω gen is 1686 rpm. Typical quantities are shown: wind speed, generator speed and reference generator speed, the pitch angle and the generator power on the grid. Figure 105 illustrates the simulation operation at 7 m/s mean value turbulent wind speed with turbulence intensity of 10%. This operation corresponds to the power optimisation with variable generator speed reference (zone B-C in Figure 97).
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Figure 105: Simulation with turbulent wind speed, with mean 7m/s and turbulence intensity of 10%. In power optimisation, the main turbine controller is the speed controller. As the rated power is not reached, the power limitation controller is not active. The speed controller has here to be strong and fast in order to seek to the maximum power. It has to assure that the generator speed follows very well the variable generator speed reference in order to be able to absorb the maximum energy from the wind. The speed reference is generated based on the static curve illustrated in graph (b) of Figure 97 and it corresponds to the generator speed for which the measured power is optimal. As expected for this wind speed range (7 m/s mean value), the pitch angle is not active, being kept constant to its optimal value (i.e. zero for the considered wind turbine). Notice that the fast oscillations in the wind speed are completely filtered out from the electrical power. Figure 106 shows the simulation results when a turbulent wind speed with a mean value of 18 m/s and a turbulence intensity of 10% is used. In order to illustrate the elasticity of the variable speed DFIG wind turbine, some gusts about 5 m/s up and down, respectively, are introduced in the wind speed at each 150s. This simulation case corresponds to the power limitation strategy, where both the speed controller and the power limitation controller are active. The power limitation control loop is strong and fast, while the speed control loop is deliberately much slower, allowing dynamic variations of the generator speed in the speed range permitted by the size of the power converter.
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Figure 106: Simulation with turbulence wind speed, with mean speed 18 m/s, turbulence intensity 10% and gusts. The power limitation controller changes the pitch angle to keep the rated power, while the speed controller prevents the generator speed from becoming too high. Contrary to the power optimisation, illustrated in the previous simulation, the speed controller allows here deviations of the generator speed from its reference (rated) value. For example, at the time instant t=150 s, the wind speed rapidly reaches 22 m/s. The generator speed increases quickly due to the increased aerodynamic torque. The electrical power increases too, until the pitch controller reacts modifying the pitch angle. The pitch controller is not fully capable of capturing this fast wind speed change. The pitch angle follows the slow variation in the wind speed, while fast gusts in the wind speed are absorbed as variation (peaks) in generator speed. The rotational speed of the turbine rotor is thus allowed to increase storing energy into the turbine’s inertia.



7.4 DFIG wind turbine control strategy II As described in Section 7.1, in the wind turbine control strategy (II) the power converter controls the power, while the pitch system prevents the overspeeding of the generator. This second control strategy is expected to be closer to the real controllers in DFIG wind turbines, although this is not easy to clear up because the actual control algorithm is kept confidential by the wind turbine industry. The two controllers of the control strategy (II), sketched in Figure 90, are as follows: • Speed controller – controls the generator speed to its reference value by acting on the pitch angle. It has as task to control the generator speed at high wind speeds i.e. to change the pitch angle in order to prevent the overspeeding of the generator. At low wind speeds, the pitch angle is kept constant to a optimal value.
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• Power controller – assures the power reference by acting on the reference to the DFIG control level. It generates the active power reference signal for the active power control loop, performed by the rotor-side converter controller in DFIG control level. This reference signal is determined from the predefined characteristic P-ω look-up table, illustrated in Figure 107, based on filtered measured generator speed. This characteristic is based on aerodynamical data of the wind turbine’s rotor and its points correspond to the maximum aerodynamic efficiency. As illustrated in Figure 107, this characteristic is truncated at rated speed, so no speed reference over rated speed is provided.
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Figure 107: Maximum power tracking (MPT) characteristic used for DFIG wind turbine. Both the speed controller and the maximum power-tracking controller are active in the power limitation strategy, while only maximum power tracking controller is active in the optimization power strategy. In the case of high wind speeds there is a cross-coupling between these two controllers. Figure 108 illustrates explicitly the speed controller, the maximum power tracking controller and the rotor-side converter controller. The grid-side converter controller is out of interest in the present study and therefore it is shown as a “black box”.
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Figure 108: Wind turbine control level. In the rotor-side converter control, there are two independent control braches, one for the active power control and the other for reactive power control. Each branch consists of 2 controllers in cascade. Only the active power control loops are relevant in the present study. Notice that all these controllers, except maximum power tracking controller, are basically PI controllers. Both the speed controller and the maximum power tracking have as input the filtered measured generator speed. The generator speed is measured and a low-pass filter is used to avoid that the free-free frequency in the transmission system is amplified through the control system.



7.4.1



Speed controller (II)



The error between the filtered measured generator speed and the rated generator speed is thus sent to the PI speed controller. The output of this PIcontroller is used as reference pitch signal θ ref to the pitch system. In order to get a realistic response in the pitch angle control system, the servomechanism model accounts for a servo time constant Tservo and the limitation of both the pitch angle (0 to 30 deg) and its gradient ( ± 10 deg/s). Thus the reference pitch angle θ



ref



is compared to the actual pitch angle θ and then the error Δθ is cor-



rected by the servomechanism. A gain scheduling control of the pitch angle, as described in Section 7.3.2, is implemented in order to compensate for the existing non-linear aerodynamic characteristics. Assuming that the dynamic behavior of the system can be approximated with a second order system behavior, then the parameter design of the PI speed controller can be based on the transient response analysis for a second order system:



ω 02 K = I s 2 + D s + K s 2 + 2 ξ ω0 s + ω
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where I, K and D denote the system inertia, stiffness and damping, respectively. Hence the natural frequency and the damping ration can be expressed as:



ω 0=



1 D D K and ξ = ω 0 , respectively. = I 2 Iω 0 2 K



In the literature, two main parameterizations of the PI controller are applied: ♦ PI controller - parameterization 1:



y = (K p +



Ki )u s



(77)



where the proportional and integral gain can be expressed (see Stig Øje’s calculations) as:



K Ω 0 ⎡ dP ⎤ Ki = − 30 ⎢⎣ dθ ⎥⎦ N gear



−1



(78)



π



K p ≅ 2ξ



Ki



ω0



In this PI controller parameterization form, the integral gain Ki is proportional to the stiffness K of the system, while the proportional gain Kp is proportional with the damping of the system D = 2 ξ K / ω 0 . Notice that when this parameterization is used, both controller parameters contain gain scheduling, −1



⎡ dP ⎤ i.e. they vary with the reciprocal sensitivity function ⎢− . ⎣ dθ ⎥⎦ ♦ PI controller - parameterization 2:



y = K p (1 +



1 )u sTi



(79)



where the integral time and the proportional gain are expressed as:



Ti =



Kp ≅



Kp Ki 2ξ



ω0



=



2ξ



(80)



ω0 KΩ 0 30 N gear



π



⎡ dP ⎤ ⎢ − dθ ⎥ ⎣ ⎦



−1



This parameterization of the PI controller is typically used in control systems. Notice that here only one parameter, i.e. the proportional gain Kp, has a −1



⎡ dP ⎤ proportional variation with the reciprocal sensitivity function ⎢− , while ⎣ dθ ⎥⎦ the integral time Ti can be directly determined based on design parameters (damping ration ξ and natural frequency ω0).
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The implementation in DIgSILENT of the PI controllers is using the parameterization 2. As design parameters in the controllers, there are used the damping ratio ξ = 0.66 and the natural frequency about 0.1 Hz (i.e.



ω 0 = 0.6 ). Using the expressions (6) and (12), the proportional gain Kbasis of the PI- controller can be expressed as:



K basis =



2ξ



ω0



KΩ 0 30 N gear



(81)



π



Based on design data (ξ and ω0) and on the equations (11) and (13), the parameters of the PI speed controller (SC) become: K pSC = 850 (normalized) and



Ti SC = 2.2 .



7.4.2



Power controller (II)



conv , ref The active power reference Pgrid signal, determined from the maximum



power tracking look-up table, is further used in the active power control on the grid, performed by the rotor-side converter controller. The aim of the rotor-side converter is to control independently the active and reactive power. As mentioned before, the attention, in this report, is mainly drawn to the active power control. The active power is controlled indirectly by controlling the impressed rotor current. As illustrated in Figure 108, the active power control, in DIgSILENT, contains two control loops in cascade: a slower (outer) power control loop and a fast (inner) rotor current control loop. The slower power control loop has thus as output the reference rotor current signal, which is used further by the fast current control loop. The parameters of the PI controllers in the rotor-side converter are the following: ¾ for the power controller (PC): K pPC = 0.1 and Ti PC = 0.1



= 1 and Ti CC = 0.01 ¾ for the current controller (CC): K CC p Notice that these two control loops existing in the rotor-side converter controller and taking care of the active power on the grid, are not implemented in HAWC and Flex5. 7.4.3



Simulation results (II)



In order to evaluate the performance of variable speed wind turbine controller implemented in power system simulation DIgSILENT a set of step response simulations with deterministic wind speed (no turbulence, no tower shadow) are performed. Typical quantities versus of time are shown: wind speed in [m/s], pitch angle in [deg], generator speed in [rpm] and the generator power in [MW]. For comparison purpose, the scales of the figures have been kept similar to those used in the FLEX5 simulations. Unless it is specified, the simulations are performed using the parameters of the PI controllers, mentioned before. In Figure 109, Figure 110 and Figure 111, the wind speed is stepped-up with 1m/s every each 20 seconds.
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Figure 109: Step in wind from 5m/s to 12m/s. In the power optimization strategy (at low wind speeds less than 12m/s), as illustrated in Figure 109, the speed controller is passive, keeping the pitch angle constant to the optimal value (i.e. zero for the considered wind turbine). Meanwhile, the power controller controls the active power to the active power reference signal provided by the maximum power tracking look-up table. The generator speed is thus continuously adapted to the wind speed, in such a way that it is extracted maximum power out of wind. Notice that the response time in the steps is bigger at lower wind speeds then at higher wind speeds. At higher wind speeds than 12 m/s, illustrated in Figure 110, both the speed controller and the active power controller are active.
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Figure 110: Step in wind from 12 m/s to 20 m/s. The steps in the wind speed yield changes in both the pitch angle and the generator speed. The step response of the pitch angle and generator speed does not present big overshoots and oscillations (fast in steady state). Remark also that the response of the generator speed is almost identical over the whole wind range between 12m/s and 20m/s, a fact that indicates that the gain scheduling in the speed controller is working properly. The power controller keeps the active power to 2MW with a small deviation about 1%. By changing the parameters of the frequency converter controller, the performance of the system can be improved. Figure 111 illustrates the influence of the parameter tuning in the frequency converter controller. A similar simulation to that shown in Figure 110 is shown in Figure 111, but with a stronger integral action of the controllers in the frequency converter, i.e. Ti PC = 0.01 and



Ti CC = 0.001 . This action has as result an error in the control of the power less than 1 per thousand, while the other signals are unchanged.
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Figure 111: Influence of control parameters of the frequency converter.
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Figure 112 and Figure 113 illustrate the simulations where the wind speed is stepped-down from 20 m/s to 4 m/s with 1 m/s step and 2m/s step, respectively. 21.00 16.80 12.60 8.400 4.200 0.00 0.00
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Figure 112: 1m/s step-down in wind from 20 m/s to 5 m/s. Figure 112 shows that as long as the wind speed is higher than 12m/s, the power is kept constant to 2MW. The generator speed is slightly varying around
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its rated value, while the pitch angle is changed at each 1m/s step to another appropriate steady state value. As desired, the power is stepped out of the rated power (i.e. 2MW) when the wind speed becomes less than 12m/s. The pitch angle is then kept constant to zero, while the generator speed varies according to the P-ω characteristic, shown in Figure 107. However, as it is illustrated in Figure 113, keeping the same control parameters (i.e. Ti SC = 2.2 ) also for the case when there is 2m/s step in wind, reveals that the speed controller is too lazy/slow. Due to the cross-coupling between the controllers at high wind speeds, the power control is then not able to keep the power to the rated power. Figure 113 also illustrates the simulation when the integral action of the speed controller is increased ( Ti SC = 0.5 ). A reduced integral time of the speed controller is corresponding to a lower damping ration or a higher natural frequency for the second order system. It means that in order to keep the power to the rated power, it is necessary to be able to force the generator speed to react faster to changes in the wind. 21.00 17.40 13.80 10.20 6.600 3.000 0.00
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Figure 113: 2m/s step down in wind from 20 m/s to 5 m/s and influence of the speed controller. Notice that such changing of the integral time of the speed controller yields to an increased rate of the pitch angle. This can off course imply both higher requirements to the pitch system and higher aerodynamical loads. As always, the choice of control parameters is and has to be a trade-off between different aspects. It seems that in the case of higher wind steps, as it is the case of gusts, the parameters designed through the transient response has to be slightly changed in order to be able to handle gusts in a satisfying way. Figure 114 reflects the same aspects as Figure 113, but for the case of a turbulent wind with mean speed 20m/s and turbulence 10%. By making the speed controller faster, the power control manages to keep the power to the rated value, and to avoid thus the drops in the power.
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Figure 114: Turbulent wind. Influence of integral time of the speed controller.
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Figure 115: Turbulent wind. Influence of frequency converter.
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Figure 115 illustrates the influence of better tuning of the parameters in the frequency converter controller. Notice that the frequency converter alone can improve the control of the power, without affecting the behavior of the other signal, as i.e. the pitch angle and the generator speed. Figure 116 illustrates a simulation of variable speed wind turbine with turbulent wind, where the mean is 8 m/s and the turbulence intensity of 10%. The generator speed is tracking the slow variation in the wind speed. As expected for this wind speed range, the pitch angle is passive, being kept constant to its optimal value (i.e. zero for the considered wind turbine). The active power delivered to the grid does reflect the variation in the wind speed. Notice that the fast oscillations in the wind speed are completely filtered out from the electrical power. Figure 117 illustrates the simulation with turbulent wind, where the mean 9.00 8.00 7.00 6.00 0.00
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Figure 116: 8 m/s turbulent wind (turbulence 10%). speed is 12 m/s and the turbulence intensity of 10%. The power is kept to the rated power as long as the energy in the wind permits that.
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Figure 117: 12m/s turbulent wind (turbulence 10%).



8 Variable speed DFIG wind turbine concept – grid fault operation This chapter address the fault ride-through and voltage grid support capability of a DFIG wind turbine under a grid fault operation. Up to 5-6 years ago, most grid codes did not require wind turbines to support the power system during a grid disturbance – wind turbines were only required to be disconnected from the grid when an abnormal grid voltage was detected. With the increased capacity of wind power in the power system over the years, a sudden high loss of power during grid faults, due to wind turbines disconnection, could generate control problems of frequency and voltage in the system, and as worst case a system collapse. The increased penetration of wind energy into the power system over the last decade has therefore led to serious concern about its influence on the dynamic behaviour of the power system. It has resulted in the power system operators revising the grid codes in several countries, such as in Denmark and Germany (Energinet.dk, 2004), (E.ON., 2006). Basically, for wind power, these grid codes require an operational behaviour more similar to that of conventional generation capacity, and more responsibility in network operation. An overview of existing grid connection codes is given in (Bolik S.M., 2003) and (Jauch C. et al., 2004). The attention in these requirements is drawn to both the wind turbine fault ride-through capability and the wind turbine grid support capability, i.e. their capability to assist the power system by supplying ancillary services. The ancillary services represent a number of services required by the power system operators, such as voltage control, in order to secure safe and reliable grid
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operation. Fault ride-through capability addresses primarily the design of the wind turbine controller in such a way that the wind turbine is able to remain connected to the network during grid faults (e.g. short circuit faults). The effect of wind farm integration in the power system depends on both the power system design to which the wind farms are connected and the wind farm control ability to fulfill the grid requirements. This ability depends of course on the wind turbine/wind farm technology. This fact has challenged different wind turbine manufactures and initiated important research activity regarding the ability of different wind turbine concepts to comply with highpower system operator requirements. There is presently much research activity worldwide, involving model simulation studies to understand the impact of system disturbances on wind turbines and consequently on the power system itself (Akhmatov V., 2003), (Sørensen, P. et al., 2003).



8.1 DFIG wind turbine modelling and control issues – in case of grid fault As a mainstream configuration for large wind turbines (Hansen A.D. et al., 2007), DFIG wind turbines are also required to remain grid connected during grid faults so that they can contribute to the stability of the power transmission system. This raises problems in terms of generator/converter protection and control. In the case of grid faults the controllability of DFIG variable speed wind turbines embraces both the wind turbine control for preventing overspeeding of the wind turbine and the control and protection of the power converter during and after grid faults. Figure 118 provides an overview on the control and protection of DFIG wind turbine system configuration under grid faults: • Wind turbine itself with the drive train, the aerodynamics and the pitch angle control system • DFIG protection and control system during grid faults DFIG system – control and protection Ta
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Figure 118: DFIG wind turbine protection and control block diagram during grid faults.
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The level of detail required for the stability model of a DFIG, used in case of grid fault, is still subject to discussions (Akhmatov V., 2003), (Poeller M., et al., 2003). It is generally accepted that stator flux derivatives can be neglected. As mentioned in Chapter 2, the DFIG model in PowerFactory DIgSILENT is a standard built-in model whose detailing level can be chosen depending on the study propose. 8.1.1



Drive train, aerodynamics and pitch angle control system



In stability analysis, when the system response to heavy disturbances is analysed, the drive train system must be approximated by at least a two-mass model (Akhmatov V., 2003). The idea of using a two-mass mechanical model is to get a more accurate response from the wind turbine during grid faults and to have a more accurate prediction of the impact on the power system. The mechanical model used in the present context is therefore a two-mass mechanical model, connected by a flexible shaft characterized by a stiffness k and a damping c, as described in Section 2.3.2. The stiffness and damping components are modelled on the low-speed shaft, while the high-speed shaft is assumed stiff. Moreover, an ideal gear with the exchange ratio 1: ngear is included. One mass represents the turbine inertia Jrot, while the other mass is equivalent to the generator inertia Jgen. The motion equations on the low and high speed shaft of the turbine are:



J rot ω& rot = Taero − Tshaft



J gen ω& gen = Tmec − Tel where Tmec = Tshaft / n gear . The aerodynamic torque from the rotor acts on one end of the drive train, while the mechanical torque from the generator side acts on the other end of the drive train. The result of this is torsion of the shaft. In steady state, all torques are in equilibrium, i.e. Taero = Tshaft and Tmec = Tel . During grid faults the electrical torque is significantly reduced and therefore the drive train system acts like a torsion spring that gets untwisted. Owing to the torsion spring characteristic of the drive train, both the mechanical torque, aerodynamical torque, and thus the generator speed, start to oscillate with the so-called free-free frequency:



f osc =



1 ⋅ 2π



k J eq



where Jeq is the equivalent inertia of the drive train model determined by:



J eq =



2 J rot ⋅ n gear ⋅ J gen 2 J rot + n gear ⋅ J gen



As these torsional oscillations may influence the converter operation during the grid disturbance and also a short while after the disturbance, their modelling by using at least a two-mass model for the drive train system is essential. Furthermore, these torsional oscillations can even be excited and become undamped at a fast converter control (Akhmatov V., 2003). A simplified aerodynamic model is sufficient to illustrate the effect of the speed and pitch angle changes on the aerodynamic power during a grid fault. The simplified aerodynamic model, described in Section 2.3.3, is typically based on a two dimensional aerodynamic torque coefficient Cq table provided by a standard aerodynamic program.
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In dynamic impact studies, the wind speed can be assumed constant during the observed time frames, as the fault operation is small compared to the wind speed fluctuations. The pitch angle control is realised by a PI controller. In order to get a realistic response in the pitch angle control system, the servomechanism model accounts for a servo time constant, Tservo and a limitation of both the pitch angle and its rate-of-change, as illustrated in Figure 119. A gain-scheduling control of the pitch angle, as described in Section 7.3.2, is implemented in order to compensate for the non-linear aerodynamic characteristics.
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Figure 119: Pitch angle control. Note that the pitch angle control is implemented in such a way that the pitch angle controls the generator speed, i.e. the input in the controller is the error signal between the measured generator speed and the reference generator speed. In case of overspeeding, the speed is controlled to its rated value, while the aerodynamic power is automatically reduced by increasing the pitch angle. The dynamic stability of the generator is thus increased by the pitch angle control. This control is able to prevent overspeeding both in normal operations and during grid faults, owing to the fact that the pitch angle controls the generator speed directly. This means that there is no any need to design another pitch control solution additional to the existing one, sketched in Figure 119, in order to improve the dynamic stability during grid faults. This is, for example, the case in (Holdsworth L. et al., 2004) and (Sun T. et al., 2005), where the reduction of the aerodynamic power and the prevention of the overspeeding during grid faults are realised by implementation of an additional pitch control solution. The rate-of-change limitation is very important during grid faults, because it decides how fast the aerodynamic power can be reduced in order to prevent overspeeding during faults. In this work, the pitch rate limit is set to the typical value of 10 deg/s. 8.1.2



DFIG protection system during grid faults



The use of the partial-scale converter to the generator rotor makes this concept on one hand attractive from an economical point of view. On the other hand, this converter arrangement requires an advanced protection system, as it is very sensitive to disturbances on the grid. Without such protection, high transient currents induced in the rotor can damage the power converter device. As illustrated in Chapter 7, the control performance of the DFIG is very good in normal grid conditions allowing active and reactive power changes in the range of a few line periods. DFIG control can, within limits, hold the electrical power constant in spite of fluctuating wind, storing thus temporarily the rapid fluctuations in power as kinetic energy. The concern with DFIG is usually the fact that large disturbances lead to large fault currents in the stator due to the stator’s direct connection to the grid.
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Because of the magnetic coupling between the stator and the rotor and the laws of flux conservation, the stator disturbance is further transmitted to the rotor. High voltages are thus induced in the rotor windings that in turn cause excessive currents in the rotor as well. High stator currents may be advantageous for the co-ordination of the protection in the grid. They guarantee that the fault current level is high enough to trip circuit breakers in the faulty part of the grid and thus disconnect the turbine. Since the stator-rotor ratio of the DFIG is designed according to the desired variable speed range, in case of grid faults it might not be possible to achieve the desired rotor voltage in order to control the high rotor currents. The converter has thus only partial control over the generator during grid faults. It reaches its limits quickly and as a consequence loses the control of the generator. The results are both high rotor currents and voltages during the grid faults. Furthermore, the surge following the fault includes a “rush” of power from the rotor terminals towards the converter. As the grid voltage drops in the fault moment, the grid-side converter (GSC) is not able to transfer the power from the rotor-side converter (RSC) further to the grid and therefore the additional energy goes into charging the DC bus capacitor, i.e. the DC bus voltage rises rapidly. A suitable protection system for the DFIG converter is therefore necessary to break the high currents and the uncontrollable energy flow through the RSC to the DC link and thus to minimize the effects of possible abnormal operating conditions. The protection system monitors different signals such as the rotor current and the DC link voltage; when at least one of the monitored signals exceeds its respective relay settings, the protection is activated. A simple protection method is to short circuit the rotor through a device called crowbar. The crowbar protection, specific to DFIG, is an external rotor impedance, coupled via the slip rings to the generator rotor instead of the converter, as illustrated in Figure 118. The function of the crowbar is to limit the rotor current. The crowbar protection is an integral part of the DFIG model in PowerFactory DIgSILENT, while its control can be implemented as a user-written model in the dynamic simulation language of the Power Factory. When the crowbar is triggered, the rotor is short circuited over the crowbar impedance, the RSC control is disabled and therefore DFIG behaves as a squirrel cage induction generator (SCIG) with an increased rotor resistance. The disabling of RSC control yields to the fact that the independent controllability of active and reactive power gets lost during fault detection. This implies that the magnetization of the generator, which in normal operation is done over the rotor circuit by the RSC, must in the case of a fault be done over the stator, from the grid. Since the GSC is not directly coupled to the generator windings, where the high transient currents occur, there is no need to disable this converter, too. The GSC can therefore be used as a STATCOM to produce reactive power (limited however, by its rating) during faults. The crowbar protection can be removed after a predefined time or according to additional criteria, such as the magnitude of the grid voltage. When the crowbar is removed, the RSC is enabled again to control independently the active and reactive power.
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Figure 120 illustrates the static curves for the torque and reactive power as function of speed for different crowbar resistances, applied for one 2MW DFIG. 3
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Figure 120: Static curves for torque and reactive power as function of speed for different crowbar resistances. Note that an increased crowbar resistance improves the torque characteristic and reduces the reactive power demand of the generator at a certain speed. By the addition of the external resistance (crowbar resistance) in the rotor circuit during grid faults, the pull-out torque of the SCIG generator is moved into the range of higher speeds. The dynamic stability of the SCIG generator is thus improved by increasing the external resistance (Akhmatov V., 2003). Several EMT (electromagnetic transient) dynamic simulations have been also carried out in the following for different crowbar resistance values in case of a 100ms three-phase fault at the high voltage terminal of the 3-windings transformer of the DFIG wind turbine. The simulations are performed for a 160MW wind farm model, which is an aggregation of 80 equal 2MW DFIG wind turbines, e.g. one turbine model with re-scaled power capacity (Poeller M., et al., 2003), (Akhmatov V., et al., 2006). Figure 121 illustrates the simulation results: the rotor current, the electromagnetic torque and the reactive power of the generator. As these electrical signals are generated by EMT simulations, they are determined using the full-order transient generator model. In the moment of the short circuit fault, the rotor current starts increasing until the over current protection triggers the crowbar and inhibits the RSC control. In the simulation, the time delay due to the switching of shunt resistance is neglected.
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Figure 121: Dynamic performance of DFIG for different values of the crowbar resistance. Figure 121 depicts both the crowbar’s function to limit the rotor current and the crowbar’s influence on the reactive power demands of the generator. Small resistance values cause higher current and torque transient peaks in the fault moment. A higher crowbar resistance has an efficient damping effect on both the rotor current and the electromagnetic torque. In accordance with Figure 120, an increased crowbar resistance has also a positive effect on the dynamic stability of the power system, as it implies a reduced reactive power consumption in the fault clearance moment. However, as illustrated in Figure 121, a too high crowbar resistance can imply a risk of excessive torque and reactive power transients when the crowbar is removed. A correct choice of the crowbar resistance must therefore take into account the previous considerations. For the present study case, a crowbar resistance value of 0.5 p.u. has been found to be an appropriate trade-off. 8.1.3



DFIG control system during grid faults (fault ride-through control)



DFIG control during grid faults is in the following built on as an extension of the normal operation control structure of DFIG. Before moving on to the DFIG control during grid faults, the DFIG control structure in normal operation, described in Chapter 7, is therefore shortly reviewed and illustrated in Figure 122. Note that, the DFIG control structure contains the electrical control of the power converters, which is essential for the DFIG wind turbine behavior both in normal operation and during fault conditions. The aim of the RSC is to control independently the active and reactive power on the grid, while the GSC has to keep the DC-link capacitor voltage at a set value regardless of the magnitude
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and the direction of the rotor power and to guarantee a converter operation with unity power factor (zero reactive power). As illustrated in Figure 122, both RSC and GSC are controlled by a two stage controller. The first stage consists of very fast current controllers regulating the rotor currents to reference values that are specified by a slower power controller (second stage). Power converter RSC
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Figure 122: DFIG control structure – normal operation. In the following, the attention is drawn on the active and reactive power set-point signals for the second stage controllers of the converters in Figure 122. Their definition is strongly depending on which operational mode the wind turbine is working, i.e. in normal or in grid fault operation. For example, in normal operation, as described in Section 7.1: grid • the active power set-point Pref for the RSC is defined by the maximum power tracking point (MPT) look-up table, as function of the optimal generator speed – see Figure 123, i.e. for each wind speed there is only one generator speed resulting in maximum aerodynamic coefficient Cp. grid • the reactive power set-point Qref for the RSC can be set to a certain value or to zero according to whether or not the DFIG is required to contribute with reactive power. GSC • the GSC is in normal operation reactive neutral, i.e. Qref = 0 . This means that, in normal operation, the GSC exchanges with the grid only active power, and therefore the transmission of reactive power from DFIG to the grid is done only through the stator. • the DC-voltage set-point signal U dc is set to a constant value, independent on the wind turbine operation mode. In case of grid faults, the generator speed variation is not due to the wind speed change but due to electrical torque reduction, as described in Section 8.1.1. This means that the active power set-point Prefgrid has to be defined differently in case of grid faults, i.e. as the output of a damping controller. Such a controller has as task to damp the torsional excitations that are excited in the drive train owing to the grid fault. When a fault is detected, the definition of the
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active power set-point Prefgrid is switched between the normal operation definition (i.e. MPT) and the fault operation definition (damping controller). Normal operation
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Figure 123: Definition of active power set-point for normal and fault operation, using MPT and damping controller respectively. Different control schemes can be applied to damp these oscillations. In this work the damping controller of (Akhmatov V., 2003) is adopted. As illustrated in Figure 123, in case of grid faults, the PI damping controller produces the active power reference signal Prefgrid for the RSC control based on the deviation between the actual generator speed and its reference. The speed reference is defined by the optimal speed curve at the incoming wind. The damping controller is tuned to actively damp the torsional oscillations excited at a grid fault in the drive train system. (Akhmatov V., 2002) shows that absence or insufficient tuning of this PI controller may lead to self-excitation of the drive train system and to a risk of tripping as protection against vibrations in the mechanical construction. Note that, the pitch control is not able to damp the torsional oscillations, because of several delay mechanisms in the pitch (Akhmatov V., 2003a). The pitch control damps the slow frequency variations in the generator speed, while a damping controller has to damp the fast oscillations in the generator speed. Figure 124 illustrates the effect of the damping controller in case of a 100ms three phase fault at the high voltage terminal of the 3-windings transformer of a 2MW DFIG wind turbine. It is assumed that the wind turbine works at its rated power at the fault instant. The generator speed and the mechanical torque of the equivalent DFIG wind turbine are illustrated for the situations with and without damping controller respectively. Note that without damping controller the torsional oscillations excited by the grid fault are only slightly damped still 10 s after the grid fault incident. It is clearly visible that the oscillations are quickly damped over a few seconds when the damping controller is used. Furthermore the amplitude of the mechanical torque oscillations is much smaller when using the damping controller. Moreover, in contrast to the case when no damping controller is used, the mechanical torque crosses only once through zero when the damping controller is used, and therefore the mechanical stress of the drive train is substantially reduced in this case. The damping controller is thus minimizing the grid fault effect on both the mechanical and the electrical side of the turbine. The protection system together with the damping controller enhances thus the DFIG fault ride-through capability.
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Figure 124: Damping controller effect. During a grid fault, the tasks of RSC and GSC can be changed, depending on whether the protection system (i.e. crowbar) is triggered or not. In the case of less severe grid faults (i.e. not triggered crowbar) or reactive power unbalance in the system, the RSC and the GSC have the same tasks as in the normal operation. In case of severe fault (i.e. triggered crowbar), a specific grid support strategy, according to the grid codes defined by the power system operators, has to be designed and developed.



8.2 Voltage grid support of DFIG wind turbine The technical specifications defined by the power system operator require that the wind turbines remain connected to the grid during a grid fault and to support the grid during the faults, i.e. with voltage grid support. The voltage grid support capacity of a DFIG depends on the quantity of reactive power injection but also on the line characteristic from the generator to the connection point with the power system. In general, different possible voltage control strategies exist for regulating voltage at the terminals of the DFIG. The voltage can in principle be controlled by either the rotor-side converter (Eping C. et al., 2005) or the grid-side converter (Kayikci M. et al., 2005) or by both of them (Akhmatov V., 2003). The solution addressed in this work, to enhance the DFIG grid support capability during grid faults, is based on the voltage control strategy, similar to that presented in (Akhmatov V., 2003). The design of the control strategy is based on the idea that the reactive power contribution is performed by both converters in a co-ordinated manner. The RSC is used as the default reactive power source, while the GSC is used as a supplementary reactive power source during the blocking of the RSC. In the case of less severe grid faults (i.e. not triggered crowbar) or reactive power unbalance in the system, the RSC is not blocked and therefore can still independently supply active and reactive power to the grid. On the other hand, at a severe grid fault, if the generator is not tripped, the DFIG wind turbine has
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to continue its operation and to try to sustain grid connection. The RSC is blocked at the moment when the crowbar is triggered by either an overcurrent in the rotor circuit or an overvoltage in the DC link. In such a situation the DFIG grid support capability is strongly reduced. Its capability to control independently the active and reactive power is lost when it is actually most needed, namely during and shortly after the fault. The idea of the control strategy is that the grid voltage (reactive power) control is taken over by the GSC when RSC is blocked. The GSC does not block at a grid fault, but it can continue its operation as STATCOM as long as the RSC is blocked. When the crowbar is removed, the RSC starts to operate and the GSC is set again to be reactive neutral. The remove of the crowbar protection, and thus the re-start of the RSC can be performed according different criteria, such as the magnitude of the grid voltage or of the rotor currents. A too soon RSC restarting may cause tripping of the converter again at the fault clearance. The voltage grid support strategy for DFIG wind turbine, considered in this work, is illustrated in Figure 125. It is implemented as an extension of the DFIG control structure for normal operation, sketched in Figure 122. DFIG control structure – normal operation
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Figure 125: Extended DFIG control structure for voltage grid support during grid faults. An additional third control stage, having as task to improve the DFIG voltage grid support capability during grid faults, is thus added to DFIG control structure used in normal operation. This third (voltage) control stage, as illustrated in Figure 125, provides the reference signals for the second stage controllers in the case of fault operation. This control stage contains three controllers, such as a damping controller (described already in Section 8.1.3), a RSC voltage controller and a GSC reactive power boosting. Similar to the first and second control stages, the third control stage is also implemented as a user-written model in the dynamic simulation language of the PowerFactory. The RSC voltage controller provides the reactive power reference signal grid Qref for the RSC, when the crowbar protection is not triggered. The RSC controller is realised by a PI controller, as illustrated in Figure 126. The RSC congrid troller adjusts the reactive power reference signal Qref for the second stage controller of the RSC, based on the deviation of the actual grid voltage U acgrid at the point of common coupling from its reference value U acgrid , ref . The RSC voltage controller controls the grid voltage as long as the RSC is not blocked, i.e. if there is a lack of reactive power in the grid and as result a decay in the grid voltage.
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To asses the performance of the RSC controller, a simulation is performed with a reactive power sink connected at the high voltage terminal of the DFIG wind turbine and disconnected after 1 second. The idea is to simulate a voltage dip, which is not too large to trigger the crowbar and thus to block the RSC.



With RSC voltage controller



1.050 1.000 0.95 0.90 0.00



0.50



[sec]



1.00



1.50



[s]



2.00



Active power PCC [MW]



2.100



Without RSC voltage controller 2.060



With RSC voltage controller



2.020 1.980 1.940 1.900



Reactive power PCC [Mvar]



0.00



0.50



[sec]



1.00



1.00



1.50



[s]



2.00



Without RSC voltage controller



0.75



With RSC voltage controller



0.50 0.25 0.00 -0.25 -0.50 0.00



0.50



[sec]



1.00



1.50



[s]



2.00



Figure 127: RSC voltage controller performance. Figure 127 illustrates the voltage, the active and the reactive power in the point of common coupling of the DFIG wind turbine for the situations with and without RSC voltage controller, respectively. The voltage drops about 4% in the moment of reactive power sink connection. The RSC voltage controller notices the deviation in voltage and commands more reactive power. The increased reactive power supplied by the DFIG pushes the voltage back to its nominal value (1pu) in less than 100ms. At the moment when the reactive power sink is disconnected, the voltage increases suddenly, but the RSC voltage controller controls again quickly the voltage to its nominal value by absorbing reactive power. Note that the active power has small drop/peak in the connection/disconnection respectively, otherwise being unchanged. In the case of no RSC voltage control, the voltage drop is not compensated by reactive power and the voltage recovers to its nominal value only when the reactive power sink is disconnected.
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The GSC reactive power boosting (a supplementary reactive power conGSC troller) generates a reactive power reference signal Qref for the GSC control,
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in case when RSC is blocked – see Figure 122, Figure 125. GSC is set to work as a STATCOM. The implemented reactive power boosting provides a zero reactive power reference when the RSC is active, and a maximum reactive power of the GSC (1p.u.) as reference value in case when the RSC is blocked. This means that the GSC contributes with its maximum reactive power capacity for grid support under severe grid faults. Beside its STATCOM function during grid faults, the GSC control has still to keep the DC link capacitor voltage at a set predefined value. The control capacity of the GSC during grid fault, namely when the voltage at its terminal is also reduced, is less than the control capacity of the RSC during normal operation. Figure 128 illustrates the effect of the GSC reactive power boosting in case of 100ms three phase fault at the high voltage terminal of the DFIG wind turbine. The crowbar protection is removed after a predefined time, i.e. 200 ms after the crowbar was triggered. In this simulation a voltage drop of 50% is chosen in order to illustrate better how the GSC can improve the voltage level during the crowbar connection. The high voltage terminal of the turbine and the GSC reactive power production are illustrated. 1.300
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Figure 128: GSC reactive power boosting effect. During the grid fault, the GSC reactive power boosting is active, while the RSC control is disabled. The GSC reactive power boosting improves the voltage level during the grid fault: both between fault and fault clearing and also between fault clearing and crowbar decoupling. The crowbar connection causes the reactive power boosting to set the reference value to 1pu. Between fault and fault clearing moment, the reactive power reference is not achieved, the reason being the fact that the current limits of the reactive power controller are reached. However, in the moment of fault clearing, the terminal voltage starts to recover and this increases the possibility of the GSC to produce more reactive power. When the crowbar is decoupled, the GSC is set to be reactive neutral
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GSC ( Qref = 0) , GSC reactive power boosting is disabled and replaced by the RSC



voltage control. As illustrated in Figure 125, a co-ordination control between the RSC and GSC voltage control is implemented. During the grid fault, some of the controllers have to be disabled, while others are enabled. Controller start-up must be treated with some care to avoid discontinuities and to minimize the loads on the wind turbine. Such discontinuities could eventually lead to prolonged transients and, implicitly, to subsequent operations of the crowbar protection. The controller start-up of the RSC is, for example, realized in this work by introducing a minor feedback loop, which prevents the integrator action of the controller from adopting an inappropriate state during blocking of the controller.



8.3 Case studies Different case studies are carried out in the following in order to illustrate and evaluate the dynamic interaction during grid faults between large DFIG wind farm and power transmission system model. The attention is drawn to studies regarding the fault ride-through capability, the voltage grid support features of large DFIG wind farms and the influence of the DFIG voltage control on the performance of a nearby active stall wind farm during the grid fault. Such studies require a realistic enhanced power transmission system model, which is characterised by a voltage and a frequency, which are not fixed to their respective rated values but may be subject to fluctuations when the transmission system is subjected to disturbances. 8.3.1



Aggregation method



Aggregated modelling of large wind farms is commonly used to facilitate the investigation of the impact of a large wind farm on the dynamics of the power system to which it is connected. This type of modelling is often used in system studies where the concern is not the individual wind turbines but the impact of the entire farm on the power system. The advantage of an aggregated model is that it eliminates the need to develop a detailed model of the wind farm with tens or hundreds of wind turbines and their interconnections. It reduces both the complexity of the system and the computation time substantially. This work is using the aggregation approach presented in (Poeller M., et al., 2003). The accuracy of this approach is demonstrated and validated with the help of some simulations, where an aggregated wind farm model and a detailed wind farm model consisting of many single turbines are compared, showing good accordance in power system studies. The idea of the aggregation is to represent an entire large wind farm in voltage stability investigations by one equivalent lumped wind turbine with rescaled power capacity. According to (Akhmatov V., 2004), the mutual interaction between converter control systems of the wind turbines equipped with the DFIG can be neglected. PowerFactory DIgSILENT offers a built-in directly aggregation technique for the electrical system (i.e. generator, power converter, transformer, capacitor, inductance) of the wind turbine (Poeller M., et al., 2003): for example, the generator and the transformers, can be modelled directly by a certain number of parallel machines or transformers, respectively, while the other electrical components (power converter, capacitance, inductance) and control can be upscaled accordingly to the increased power flow. The mechanical part of the wind farm aggregated model, namely the shaft model, the aerodynamics and the pitch system, is modelled as for one individual wind turbine. The mechanical power used
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as input to the aggregated generator is then the mechanical output from one turbine multiplied by the number of turbines in the wind farm. 8.3.2



Power system test model



A realistic model for the power transmission system is usually not easily disposable, and if it is, it contains a large amount of detailed confidential data, which makes it inappropriate for publication of the studies. The Danish Transmission System Operator Energienet.dk has fortunately noted this aspect and therefore developed a small test model for the power transmission system (Akhmatov V. et al., 2006), especially for educational and research purposes. This small test model is a generic simplified model of a power transmission grid, but it is still a fairly realistic model to investigate the response of a power transmission system with grid-connected wind turbines to grid faults. It is implemented in the simulation tool PowerFactory DIgSILENT and produces a realistic output when the response of a whole wind farm has to be evaluated. The test model for the power transmission system in its original form, as described in (Akhmatov V. et al., 2006), is used in this work as a basis for extension. The outline of the extended test model is presented in Figure 129. SG
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Figure 129: Simplified grid structure of the transmission network model. The grid model contains busbars with voltages from 0.7kV to 400kV, four conventional power plants with their control, several consumption centres, a
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lumped equivalent for local wind turbines and a model for a 165 MW offshore wind farm connected through a sea cable to the transmission grid of 135kV. The conventional power plants are synchronous generators with primary voltage control. The model can be easily extended with frequency controllers, but as the focus in the present work is on the voltage stability issues, the frequency stability in the system is assured only by large generator inertia. The on-land local wind turbines are fixed-speed, stall controlled wind turbines equipped with noload compensated induction generators. The 165 MW offshore wind farm is modelled as active stall-controlled wind turbines with induction generators, similar to the Danish offshore wind farm at Nysted. The offshore wind farm is modelled with a one-machine approach based on aggregation technique. The wind turbine symbol in Figure 129 denotes the wind turbine model, containing models for the drive train system with constant mechanical torque, generator, transformer and the control respectively, as described in details in (Akhmatov V. et al., 2006). The local wind turbines illustrated in Figure 129 are old land-based wind turbines without any ride-through control implemented and are therefore disconnected from the system by the protection system to avoid overspeeding, in the case of a grid fault. As required in (Energinet.dk, 2004), large wind farms connected to the transmission system have to be able to withstand grid faults without being disconnected in cases where the clearance of the fault does not isolate the wind farm. This is normally the case when the grid fault happens in the transmission system. In contrast to the local wind turbines, the active stall offshore wind farm illustrated in Figure 129 is equipped with a fault ridethrough capability control. In the case of a severe voltage drop the active power production is reduced to avoid uncontrolled overspeeding. The mechanical power of the rotor is directly ramped down to 20% of the rated mechanical power to comply with the Danish grid code. The reduction of the active power production implies that the reactive power absorption is reduced too. Such power reduction control has a positive effect, contributing to a better stabilisation of the wind farm. It is a kind of passive reactive power control, as it does not participate actively in the voltage control of the system. The test model for the power transmission system in its original form, described in (Akhmatov V. et al., 2006), is extended in this work by adding a new offshore wind farm made up exclusively of DFIG wind turbines. As illustrated in Figure 129, the new added wind farm consists of 80 identical 2MW DFIG wind turbines. It is connected to the transmission system at a 135 kV busbar through an offshore line similarly to the active stall offshore wind farm. The new wind farm is modelled based on the mentioned aggregation technique, namely by one equivalent lumped wind turbine with rescaled power capacity. It is also equipped with the co-ordinated voltage control, as described in the chapter. 8.3.3



Simulation Examples



In this section, a set of simulations are carried out in order to investigate the dynamic interaction during grid faults between DFIG wind turbines and power transmission system. It is assumed that, during the grid fault, the DFIG wind farm operates at its rated capacity, as this is worst for the voltage stability. In each simulation a severe three-phase short circuit grid fault is considered to occur in the transmission grid at the end of line 4 close to the wind farms – see Figure 129. The grid fault lasts for 100ms and gets cleared by permanent isolation (tripping the relays) of the faulty line (line 4 in Figure 129). Note that, by tripping line 4, the power system becomes weaker (higher impendance) and some components (e.g. line 3) are fully loaded. At the moment of the grid fault
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it is assumed that the on-land wind turbines are disconnected from the system by their protection system. The frequency stability in the grid at the moment of on-land wind turbines disconnections is assured by large generator inertia. Two sets of application studies are illustrated. The first set has as focus the dynamic interaction between DFIG wind turbines and the power system during the grid faults. The second set illustrates how the DFIG wind farm provides voltage grid support and how the DFIG voltage control affects the performance of the active stall wind farm located in the vicinity. 8.3.3.1



Dynamic interaction of DFIG wind turbines and power system



In this study, the attention is drawn to the dynamic interaction between the DFIG wind turbines and the power system model, during and shortly after the short circuit fault. It is therefore assumed that in this simulation DFIG wind turbines are only equipped with fault ride-through capability, without any voltage grid support capability. The simulation results are presented in Figure 130 and Figure 131. A grid fault affects both the mechanical and electrical components of the wind turbine. The mechanical time constants are much larger than the electrical, and therefore the mechanical and the electrical effects cannot be illustrate in the same time frame. As the mechanical aspects of a DFIG wind turbine during a grid fault has already been discussed and illustrated in Figure 124, the focus in the following is on the electrical signals of the DFIG wind turbine, in a time frame about 500 ms. Behavior immediately after the fault In the fault instant, the voltage at the DFIG generator terminal drops and it leads to a corresponding decrease of the stator and rotor flux in the generator. This result in a reduction in the electromagnetic torque and active power – see Figure 130. As the stator flux decreases, the magnetization that has been stored in the magnetic fields has to be released. The generator starts thus its demagnetization over the stator, which is illustrated in Figure 130 by the reactive power peak in the moment of the fault. As the electromagnetic torque of the generator drops according to the voltage drop too, the torsion spring in the drive train gets untwisted and therefore the mechanical torque drops too. However the drop of the mechanical torque is slower than of the electromagnetic torque and therefore the generator starts to accelerate. The dynamic relation between the electrical torque, mechanical torque and the generator speed is reflected in Figure 130. The overspeeding of the generator during the fault is counteracted by the pitch control system. In the fault moment, as the stator voltage decreases significantly, high current transients appear in the stator and rotor windings – see Figure 131. Note that the rotor current resembles the stator current. In order to compensate for the increasing rotor current, the RSC increases the rotor voltage reference, which implies a “rush” of power from the rotor terminals through the converter. On the other side, as the grid voltage has dropped immediately after the fault, the GSC is not able to transfer the whole power from the rotor through the converter further to the grid. The GSC’s control of the DC-voltage reaches thus quickly its limitation. As a result, the additional energy goes into charging the DC-bus capacitor and the DC-voltage rises rapidly – see Figure 131.
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Figure 130: Generator’s terminal (WFT) voltage, active power, reactive power, electrical torque, mechanical torque and speed. When at least one of the monitored signals, i.e. the rotor current or the DCvoltage, exceeds its respective limits, the protection system is activated. This short circuits the generator rotor by triggering the crowbar. The RSC is blocked and therefore its control of the rotor currents is disabled. In the moment the crowbar is triggered, the DC-bus capacitor starts discharging; the GSC begins to control the DC-link voltage back to its reference. Note that, as long as the crowbar is triggered, the generator behaves as a conventional squirrel cage induction generator (SCIG), namely the converter rotor voltage output is zero – as illustrated in Figure 131.
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Behavior after fault clearance Immediately after the fault is cleared, the stator voltage start to recover, the electromagnetic torque and active power start to increase – see Figure 130. As the grid voltage and the flux increases, the demagnetised stator and rotor oppose this change in flux leading thus to an increase in the rotor and stator currents – see Figure 131. Note that when the fault is cleared, the voltage does not recover completely immediately. Just after fault clearance, it reaches a voltage level lower than its nominal value, while it reaches completely its nominal voltage level after the removing of the crowbar. The reason for that is that just after fault clearance the generator continues to behave as squirrel cage induction generator and therefore it starts to absorb reactive power for its magnetization – see Figure 130. The RSC is disabled until the crowbar is removed, and therefore it is not able to provide the reactive power necessary for the magnetization of the generator. The generator absorbs thus reactive power from the grid and this action delays the recovering process of the grid voltage.
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Figure 131 : Generator currents and voltages. When the grid voltage recovers over a certain value, the crowbar is removed. From this moment, the RSC starts actively to control the active and reactive power, the voltage recovers completely due to the activation of the RSC voltage controller, the generator currents and voltages start to converge to their pre-fault values and. The detailed simulations illustrated in Figure 130 and Figure 131 provides a quick overview and a better understanding of the functionality of the DFIG wind turbine control and protection during grid fault. 8.3.3.2 Voltage grid support of DFIG wind turbines In this study, the attention is drawn to the voltage grid support capability of DFIG wind turbines. The effect of the DFIG wind turbines equipped with the presented co-ordinated voltage control both on the power system voltage stability and the performance of a nearby active stall wind farm during the grid fault is illustrated.
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In the moment of the grid fault, a voltage drop occurs. Immediately after the fault, when the rotor current magnitude is above the current protection limitation, the crowbar protection system of the DFIG is triggered, the rotor is short circuited, the RSC is blocked and the GSC operates as STATCOM. The damping controller starts to damp the drive train oscillations caused by the fault. When the fault is cleared and the DFIG wind farm terminal voltage recovers to a certain value, the crowbar protection is disabled, the RSC starts to control the grid voltage and the GSC is again set to be reactive neutral. Figure 132 illustrates the voltage, active and reactive power of the wind farm at the wind farm terminal (WFT) for two situations: 1. The DFIG is not equipped with voltage control capability - the turbine maintains a power factor of 1. 2. The DFIG is equipped with voltage control capability.
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Figure 132: DFIG wind farm terminal (WFT) - with or without co-ordinated voltage control. As expected, the influence of voltage control is visible both during the fault, when the GSC operates as STATCOM and supplies reactive power, and after disconnection of the crowbar, when the RSC controls the voltage. When no voltage control is enabled, the grid voltage oscillates and stabilizes to a higher voltage level after the fault is cleared. This can be explained both by the reactive power surplus existent in the system as a result of the on-land wind turbines disconnections and by the fact that, as a result of the fault clearance (tripping line 4), the transport of active power from the wind farms to the grid is done through a higher resistance transmission line. Figure 132 shows that the existing reactive power surplus in the system is absorbed by the DFIG when the voltage control is enabled. Note that the DFIG voltage control reestablishes the grid voltage to 1p.u. very quickly without any fluctuations. No significant effect of the voltage control appears on the active power production. However, there it is a slight improvement in active power when voltage control is used. The small
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“drops” in the power, visible in both cases just after the fault is cleared, correspond to the damped torsional oscillations in the generator speed. The damping controller damps the torsional oscillations appearing in the drive train and in the generator speed, due to the grid fault within a few seconds. The initial level of the active power is reached after a few more seconds. The next simulation is basically the same as that illustrated in Figure 132, but this time the active stall wind farm is not equipped with the fault ridethrough control, i.e. its power reduction control is disabled. The simulation results are shown in Figure 133. Voltage in WFT [pu]
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Figure 133: DFIG wind farm terminal (WFT) - with or without co-ordinated voltage control when the power reduction control of the active stall wind farm is disabled. The fact that the active stall wind farm, located in the vicinity of the DFIG wind farm, has no fault ride-through control enabled this time has, as expected, a negative influence on the voltage stability in the grid. In the case of no voltage control for the DFIG wind farm, the grid voltage oscillates longer time than in the previous example before stabilizing again to a higher voltage level. This behavior reflects that the active stall wind farm does not have any power reduction control during the fault. The oscillations in the drive train of the active stall wind turbine due to the grid fault are transferred uncontrolled to the generator speed and the grid voltage. However, the DFIG wind farm equipped with voltage control manages again to reestablish the voltage rapidly, by controlling the reactive power supply. In Figure 132 and Figure 133, attention was focused on the performance of the DFIG wind farm during a grid fault when it is or is not equipped with voltage control. One question in mind is now how the DFIG wind farm voltage control influences the performance of a nearby active stall wind farm during a grid fault, located as illustrated in Figure 129. The next two figures therefore contain only information concerning the active stall wind farm during the grid fault, namely the active and the reactive power at the wind farm terminal (Figure 134)
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and the generator speed and the mechanical power of the active stall wind turbines (Figure 135).



Active power in WFT [MW]



300.00



b



a 200.00



100.00



0.00



d



c



-100.00 0.00



2.50



5.00



7.50



[s]



10.00



5.00



7.50



[s]



10.00



Reactive power in WFT [Mvar]



300.00



200.00



d



c



100.00



0.00



-100.00



a



b



-200.00 0.00



a b c d



2.50



[sec]



- DFIG wind farm without voltage control and active stall wind turbine without power reduction control - DFIG wind farm with voltage control and active stall wind turbine without power reduction control - DFIG wind farm with voltage control and active stall wind turbine with power reduction control - DFIG wind farm without voltage control and active stall wind turbine with power reduction control



Figure 134: The active and the reactive power of the active stall wind farm in different 4 situations. Both Figure 134 and Figure 135 illustrate the simulation results for the active stall wind farm from the following four different control scenerios: a. DFIG wind farm without voltage control and active stall wind farm without power reduction control. b. DFIG wind farm with voltage control and active stall wind farm without power reduction control. c. DFIG wind farm with voltage control and active stall wind farm with power reduction control. d. DFIG wind farm without voltage control and active stall wind farm with power reduction control. The following observations can be made: ™ The voltage control of the DFIG wind farm (case b and c) has a damping effect on the active stall wind farm, no matter whether this has or does not have power reduction control. ™ The active power, the generator speed and the mechanical power are almost identical during the grid fault, no matter which case is simulated. The fact that the mechanical power is unchanged in this period means that the drive train system is equally stressed in all four cases. ™ The worst case for the active stall wind farm is clearly case a, when the DFIG wind farm has no voltage control and the active stall wind farm has no power reduction control. ™ The best case for the active stall wind farm is clearly case b, when the DFIG wind farm is equipped with voltage control and the power reduction con-
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trol of the active stall wind farm is not enabled. Note that the wind farm is not subjected to torsional oscillations and there is no loss in the active power production. The influence of the DFIG voltage control on the active stall wind farm is thus even better when the latter does not have any special control implemented to ride-through a grid fault. 1.100
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Figure 135: Generator speed and mechanical power of the active stall wind farm in different situations. The overall conclusion from Figure 134 and Figure 135 is that the DFIG wind farm equipped with voltage control can help a nearby active stall wind farm through a grid fault, without any need to implement additional ridethrough control strategy in the active stall wind farm.
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9 Variable speed multi-pole PMSG wind turbine concept – normal operation In this chapter, a dynamic model for a variable speed wind turbine with multipole permanent magnet synchronous generator (PMSG) and its control during normal operation conditions is described. The multi-pole PMSG wind turbine concept performance during grid faults is out of the scope of the present report.



9.1 Multi-pole (direct-driven) wind turbine generators Traditionally wind turbine generators are operating best at high speeds and require step-up gearboxes. However, the gearbox of the wind turbine is expensive, subjected to vibration, noise and fatigue, needs lubrication as well as maintenance. In recent years the idea of gearless, i.e. direct-driven wind energy systems have gained interest, especially for offshore applications, where no gear maintenance is an attractive option. In a direct-driven wind turbine concept the rotor and the generator shafts are mounted directly to the same shaft. The generator is running at very low speeds, typically 10 to 25rpm for wind turbines in the MW range. Low shaft speed operation is in generally a drawback for electric generators, owing to the fact that the torque needed to produce the required power has to be increased. Standard generators can therefore not be used and generators have to be developed specifically for this application. Because of the high rated torque, the direct-driven generators are usually heavier and less efficient than conventional generators. To increase the efficiency and reduce the weight of the active parts, direct-driven generators are usually designed with a large rotor diameter and a high number of poles to get suitable frequency at low speed. The size and the losses of the generator are to a large extent determined by the required torque. Asynchronous generators with large number of poles and thus small pole pitch have a very low magnetizing reactance. This means that multi-pole asynchronous generators require even larger magnetizing current (i.e. poorer power factor) than conventional asynchronous generators. It is therefore recommended to use multi-pole synchronous generators (Grauers A.,1996). A multi-pole synchronous generator can either be electrically excited or with permanent magnets. Almost all large generators are electrically excited. However, for low-speed gearless wind turbine generators, the permanent magnet generator is more competitive because it can have higher pole number than a conventional synchronous generator. The use of the permanent magnet generators is beginning to become more attractive, due to their higher efficiency and the absence of the DC excitation system, compared to the conventional synchronous generators. The permanent magnets eliminate thus the need of a field winding, the copper losses in the rotor due to the field current and the use of slip rings. Their disadvantages are the fact that their excitation can not be controlled and that they are more expensive. However, since midding’90 the permanent magnets generators have become more attractive due to the decreasing magnet prices. For example, the radial flux permanent magnet synchronous generator is now cheaper and more efficient than the electrically excited SG. The multi-pole generators can be either:
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Fixed-speed and connected directly to the ac grid Variable speed and connected to the ac grid through a frequency converter The multi-pole fixed speed generators are frequently used in hydropower applications (Binder A. et al., 2005). They are directly connected to the ac grid and they have therefore their terminal voltage and electrical frequency fixed to the grid. In this chapter, the attention is drawn to the multi-pole variable speed generators as they look more attractive for wind turbine industry. In variable speed wind turbine concepts, the generator is controlled by a power electronic equipment. The electric frequency of the generator is decoupled from the electric frequency of the power system because the generator is grid connected via a frequency converter. In the following, the modelling and control features of a variable speed multi-pole PMSG wind turbine concept are described. A comprehensive dynamic simulation model of this concept is implemented in the power system simulation software DIgSILENT PowerFactory and a control strategy for the entire turbine system is developed. o o



9.2 System configuration of variable speed multipole PMSG wind turbine As mentioned in Chapter 6, variable speed operation of a wind turbine is possible when the electric frequency of its generator varies and it is thus decoupled from the grid frequency through a power electronic. Till now, the most commonly used electrical system for a variable speed multi-pole synchronous generator wind turbine has consisted of a synchronous generator connected to the grid over a diode rectifier, an intermediary DC circuit and a thyristor inverter. However, due to the fast development in the last years of rapid switching valves with high power ratings, the use of selfcommutated converters (IGBT) is increasing in wind power applications. This is especially common for permanent magnet synchronous generators (PMSG), where both generator-side converter and grid-side converter are realised by IGBT converters (i.e. back-to-back converter). A diode rectifier is usually chosen for its low price and low losses, while an IGBT converter is used because it produces high quality power to the grid, i.e. current harmonics from the inverter are decreased and any desired power factor can be obtained and the energy can flow in both directions. An advantage of IGBT converter is that contrarily a diode rectifier solution, is that it can produce a constant dc-voltage regardless of generator speed. It has the potential of utilizing the generator best. However, it is more expensive and has higher rectifier losses. A typical configuration of variable speed multi-pole PMSG wind turbine is depicted in Figure 136. It consists of: ƒ Wind turbine mechanical level: o Aerodynamics o Gearless drive train o Pitch angle control ƒ Wind turbine electrical level: o Multi-pole permanent magnet synchronous generator (PMSG) o Frequency converter and its control In this configuration, the synchronous generator is connected to the power network through a frequency converter system that controls the speed of the
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generator and the power flow to the grid. The full-scale frequency converter system consists of two back-to-back voltage source converters (generator-side converter and the grid-side converter), controlled by IGBT switches and connected via a DC link, which behaves as an energy storage device. The use of such converter enables the PMSG to define its terminal voltage and its electric frequency according to the desirable optimal rotational speed of the wind turbine, independently of the fixed electric frequency and the voltage of the ac grid. Notice that the aerodynamic rotor of the wind turbine is directly coupled to the generator without any gearbox, i.e. through a gearless drive train. The permanent magnets are mounted on the generator rotor shaft, while the stator consists of several windings and feeds into a full- scale frequency converter. As the converter system decouples the generator from the power network, the electrical frequency of the generator may vary as the wind speed changes, while the network frequency remains unchanged. Contrarily fixed speed wind turbines where the power flow to the grid is dependent on the mechanical power that drives the wind turbine, in variable speed wind the power flow is set by the power converter. The rating of the converter system in this topology corresponds to the rated power of the generator plus losses. The whole system is equipped with the wind turbine itself controller, i.e. pitch angle controller, and the frequency converter controller. Both controllers are using information about the generator speed. The converter’s controller controls the generator speed by controlling the grid power according to a speed versus power control characteristic of the wind turbine. The pitch controller controls the rotor speed as well, but it is operational only at high wind speeds, when the power is reduced by pitching the blades in order to avoid the overloading of the converter and generators. Variable frequency
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Figure 136: Variable speed multi-pole PMSG wind turbine configuration. Note that the total turbine power goes through the converter that converts the varying generator frequency to the constant grid frequency. Since the PMSG is connected to the grid through the back-to-back converter, only the active power of the PMSG is transferred to the grid. The reactive power cannot be exchanged through the DC link in the converter system. However, the grid-side converter, whose electric frequency and voltage are fixed to the grid, can be set to control the reactive power/voltage on the grid. Like the variable speed wind turbine with doubly-fed induction generator, this concept enables full active and reactive power control. The electric frequency at the PMSG terminals, fe, is the product of the mechanical frequency of the wind turbine rotor, fm, and the number of generator pole-pairs p:
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fe = fm p



(82)



where the mechanical frequency of the generator rotor is related to the turbine rotor speed ωm.



ω m = 60 f m



[rpm]



(83)



The common target of the control is to adjust the electrical frequency of the generator to the optimized mechanical frequency of the aerodynamic rotor and to keep the voltage at the PMSG terminals on a desired level. In the present investigation, it is assumed a number of pole-pairs of 38 and that the rotational speed of the rotor ωm varies between 9 and 21 rpm, depending on the incoming wind. This means that the mechanical frequency fm is between 0.15 and 0.35Hz, while the electric frequency fe at the terminals of PMSG varies in the range from 5.7Hz at small winds to 13.3Hz in strong winds. The losses from the converters are neglected and the grid is supposed to be stiff. In Table 7, the main characteristic data of a fictive typical 2MW variable speed multi-pole wind turbine with PMSG are given. Rated power Dynamic speed range Rated speed Generator type Number of pole pairs Electrical frequency Rated grid voltage Converter type Rated converter power Rated DC link voltage DC link capacitor



2 [MW] 9-21 [rpm] 16.7 [rpm] Multi-pole PMSG 38 5.7-13.3 [Hz] 3.3 [V] IGBT 2.2 [MVar] 5.4 [V] 2400 [ F]



Table 7: Data example of multi-pole PMSG wind turbine.



9.3 Gearless drive train, aerodynamics and pitch angle control system Wind turbines have relatively soft shafts (Akhmatov V., 2003), the eigenfrequency of the drive train being rather low and within the bandwidth that is normally taken into account in power system dynamics simulations (0.1-10Hz). A two-mass model representation of the drive train is therefore essential in order to illustrate properly the dynamic impact of wind turbines on the grid. A lumped mass representation is usually sufficient for example in the case of load flow analyses, where the impact of wind fluctuations on the electrical power balance is in focus. A two-mass mechanical model, as described in Section 2.3.2, is also used in this chapter to model the gearless drive train of a direct-driven multi-pole PMSG wind turbine. One mass represents the turbine inertia Jrot, while the other mass is equivalent to the generator inertia Jgen. These two masses are connected by a flexible low speed shaft characterised by a stiffness k and a damping c, as described in Section 2.3.2. The high speed shaft is assumed stiff. No gearbox is used in this concept, i.e. ngear=1.
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The aerodynamic torque Ta from the rotor acts on one end of the drive train while the mechanical torque Tm from the generator side acts on the other end of the drive train, as illustrated in Figure 136. The result of this is the torsion of the shaft. As the drive train of a wind turbine behaves as a torsional spring characteristic, the generator speed of the turbine is usually prone to oscillations whenever the system gets excited by changes in the wind speed, pitch angle or grid faults. The frequency of these oscillations is the so-called free-free frequency:



f osc =



1 ⋅ 2π



k J eq



(84)



where Jeq is the equivalent inertia of the drive train model, determined by:



J eq =



J rot ⋅ J gen



(85)



J rot + J gen



Figure 137 illustrates how a two-mass model representation of a drive train is indispensable in order to achieve correctly the wind turbine impact on the power system during external disturbances (as for example load changes). For exemplification, a sudden change in the wind speed from 12m/s to 11 m/s is performed with both one-mass model and two-mass model representation of the drive train, in a simulation of a 2MW variable speed multi-pole PMSG wind turbine. Figure 137 shows how, contrarily one-mass model, a two-mass model representation of the drive train reflects the presence of the torsional oscillations. The change in wind speed excites the drive train oscillations, and this is obviously reflected only when the two-mass model for the drive train is used. These oscillations, illustrated in Figure 137 as appearing in the generator speed and the grid power, are clearly amplified and insufficiently damped by the multi-pole PMSG wind turbine configuration when no any specific external damping system (mechanical or electrical) is used. The wind speed change causes a drop in generator speed and active power. Note that, the active power drop is delayed compared to the generator speed, this owing to the specific design around rated speed of the MPP tracking characteristic, in order to avoid unnecessary power fluctuations.
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Figure 137: Torsional oscillations reflected by using one-mass model or two-mass model representation of the drive train. The use of a two-mass model is very important especially in the case of a multi-pole generator wind turbine concept. According to (Akhmatov V., 2003), larger number of pole-pairs is, “softer” the drive train shaft becomes. The effective stiffness of the shaft is reduced by increasing the number of pole-pairs p according to:



Ks =



k ωm ⋅ Sn p



(86)



where Ks is the effective shaft stiffness, k is the shaft stiffness in Nm/rad, Sn denotes the rated MVA-base of the generator and ωm is the rated mechanical speed. This implies that a mechanical shaft twist results in larger dynamic change of the electrical rotor angle for generators with a large number of poles. In multi-pole generators the same electrical angle corresponds to a much smaller mechanical angle than in generators with small pole numbers. The torsional twist of the shaft for a multi-pole generator wind turbine affects the operation of the generator itself more significantly. The simplified aerodynamic model, described in Section 2.3.3, can also be used for the variable speed multi-pole PMSG wind turbine concept. As mentioned, this simplified aerodynamic model is typically based on a two dimensional aerodynamic torque coefficient Cq table, provided by a standard aerodynamic program. The pitch angle control in Figure 136, is the same as that described for variable speed DFIG wind turbine concept in Chapter 7. It is realised by a PI controller with antiwind-up, using a servomechanism model with limitation of both the pitch angle and its rate-of-change. The pitch angle controls the generator speed, i.e. the input in the controller is the error signal between the measured generator speed and the reference generator speed. The pitch angle controller limits the rotor speed when the nominal generator power has been reached, by limiting the mechanical power extracted from the wind and thus restoring the balance between electrical and mechanical power.
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9.4 Permanent magnet synchronous generator (PMSG) model The equations describing a synchronous generator can be found in (Kundur P., 1994). It is beyond the scope of this text to present a detailed treatment of the synchronous generator. A brief overview is however provided, in order to present the most important features of the permanent magnet synchronous generator (PMSG) used in wind turbines. The equivalent circuit for one phase of synchronous generator is shown in Figure 138. j X s Is



Rs



X s = j ωe Ls



Is Us



E = j ωe ψ PM



E



Us



E



δ Ψ PM ϕ



Is Figure 138: Equivalent circuit and phasor diagram of a PMSG. Synchronous machine models for power system analysis are usually based on the assumption that the magnetic flux distribution in the rotor is sinusoidal. With this assumption the flux can entirely be described by a vector and in the case of PMSG, the magnetic fields from the permanent magnets induces a voltage E in the stator winding, expressed as:



E = ω e ψ PM = 2 π f e ψ PM



(87)



where ωe is the electrical speed, ψPM is the magnitude of the flux induced in the stator by the permanent magnets of the rotor, and fe, is the electrical frequency. A current Is in the stator winding causes losses and voltage drop, both phenomena are represented in the model by the resistance Rs. Apart from causing resistive voltage drop, the stator current also produces a magnetic field of its own, which is added to the field generated by the permanent magnets. Thus, the voltage Us at the stator terminal of PMSG corresponds to the voltage induced by the total magnetic field. Depending on the phase delay of the stator current, the total magnetic field in the generator either increases or decreases as the current increases. This effect is represented by the synchronous reactance Xs in the model. The resistance Rs is normally much smaller than Xs, and therefore it is normally neglected except in efficiency calculations. It can be found in (Grauers A. et al., 1999) and (Akhmatov V. et al., 2003) that multi-pole synchronous generators are characterized with a relatively high stator reactance. The load angle δ between the internal voltage E and the stator voltage Us drives the stator current Is. The relationship among E, Us and Is is shown in the phasor diagram of Figure 138. Note that the induced voltage E is proportional with the electrical speed of the generator. When E < Us it is said that the machine is underexcitated, otherwise it is overexcitated. The electrical excited machines are typically controlled to be reactive neutral, i.e. the converter rating is reduced to the active power value. The permanent magnet generators due to their fixed excitation, work typically underexcited, i.e. the converter provides
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reactive power to the generator and therefore the converter must be oversized (Jöckel S., 2006). Based on this, the expressions of the active and reactive power of the generator in terms of E, Us and the load angle δ can be derived:



Pgen = Q



gen



=



Us E Xs



sin δ



Us E Xs



cos δ −



Us



(88)



2



Xs



If the mechanical power input increases, i.e. the load angle (the phase shift between Us and E) increases, the electrical power output increases also, reaching a maximum at δ = 90 o . The converter is able to generate or absorb active and reactive power, if both the load angle and voltage magnitude are controllable. The equations of a PMSG can be expressed directly from the equations of a DC excited synchronous generator SG, with the simplification that PMSG does not have damper winding (Kundur P., 1994). The steady state voltage equations of the generator, expressed in the rotor-oriented dq-reference frame RRF (defined as in Section 9.6.1), can be expressed as follows:



u sd = Rs i sd − ω e ψ sq + ψ& sd



(89)



u sq = Rs i sq + ω e ψ sd + ψ& sq With the stator flux components:



ψ sd = Ld i sd + ψ PM ψ sq = Lq i sq



(90)



Where uds and uqs are the terminal stator voltages, ids and iqs are the stator currents, Ld and Lq are the stator inductances in the dq reference frame. In stability studies, where the stator transients can be neglected, the stator voltage equations can be reduced to:



u sd = Rs i sd − ω e ψ sq



(91)



u sq = Rs i sq + ω e ψ sd The electrical torque of the generator is:



Te =



[



]



[



3 3 p Im ψ s* i s = p ψ sd i sq − ψ sq i sd 2 2



]



(92)



Expressing further the stator flux components, the electrical torque can be calculated by:



Te =



[



3 p ( Ld − Lq ) i sd i sq + ψ PM i sq 2



]



(93)



If the generator is a round rotor machine, where Ld=Lq, the equation for the electrical torque results only from the permanent magnet flux and the q-component of the stator current:



Te =



3 p ψ PM i sq 2
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The active and reactive power of the synchronous generator can be then expressed as:



Pgen = Te ω m = Q gen =



[



[



3 u sd i sd + u sq i sq 2



3 u sq i sd − u sd i sq 2



]



(95)



]



In the case of variable speed wind turbines, the active and reactive powers of the generator are controlled by the converter, which acts on the generator stator voltage and current. As the generator is fully decoupled from the grid by the converter, the reactive power expressed previously is exchanged with the generator-side converter and not with the grid. The PMSG has no damper windings. As a PMSG is connected to the grid through a converter, which provides a variable stator frequency according to the actual rotor speed, there is never any relative movement between stator and rotor field, which could induce a voltage in the damper winding (Jauch C., 2006). Furthermore, due to the permanent excitation, a PMSG has no field windings, in which transient currents could be induced or damped, respectively. Hence, in case of transients the field windings do not contribute to damping either. The PMSG connected to a converter is thus a system without inherent damping. Nevertheless, an external damping of the system must then be applied by means of the converter control.



9.5 Full-scale frequency converter configuration The full-scale frequency converter in a direct-driven wind turbine consists of a generator-side converter, a dc-link and the grid-side converter. 9.5.1



Generator-side converter



Two converter topologies are typically used for the generator-side converter, for instance a diode rectifier with a boost converter and an IGBT voltage source converter. The diode rectifier represents a cheap and simple solution with low losses. However, it cannot control the current phase and it is unable to feed the generator with the needed reactive power. This means that the stator current and the stator voltage are always in phase, which leads to large voltage drops and to a decreasing DC-link voltage when the stator current increases (Grauers A. et al., 1999). The generator feeds power to the network as long as the DC-link has a constant voltage higher than the peak voltage of the network. The generator is not capable of generating a constant high voltage at low speed, as it is the case of direct-drive wind turbines, and therefore in case of a diode rectifier configuration a boost converter (known also as DC-DC step-up converter), must be used to raise the voltage of the diode rectifier – see Figure 139.
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PMSG Grid Diode Rectifier
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Figure 139: PMSG connected via diode rectifier with boost converter. The diode rectifier is not the best solution for a PMSG wind turbine configuration. In such topology a PMSG would be insufficiently utilized because as a PMSG has a fixed excitation, it is only optimal for one operational point. It follows, that a PMSG is insufficiently utilized, if a diode rectifier is used (Jöckel S., 2002). The best performance of direct-driven PMSG wind turbine concept is achieved with fully controllable active inverters, i.e. the PWM controlled IGBT voltage source converters existing in the structure of back-to-back converter, as illustrated in Figure 140. Such IGBT converter is able to feed the generator with the needed reactive power and to provide a very high efficiency of the system. However, an IGBT converter is more expensive and it must be protected against overcurrents and overvoltages.
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Figure 140: PMSG connected via IGBT voltage source converter. In the applications with focus on control behaviour of IGBT converters (e.g. power system stability), a fundamental frequency model of the converter can be used. This technique is widely used in variable speed wind turbine stability research and is accepted as the standard approach in this topic. Assuming an ideal DC voltage and an ideal PWM modulation, the level of the DC-link voltage UDC can be expressed based on the AC voltage level of the generator (Pöller, M., 2003), as follows:



U DC = U AC



2 2 m 3



(96)



where m ( 0 ≤ m < 1 ) denotes the pulse-width-modulation index. The DClink voltage must be higher than the peak voltage of the network and is regulated by controlling the power flow to the AC grid. An important property of the back-to-back converter is the possibility of fast control of the power flow. By controlling the power flow to the grid, the DC-link voltage can be held constant. The presence of a fast control loop for the DC-link voltage makes it possible to reduce the size of the DC-link capacitor, without affecting inverter performance.
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9.5.2



DC-link



The DC-link capacitor provides an intermediate energy storage, which decouples the generator-side converter and the grid-side converter. The transfer of the active power from the generator into the grid can be realised via the DC-link, only whether the DC-link voltage is kept constant. If a lossless converter is assumed, the AC power is equal to the DC power.



PAC = PDC = U DC ⋅ I DC



(97)



In steady state operation and with no losses in the DC-link, the instantaneous power on the DC side must equal the instantaneous power on the AC side. In the moment that this power balance is broken, the instantaneous difference in power is stored in the DC-link capacitor and this leads to fluctuations in the DC-link voltage. An instantaneous current in the DC-link capacitor is then derived to complete the power balance:



iC = C DC



dU DC dt



(98)



The DC-link capacitor current is discontinuous, as it is switched on and off with the switching frequency of the converter. This process induces voltage ripples in the DC-link. This voltage ripple must be made small enough for the voltage to be virtually constant during a switch period. This sets a lower limit on the capacitor size. Small voltage ripples requires larger capacitor, which on one side has a slow response to voltage changes, but on the other side has a smaller current and thus an increased lifetime. On the other hand, a small capacitor makes fast changes in the DC voltage possible, but results in higher voltage ripples and reduced lifetime. Selecting the size of the DC-link has thus to be a trade-off between voltage ripples, lifetime and the fast control of the DC-link. The trade-off relation for the design of the DC-link capacitor in the back-to-back converter is described in (Lindholm M. (2004), as follows:



C DC = CDC



U DC



Sn ⋅ ΔU DC ⋅ 2 ⋅ ω e



DC-link capacitance



U DC average DC-link voltage ΔUDC allowed voltage ripple (peak-peak) 9.5.3



(99) Sn



apparent converter power



ω e electrical frequency



Grid-side converter



Grid-side converters are usually realised by self commutated PWM circuits, i.e. IGBTs or GTOs. They convert the DC-link voltage to the AC grid voltage with fixed frequency of the power system. It may thus be operated to give sinusoidal grid currents. A grid-side converter can thus generate or consume reactive power by injecting or lagging current to the grid. Since the back-to-back converter decouples the reactive power of grid-side converter and generator-side converter, the reactive power supply to the grid can be determined by the gridside converter only, independent of the reactive power set-point of the generator. The reactive power supply of the grid-side converter is however limited by the converter rating and the active power flow from the turbine. Under normal operating conditions the grid-side converter is operated with unity power factor.
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In case of grid faults the converter can serve as a reactive power source in order to contribute to voltage stability.



9.6 Full-scale frequency converter control Similar to the control of DFIG, the PMSG behaviour is strongly dependent by the control of the frequency converter both in normal operation and during fault conditions. As mentioned in Section 7.2, frequency converters are usually controlled utilizing vector control techniques (Heier S., 1998). Briefly, vector control allows decoupled control of both active and reactive power. The idea is to use a rotating reference frame based on an AC flux or voltage and then to project currents on this rotating frame. Such projections are usually referred to as the d and q components of their respective currents. With a suitable choice of reference frames the AC currents appear as DC quantities in the steady state. For fluxbased rotating frames, changes in the q component will lead to active power changes, while changes in the d component will lead to reactive power changes. In voltage-based rotating frames (and thus 900 ahead of flux-based frames) the effect is the opposite. 9.6.1



System reference frames



The system reference frames relevant in the control of PMSG together with a phasor diagram of PMSG are sketched in Figure 141, in order to illustrate the alignment of the machine vectors to the reference frames: Stator Voltage Reference Frame SVRF dSVRF



j ⋅ ω e ⋅ Ld ⋅ is
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j ⋅ ωe ⋅ ΨPM = E



Rotor Reference Frame RRF dRRF
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Stator Flux Reference Frame SFRF



qSFRF
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Figure 141: System reference frames used in the control of a PMSG connected via IGBT voltage source converter.
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• Rotor oriented reference frame (RRF) is aligned with its d-axis to the permanent magnet flux vector ΨPM. The rotor reference frame rotates with the rotational speed ωe of the rotor flux, which is equal to mechanical rotor speed ω m times the pole pairs p:



ωe = ωm p = 2 π f m



(100)



Note that the vector of the electromotive force E is perpendicular to the rotor flux vector. • Stator voltage oriented reference frame (SVRF) is aligned with its d-axis to the stator voltage vector Us. This means that the voltage Us has only a d-component in the SVRF. This simplifies e.g. the equations for active and reactive power of the generator to:



3 u sd i sd 2 3 = − u sd i sq 2



Pgen = Q gen



(in SVRF)



(101)



In SVRF, the active power of the generator is thus determined by the dcomponent of the stator current, while the reactive power of the generator is determined by the q-component of the stator current. The SVRF rotates with the angular frequency of the stator voltage, which is the same rotational speed as for the RRF. • Stator flux oriented reference frame (SFRF) is perpendicular to the stator voltage reference frame and rotates as well with the frequency of the stator voltage. The stator flux of the generator is perpendicular to the stator voltage vector Us and represents the total flux linkage of the machine, namely the permanent magnet flux ψ PM superposed to the flux generated by the stator current. • System reference frame (SRF) is a reference frame in DIgSILENT aligned with one reference machine (a synchronous generator) in the power system and rotates with a frequency of 50 Hz. However, if the only generator in the power system is a PMSG behind a full-scale converter, i.e. it has a variable stator frequency, the definition of a system reference frame is more problematic. In this case it must be distinguished between global (50 Hz) and local reference frame (variable generator frequency). 9.6.2



Overall control strategy of PMSG with full-scale converter



As mentioned in the previous chapter, the frequency converter is a standard built-in model in the DIgSILENT library. However ts control is not a standard model in the DIgSILENT library and therefore it has to be implemented as a user-written model in the dynamic simulation language of DIgSILENT.
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In the present research, the converter control is modelled on a generic level, as illustrated in Figure 142, without focusing on any particular design of a manufacturer. Similar to the DFIG, the presence of the frequency converter makes possible to control independently the active and reactive power of the wind turbine. As illustrated in Figure 142, the converter control is exercised by means of two controllers: • Generator-side converter controller (controller 1) • Grid-side converter controller (controller 2) Multipole PMSG
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AC voltage oriented reference frame d axis: active current q axis: reactive current



Figure 142: Power converter control in the variable speed multi-pole PMSG wind turbine. The control of the converter can be realised by using different strategies. In this work, the control concept of the converter is using an AC voltage oriented reference frame, i.e. d-axis is used to control the active current, while q-axis is used for reactive current: • Controller 1 is using the stator voltage reference frame • Controller 2 is using the grid voltage reference frame In the present control strategy, the oscillations existing in the drive train of a variable speed multi-pole PMSG wind turbine are actively damped by the control of the converter. Such strategy is able to ensure a stable operation of the whole wind turbine. As illustrated in Figure 142, an active damping block system is generating a reference signal in the generator-side converter controller (controller 1). 9.6.3



Damping system



It was illustrated in Figure 137 that due to the torsional characteristic of the drive train, the generator speed of a variable speed wind turbine is prone to oscillations whenever the system gets excited by changes i.e. in the wind speed or in the terminal voltage. Such speed oscillations subside very quickly in the case of a fixed speed wind turbine. The reason is that the generator of a fixed speed wind turbine (i.e. squirrel cage induction generator SCIG) is characterised by a steep torque versus slip characteristic, as it is directly connected to the stiff grid. All variable speed wind turbines are able to vary their rotor speed because their generator is either partially or fully decoupled from the fixed grid frequency. As described in Chapter 7, in the DFIG partially variable speed wind turbine concept, the stator windings are directly connected to the grid, while the
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rotor windings are connected to the grid via a frequency converter. In this configuration the torque versus slip characteristic of the generator, controlled by the frequency converter accordingly, can still be used to damp the drive train oscillations as in the case of fixed speed wind turbines. However this is possible only for normal operation conditions. As it is shown in Chapter 8, in case of grid faults, the DFIG control system needs also an additional damping controller to stabilise the torsional oscillations and thus to enhance the fault ride-through capability of the DFIG wind turbine. As sketched in Figure 136, a variable speed direct-driven SG wind turbine is completely disconnected from the grid via a full-scale converter. The frequency of the generator in such a configuration is thus decoupled from the stiff grid frequency. According to (Jauch C., 2006), an electrical excited synchronous generator behind a full-scale converter has no inherent damping, being practically an unstable system. The full-scale converter, to which the generator stator is connected, decides the rotor frequency according to how much power should be extracted from the wind. There is thus no relative movement between the rotor field and the stator field and it can therefore not be induced a current in the damper winding. The damper winding has thus no influence. There does not exist any torque to counteract the speed oscillations. This is also the case of a PMSG with full-scale converter wind turbine, which does not even have a damper winding. Moreover, the unstable speed oscillation is even worst for a multi-pole PMSG wind turbine, because a multi-pole generator wind turbine configuration has an extremely soft drive train shaft, as underlined in Section 9.2. Figure 143 illustrates how the speed of a multi-pole PMSG with full-scale converter wind turbine concept oscillates with gradually increasing oscillation amplitude, causing the system to break down eventually even in case of a simple normal operation. 1.15
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Figure 143: Unstable speed of the multi-pole PMSG wind turbine with fullscale converter, in normal operation at 12m/s and without any damping system. Such a wind turbine configuration has thus no inherent damping and therefore an external additional damping system is necessary. Otherwise any small speed oscillation is quickly amplified causing instability.



164



Risø-R-1400/Second Edition (EN)



The unstable speed oscillation can be counteracted either by controlling the mechanical power input in the generator or the electrical power produced by the generator into the grid. Different mechanical control schemes can be applied to damp these oscillations, e.g. damping by means of blade pitching (Jöckel S. et al., 2001) or damping by means of a compliant mounting of the generator (Westlake A. J. G. et al., 1996). A straight forward way for damping the speed oscillations by controlling the electrical power sent to the grid is described in Chapter 8. The drive train oscillations of a DFIG wind turbine configuration during grid faults have been for example damped by controlling the power that the converter sends into the grid. However, this damping method has the disadvantage that it has a negative impact on the power that the wind turbine injects into the grid, namely the speed oscillations become visible as oscillations in the power on the grid. The another solution which is adopted in this work to damp the speed oscillations, is known from large synchronous generators in power systems, where a power system stabilizer (PSS) provides damping for speed and rotor angle oscillations by controlling generator excitation. The synchronous generator voltage is controlled by changing the excitation of the generator. PSS counteracts the speed oscillations by producing thus an electrical torque in phase with the generator speed. A similar method, presented in (Jauch C., 2006), is applied for wind turbines with DC excited synchronous generator. The speed oscillations are damped by controlling the DC-link voltage by changing the excitation of the generator. The idea is to use temporarily the capacitor in the DC circuit as energy storage (buffer) between the generator and the grid. Small variation of the DC voltage is allowed in order to absorb torque oscillations. By periodically short term charging and discharging the capacitor, energy is stored in the capacitor and the load current varies. This in turn influences the torque in such a way that counteracts the speed oscillations and provides effective damping. In this work, the damping method presented in (Jauch C., 2006), is adopted for the case of multi-pole PMSG wind turbine. This method is slightly modified, since a PMSG has a fixed excitation. In this case, the speed oscillations can not be damped by controlling the electrical excitation, but through the power converter. As the power flowing through the full-scale converter into the grid is independent of the DC voltage, the damping of drive train oscillations by using the converter can be achieved without impacting on the power that is sent into the grid. Similar to the case of a PSS, the damping of the drive train oscillations in a multi-pole PMSG wind turbine can also be realised when it is provided a component of the electrical torque of the generator in phase with the speed oscillation. The idea of the damping method using the DC capacitor as a short-term energy storage is thus to translate the speed oscillations into the definition of a ref DC voltage reference U DC oscillating with the same frequency and phase angle as the speed. The frequency and the phase angle of the drive train oscillations, reflected in the generator speed, are very important to be known in order to design the damping system. The frequency of the oscillations, which have to be damped, is, as mentioned before, the so-called free-free frequency:



f osc =



1 k ⋅ 2π J eq



(102)



where Jeq is the equivalent inertia of the drive train model, determined in case of gearless system by:
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J eq =



J rot ⋅ J gen



(103)



J rot + J gen



Once the frequency to be damped is known, the phase angle to be compensated, has to be identified. In order to do that, the DC voltage reference signal ref U DC is defined as follows: ref setpo int (104) U DC = U DC + Δu osc where Δu osc is a sinusoidal disturbance signal that has the frequency f osc , and



it is superimposed on the DC voltage setpoint. The DC voltage reference signal ref is further used as input in the generator-side converter controller. It is a U DC setpo int voltage signal which oscillates around its mean value U DC with a sinusoidal



offset Δuosc . This definition is indicated in Figure 144, by path (1). Once the phase angle is identified, it can be used to realise the phase compensation itself – sketched in Figure 144 by path (2). Note, that the identification of the right phase angle, by using a sinusoidal disturbance as input signal instead of the generator speed is realised in a stable operation condition, namely using a high generator inertia.
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Figure 144: Determination of the right phase angle. Figure 145 illustrates how the electrical torque of the generator caused by the sinusoidal disturbance signal leads by 90 degrees, when no phase compensation is used (i.e. path (1)). Note that when a phase compensator is used (i.e. path (2)) the electrical torque is placed in phase with the sinusoidal disturbance (input signal) – see Figure 145.
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Figure 145: Phase compensation. Damping system



ωe



Bandpass filter



Phase compensator



Δudamp



ref U DC



+



Controller 1 (UDC loop)



+



setpo int U DC



Figure 146: Damping oscillations system. The idea of the damping system is to translate the speed oscillations into an oscillating DC voltage with the right phase angle and frequency. The result is t that the speed oscillations are damped. Once the frequency and the phase angle of the oscillation to be damped are found, a damping system can be realised. The damping system is shown in Figure 146. It consists of two blocks: a bandpass filter and a phase compensator. The input in the damping system is the generator speed. The output of the damping system is superimposed on the DC voltage setpoint to provide the DC voltage reference signal for the generatorside converter controller (controller 1), as follows: ref setpo int U DC = U DC + Δu damp



(105)



In a general setup, a bandpass filter pass a band of desired or specified frequencies, while attenuating those outside the band. In the present work, the bandpass filter of the damping system is designed to pass only oscillations of the free-free frequency (i.e. 10 rad/sec for the considered wind turbine) and to block all the other frequencies. The bandpass filter does not change the phase of the input signal. By designing a very narrow bandwidth, the bandpass filter allows the phase compensator to act exclusively on the oscillations only with the free-free frequency and not also on other existing frequencies in the system.
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A low pass filter is used as a phase compensator in order to introduce a -90 degrees phase at the free-free frequency. The design of the low pass filter is based on the transfer function between DC voltage and electrical torque. Figure 147 shows the Bode diagram of the designed bandpass and low-pass filters of the damping system. The position of the free-free frequency which have to be damped is also indicated. Low-pass filter - Bode diagram



Bandpass filter - Bode diagram



Bode Diagram



Bode Diagram



Magnitude [db]



60



-10



Magnitude (dB)



-20



-30



-40



-50



50



40



30



20



10 0



Phase [deg]



-60 90



Phase (deg)



45



Phase (deg)



Phase [deg]



Magnitude (dB)



Magnitude [db]



0



0



-45



-45



-90



-90 -1



10



0



10



1



10



Frequency [rad/sec]



2



-2



3



10



-1



10



10



10



0



1



10



10



2



10



Frequency [rad/sec] Frequency (rad/sec)



Frequency (rad/sec)



Figure 147: Bode diagram of bandpass filter and low pass filter.
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Figure 148 illustrates the effect of the damping system on the multi-pole PMSG wind turbine with full-scale converter, when the system gets excited by for example a sudden change of 1 m/s in the wind speed. The wind speed, the generator speed and the active power production are illustrated for the situations with and without damping system respectively. Note that without damping system, the wind speed change provokes large oscillations with increasing oscillation amplitude in the generator speed and as result the system becomes unstable. It is clearly visible that these oscillations are quickly damped when the damping system is used. Such an additional damping system ensures thus a stable operation of the multi-pole PMSG with full-scale converter configuration, which otherwise would be unstable even under normal grid conditions. Wind speed [m/s]
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Figure 148: The effect of the damping system.
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9.6.4



Converter control strategy



Different control strategies of the full-scale power converter, with their own advantages and disadvantages, can be applied. The strategies are typically based on the control of one of the following signals: ƒ generator stator voltage US to its rated value – it provides a robust control of the generator fluctuations, it keeps the ratio US/UDC in a reasonable and controlled range, it avoids the risk of overvoltage and saturation of the converter in case of overspeeds. The disadvantage of this control strategy is that it implies a variable reactive power demand from the generator. This must be delivered by the power converter which has to have an increased rated power. ƒ generator reactive power Qgen to zero - it implies a varying stator voltage, less losses and current rating. It may however results in stator voltages that challenges the saturation of the converter. The converter control strategy implemented in the present work is based on to control the generator stator voltage to its rated value. This has the advantage that the generator and the power converter always operate at the rated voltage, for which they are designed and optimised. Figure 149 shows, as an example, the phasor diagram of this control strategy in case of two different operational points. At low wind speeds, if the generator speed increases, the active power increases according to the MPT characteristic with P ~ ωe3 , while the torque increases with Te ~ ω e2 . Because Te ~ sinδ the load angle δ increases stronger than the magnitude of E, which increases linearly with the speed (E=j ω e ΨPM). It follows, that the reactive power demand increases as well and the generator starts to operate underexcited. For higher wind speeds the MPT control increases the power linearly with the generator speed (P ~ ω e ). Thus the torque and the load angle stay constant. As the magnitude of E increases further the reactive power demand of the generator starts then to decrease. The reactive power demand of the generator can be thus limited by controlling the generator stator voltage depending on the generator speed.
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Figure 149: Generator stator voltage US control strategy – two operation points (at low wind speeds). The control strategy used in this work is based on the idea that the generator-side converter controls the generator stator voltage US and the DC-link voltage constant, while the grid-side converter controls independently the active and reactive power flow to the grid. Similar to the control of DFIG (see Chapter 7), the control of both converters existing in the direct-driven PMSG wind turbine concept is also based on two control loops in cascade: a very fast inner current controller regulating the currents to the reference values that are specified by the outer slower power controller. The current controller provides reference signals in d- and q-axis, which are sent further to the PWM-controlled power converter. Generator-side converter control (controller 1) The generator-side converter controls the DC-link voltage UDC and the generator stator voltage US in the stator voltage oriented reference frame (SVRF). Hence, the DC voltage is controlled with the d-component of the stator current, while the stator AC voltage is controlled by the q-component of the stator current. The stator voltage is controlled to its rated value in order to avoid overvoltage or saturation effects in the converter. The DC-link voltage is also kept constant, but small variations of the DC-link voltage are allowed when the electrical damping of the system is necessary. The DC-link voltage is controlled ref to its reference value U DC , provided by the damping system, described in Section 9.6.3. The generic control structure of the generator-side converter is shown in Figure 150.
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Figure 150: Generator-side converter control (controller 1). As the generator-side converter balances the DC link voltage, it ensures the power transport from the PMSG terminals to the power grid. Notice that the control of active power and of constant DC-link voltage is closely related. Grid-side converter control (controller 2 and MPT) The grid-side converter controls active and reactive power in a grid voltage oriented reference frame. Hence, the active power Pgrid is controlled by d- component of the converter current whereas the reactive power Qgrid is controlled by the q-component of the converter current. The generic control of the grid-side converter is illustrated in Figure 151.
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Figure 151: Grid-side converter control (controller 2). ref Notice that the power reference Pgrid is defined by the speed-power MPT



characteristic. The objective of MPT characteristic, illustrated in Figure 152, is to drive the wind generator automatically in the operation point of highest efficiency at any time. As known, the variable speed wind power generators can be operated at a constant power factor or can support with reactive power. The reactive power ref reference Q grid is in generally set to zero. However, in the cases when the grid voltage is disturbed from its rated value and voltage grid support is required
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ref from the wind turbine, the reactive power reference Q grid can be provided by a



voltage controller, as indicated in Figure 151. 2200
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Figure 152: Maximum power tracking (MPT) characteristic and voltage controller used for direct-driven PMSG wind turbine. The voltage controller, sketched in Figure 152, is realised by a PI controller with antiwind-up and controls the grid voltage to its rated value. The input of the controller is the error signal between the measured grid voltage and the rated grid voltage. The parameters of the converter controllers are determined based on the wind turbine response to steps in deterministic wind speeds. A potential advantage of this converter control strategy is that it does not need any special treatment to handle grid faults. During a grid fault, the generator - side converter is less affected by the fault since it is not directly coupled to the grid. It can therefore, during grid faults, continue unaffected to control the generator stator voltage and the DC voltage to their rated values, while the active and reactive power supply to the grid are directly controlled at the wind turbine terminals by the grid-side converter. However one may pay attention on the DC-link voltage reference value provided by the damping controller. Only small variations from its rate value are acceptable for the DC-link voltage. During a grid fault the wind turbine starts to accelerate due to the unbalance between the electromagnetic torque and mechanical torque. In this situation, the damping controller reacts immediately trying to damp the speed oscillations by controlling the DC voltage reference. This action can generate an oscillating DC voltage reference itself, up and down outside a reasonable range for the converters control. This phenomenon can lead to instability, especially for very low UDC reference values. This can be avoided by simply limiting the DC voltage reference signal or by using a chopper. It is beyond the scope of this report to focus on the fault-ride-through capability of PMSG wind turbine concept. However, a simple simulation, where the DC voltage reference provided by the damping controller is limited, is illustrated in Section 9.7 in order to underline the strength of the described converter control strategy also in case of grid faults.



9.7 Simulations results In this section, different studies are carried out in order to illustrate and evaluate the performance of the control system for the variable speed multi-pole PMSG wind turbine concept. The controller performance is assessed and discussed by means of normal operation simulations of a 2MW PMSG wind turbine connected to the grid through a 2.5MW power converter.
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The network layout of the variable speed multi-pole 2MW PMSG wind turbine is illustrated in Figure 153.
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Figure 153: Electrical layout of the PMSG wind turbine with full-scale converter. The wind turbine is connected to the external grid through a full-scale converter consisting of a generator-side converter, a dc-link capacitor and a grid side converter. The control of active and reactive power is based on the measured power at the PCC placed on the MV terminal. 9.7.1



System performance under deterministic wind speeds
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In order to evaluate the performance of variable speed direct-driven PMSG wind turbine controller, described in this chapter, a set of step response simulations with deterministic wind speed (no turbulence, no tower shadow) are performed. Typical quantities of the turbine system, as wind speed in [m/s], pitch angle in [deg], generator speed in [rpm] and the active generator power in [MW], are shown in Figure 154 for steps in wind of 1m/s every 20 seconds. 14.00 12.00 10.00 8.000 6.000 4.000 0.000
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Figure 154: Wind speed, pitch angle, generator speed and active power for steps in wind of 1m/s from 12m/s down to 5m/s. In the power optimization strategy (i.e.at low wind speeds less than 12m/s), the speed controller is passive, keeping the pitch angle constant to the optimal value (i.e. zero for the considered wind turbine). Meanwhile, the power controller controls the active power to the active power reference signal provided by the maximum power tracking look-up table. The generator speed is continuously adapted to the wind speed, in such a way that it is extracted maximum
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power out of wind. Notice that the response time in the steps is bigger at lower wind speeds then at higher wind speeds. Figure 155 shows the performance of the generator side converter control during the simulated case. The illustrated signals are: the Dc-link voltage, the stator voltage, the generator reactive power and the reactive power to the grid. The DC-link voltage is kept constant to its reference value of 5.9 kV. However, the damping of the system causes small variations of the DC-link voltage around its reference value. Notice that the stator voltage is also controlled to its rated value, too. 7.00
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Figure 155: DC-link voltage, stator voltage, generator reactive power and the grid reactive power for steps in wind of 1m/s from 12m/s down to 5m/s. Notice that the reactive power production of generator and grid side converter is independently controlled.The reactive power demand of the generator varies, while the grid side converter reactive power production is zero. As expected, by using the control strategy described in this chapter, the generator reactive power varies while the stator voltage is kept constant. As long as the wind speed is bigger than 8m/s, the generator works in an underexcitated operation. In this speed range, according to the linear ramp in the MTP characteristic, the active power of the generator Pgen decreases linearly with the speed. Meanwhile, the internal voltage E=jωΨPM decreases also linearly with the speed. In this situation, the stator current q-component starts to increase in order to keep the stator voltage constant. Hence, the reactive power increases. After 100 s the wind speed steps down to 7 m/s. From this moment, the active power is controlled according to the MPP tracking with P ~ ω3. The torque and the load angle start to decrease stronger (Te~ ω2) than the amplitude of E, which finally leads to a decrease of reactive power. In contrast to this, the grid-side converter reactive power production does not vary. The grid side converter only satisfies the small reactive power demand of the transformer. A similar simulation, performed for steps in the wind speed from 12m/s up to 20m/s, is illustrated in Figure 156 and Figure 157. Notice that both the speed controller and the active power controller are active for wind speeds higher that 12m/s.
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Figure 156: Wind speed, pitch angle, generator speed and active power for steps in wind of 1m/s from 12m/s up to 20m/s. The steps in the wind speed yield changes in both the pitch angle and the generator speed. The step response of the pitch angle and generator speed does not present big overshoots and oscillations (fast in steady state). Remark also that the response of the generator speed is almost identical over the whole wind range between 12m/s and 20m/s, a fact that indicates that the gain scheduling in the speed controller is working properly. The power controller keeps the active power to 2MW with a small deviation about 1%. Since the pitch mechanism reacts slowly compared to the power controller, dynamic variation in the generator speed and so in the rotational speed of the turbine rotor are allowed in order to absorb fast wind gusts and to store rotational energy in the turbine’s inertia. The stator voltage is kept constant, while the DC-link voltage varies according to the damping signal, which is modulated on the constant reference value od UDC. Notice that the generator reactive power is almost constant in this case.
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Figure 157: DC-link voltage, stator voltage, generator reactive power and the grid reactive power for steps in wind of 1m/s from 12m/s up to 20m/s.



9.7.2



System performance under stochastic wind speeds



The performance of the PMSG wind turbine control system, designed and described in this chapter, is now illustrated for the case of stochastic wind speeds. Two set of simulations are considered: one for mean wind speed 8m/s and another for mean wind speed 12m/s. Figure 158 illustrates the case when the mean speed is 8 m/s and the turbulence intensity of 10%. The generator speed is tracking the slow variation in the wind speed. As expected for this wind speed range, the pitch angle is passive, being kept constant to its optimal value (i.e. zero for the considered wind turbine). The active power delivered to the grid does reflect the variation in the wind speed. Notice that the fast oscillations in the wind speed are completely filtered out from the electrical power.
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Figure 158: Wind speed, pitch angle, generator speed and active power under stochastic wind speed with a mean wind speed of 8m/s.
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Figure 159 illustrates the simulation with turbulent wind, where the mean speed is 12 m/s and the turbulence intensity of 10%. The turbine operates partly at rated conditions and partly at partial load. As soon as rated wind speed is exceeded, the pitch angle increases and limits the speed. The power is kept to the rated power as long as the energy in the wind permits that. 14.00 12.80 11.60 10.40 9.200 8.000 0.000
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Figure 159: Wind speed, pitch angle, generator speed and active power under stochastic wind speed with a mean wind speed of 12m/s.
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9.7.3



Voltage controller effect



The following simulation shows the performance of the voltage controller during normal operation conditions. The grid voltage and the reactive power supplied to the grid by the grid-side converter are illustrated for the situations with and without voltage controller respectively. It is assumed that the 2MW PMSG wind turbine operates at its rated capacity (i.e. at wind speeds higher than 12m/s), as this is worst for the voltage stability. Figure 160 illustrates how the voltage controller, presented in Figure 152, ref adjusts the reactive power demand Q grid for the grid-side converter controller
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in the case when a reactive power sink is connected and then disconnected at the MV terminal of the PMSG wind turbine in Figure 153. It is assumed that first 1MVar reactance and than 1.5MVar, respectively, is connected to the MV terminal and disconnected after 1 second, successively as illustrated in Figure 160. Notice that the connection of each reactance implies a modification in the grid voltage Ugrid. When no voltage control is enabled (case 1), no reactive power support is delivered to the grid by the grid-side converter. The grid voltage is therefore not re-established as long as no matter which reactance is connected to the PMSG wind turbine’s grid. 1.40
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Figure 160: PMSG voltage controller performance ((a) – without voltage control (b) with voltage control) -when a reactive power sink of 1Mvar and 1.5Mvar respectively, is connected and disconnected On the other hand, when the voltage controller is used (case 2), the gridside converter supports the grid by supplying reactive power – as illustrated in Figure 160. In this case, the grid voltage is quickly re-established to 1pu when the first 1MVar reactance is connected. The connection of the 1.5MVar reactance leads, as expected, to a deeper drop in the grid voltage and therefore the PMSG wind turbine has to produce more reactive power to re-establish the grid voltage. The 2MW PMSG wind turbine connected to the grid through the 2.5MVar converter has a reactive power reserve about 1.5MVar in the case of a 12m/s wind speed. The grid-side converter produces therefore its maximum limit of 1.5MVar to the grid when the second reactance is connected. Notice that it is however not sufficient to re-establish the grid voltage due to the reac-
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tive power absorbed by the transformer placed between the grid-side converter and the PCC – see Figure 153.



10 CONCLUSIONS This report presents a collection of models and control strategies developed and implemented in the power system simulation tool PowerFactory DIgSILENT for different wind turbine concepts. It is a second edition of Risø-R-1400(EN) and it gathers and describes a whole wind turbine model database built-op and developed during several research projects. The report contains thus an overview over some electrical models (induction generator, synchronous generator, power converters, transformers), already integrated components in the power system tool, but also over the newly developed and implemented wind turbine models (mechanical model, aerodynamical model, wind model, control model). The wind turbine dynamic model includes the main effects that contribute to the fluctuation of the power from a wind turbine. It comprises the mechanical model, the aerodynamic model (improved with a model for dynamic stall effects) and the electrical model: induction generator, power converter (converter, soft-starter, capacitor bank) and transformer. The built-in electrical models in DIgSILENT are initialised automatically by the load flow calculation, while the user developed models, must be initialised by the user. If the initialisation is not done properly, it results in large fictive transients, which must decay before the actual dynamics can be simulated. This costs simulation time and in some cases the fictive transients even can cause numerical instabilities. An initialisation method is therefore developed and implemented. This method allows immediately an accurate simulation of the dynamic performance, without fictive transients in the beginning of the simulation. The main attention in the report is drawn to the modelling at the system level of the following wind turbine concepts: 1. Fixed speed active stall wind turbine concept 2. Variable speed doubly-fed induction generator wind turbine concept 3. Variable speed multi-pole permanent magnet synchronous generator wind turbine concept These wind turbine concept models can be used or even extended for the study of different aspects, e.g. assessment of power quality, control strategies, connection of the wind turbines at different types of grid. The goal of the model database process has been to build generic models, without focusing on a particular design of a manufacturer. They are not restricted by confidentiality, but as a consequence, the performance of the simulation models may differ some from the performance of a specific wind turbine. Since wind turbine controllers can be designed in several ways, and since the design details are normally confidential, new control methods have been proposed and implemented, their performance assessed and discussed by means of simulations. The design as well as the evaluation of the controllers was carried out for normal continuous operations (for both power optimisation and power limitation operations), but grid fault conditions operation has been also treated. As in the near future, wind turbines are required to replace more or less other generating units in the power system, grid support power and voltage controller have been also designed and presented.
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Fixed speed active stall wind turbine concept A dynamic model of an active stall wind turbine connected to the grid, has been implemented in the power system simulation tool Power Factory-DIgSILENT. Different control strategies depending on the connection type (AC or DC) of the active stall wind turbine have been presented. AC connection case: The simulation model, presented in this report, of the active stall wind turbine with AC grid connection, regards wind turbines similar to the ones in Nysted. Two control strategies for the active stall wind turbine with AC connection have been designed and presented in the report. The first designed controller is a traditional active stall wind turbine controller where the goal is to achieve electrical power with a minimum of pitch actions. Such a controller is very slow, as it tries to reduce the pitch activity as much as possible to limit the stress of the pitch system. The simulations conducted show that the controller manages to run the turbine efficiently in many conceivable wind speed situations. The system has no tendency to become unstable in which situation ever, since the controller does not attempt to respond to fast transients instantaneously. However such a controller design is not optimal for grid support, since in this case the wind turbine is asked to act as a fast active element in the power system. To speed up the power control, a second control design for the active stall wind turbine has been purposed and presented. The second controller is a grid support power controller. The aim of this controller, is to enable fast control of the wind turbine power, which is necessary especially in case when specific and fast power demands are imposed to wind turbines by the system operator. It has to be as fast as possible to power reference changes, but still with physical limits on pitch activity. This characteristic of the controller enables better grid integration for active stall wind turbines with AC connection, as it manages a relatively fast response to changes in the active power demand. Simulations show that a sudden change in the active power set point for an active stall wind turbine can be reached fully within a few seconds when this fast controller is used. Notice that this second controller for active stall wind turbine is also attractive in case of grid faults operation, when a quick reduction of the aerodynamic power production is necessary as soon as a grid fault is detected. In case of grid fault operation, the wind turbine power has to be reduced as soon as a grid fault occurs, in order to prevent it from going overspeed, and by doing so, assists in voltage recovery. When a grid fault is detected, the controller gets for example a zero power reference. Riding through grid faults implies that the active stall wind turbine has to change its pitch angle as quickly as possible (maximum pitch rate). DC connection case: The grid support control capabilities of an active stall wind turbine can be even more improved in case when it is connected to the grid via an HVDC/VSC. A DC grid connection via HVDC/VSC transmission of an active stall wind farm has been therefore designed and presented in this report. Such a system has special regulating properties e.g. decoupled control of active and reactive power, continuous AC voltage regulation, variable frequency control, black-start capability, etc. Moreover the market interest for this concept may increase if it is proved that using a DC transmission system the wind farm/park can develop power plant characteristics as the turbine itself is cost-efficient and very reliable. A new control strategy for an active stall wind farm station has been proposed and implemented in DIgSILENT. Using this control strategy an active
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stall wind farm can operate both with fixed voltage/frequency or variable voltage/frequency situations. In the second situation the set point frequency is calculated based on the maximum average wind speed inside the wind farm. Since the reactive power necessary for the operation of squirrel-cage induction generator is provided by this power converter the wind turbines use a fixed capacitor bank instead of a variable one in both cases. The variable voltage/frequency control strategy implies also a simplification in the active stall controller and reduces the pitching of the blades for low wind speeds. The simulation results show a good response of the implemented system in both situations. Variable speed doubly-fed induction generator wind turbine concept A dynamic model of a variable speed, variable pitch wind turbine with DFIG, has been also implemented in the power system simulation tool Power FactoryDIgSILENT. The overall control system of a variable speed DFIG wind turbine is built up with a hierarchical structure. There are two hierarchical control levels, strongly connected to each other, i.e. DFIG control level (control of active and reactive power) and wind turbine control level. A vector control approach is adopted for the control of the power converter, while the control of the wind turbine is a result of two cross-coupled controllers: a speed and a power limitation controller. The control of the power converter is essential for the behaviour of the DFIG wind turbine both in normal and during grid fault conditions. This report proposes and presents the design of different control strategies for a DFIG wind turbine for both normal operation and for operation during grid fault conditions. Normal operation The overall control of the variable speed, variable pitch wind turbine with DFIG during normal operation has as goal to track the wind turbine optimum operation point, to limit the power in the case of high wind speeds and to control the reactive power interchanged between the wind turbine generator and the grid. In normal operation, the power converter control has the following goals: ƒ the rotor-side converter has to control independently the active and reactive power on the grid. ƒ the grid-side converter has to maintain the dc-link capacitor voltage in a set value regardless of the magnitude and the direction of the rotor power and to guarantee a converter operation with unity power factor (zero reactive power). The control of the wind turbine generates the pitch angle of the wind turbine and the reference of the active power for the power converter control. In this report two of the most frequent control strategies for variable speed wind turbines have been implemented and described: ƒ Control strategy I - where the power converter is used to control the generator speed, while the pitch system limits the power. ƒ Control strategy II - where the power converter controls the power, while the pitch system prevents the overspeeding of the generator, i.e. the pitch angle limits the generator speed to its rated value in case of high wind speeds. It provides a fast power control. Both control strategies are implemented and presented. Their good performance is assessed and discussed by means of simulations. Notice that the second control strategy is expected to be closer to the real controllers implemented in the industry.
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Operation during grid fault A dynamic model of variable speed DFIG wind turbines with the fault ridethrough control and protection has been also implemented in DIgSILENT. The fault ride-through and voltage controller of the DFIG wind turbine presented in this report is built-on as an extension of the control structure of the DFIG during normal operation. In contrast to its very good performance in normal operation, the DFIG wind turbine concept is quite sensitive to grid faults and requires special power converter protection. The protection system of the converter (i.e. crowbar resistance) is triggered when high transient currents and voltages occur in the generator and converter, otherwise the power converter device would be damaged during grid faults. When the crowbar is triggered, DFIG behaves as a conventional squirrel cage induction generator (SCIG) and therefore its controllability is temporarily lost. The crowbar resistance, which value is strictly dependent on the generator data sheet, has influence on the rotor current and on the reactive power demands of the generator during grid faults. The goal of the implemented fault ride-trough controller for a DFIG wind turbine is to provide the wind turbine the control ability, required in the technical specifications by the power system operator, namely to operate uninterrupted at disturbances in the power system, such as short-circuit faults, and to contribute to the voltage control. Such control of DFIG during a grid voltage dip enables: ƒ Voltage recovery assistance by the wind turbine during the fault ƒ Reduced demand of other dynamic reactive compensation units ƒ Reduced standby power generation, because of uninterrupted wind turbine operation at disturbances ƒ Return to normal operation conditions after the fault. The implemented voltage control is based on a strategy where the control of both rotor side converter (RSC) and grid side converter (GSC) is designed in a coordinated manner. RSC controls the voltage on the grid as long as it is not blocked due to heavy disturbances, case when GSC is that which is used to control the voltage. However its generation is limited by GSC rating. Besides these controllers, a damping controller has been also implemented and tuned in order to damp possible torsion oscillations excited at a fault in the drive-train system. From the transient stability point of view, the drive train of the wind turbine has to be represented by a two-mass model in order to be able to simulate the torsional oscillations excited in the drive train system during grid faults. A damping controller has to be implemented and tuned to damp actively these oscillations, which otherwise might lead to self-excitation and high mechanical stress of the drive train system. Studies regarding DFIG fault ride-through and voltage grid support capability in a realistic power transmission system model. Several studies regarding DFIG fault-ride through and voltage grid support capability in a realistic power transmission system model have been carried out. The Danish Transmission System Operator Energinet.dk. has developed and delivered such a realistic power system model for educational and research purposes. This has been a great opportunity for the project to investigate in a realistic power system frame the performance of the designed and implemented DFIG fault-ride through and voltage grid support controller. The simulation results have been shown that the DFIG equipped with the developed voltage grid support control manages to re-establish rapidly the voltage after a severe grid fault. Moreover, it was also concluded that a DFIG wind farm equipped with voltage
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control can help a nearby active stall wind farm to ride through a grid fault, without implementation of any additional ride-through control strategy in the active stall wind farm. Variable speed multi-pole permanent magnet synchronous generator wind turbine concept A model for a variable speed wind turbine with multi-pole permanent magnet synchronous generator has been developed and implemented in DIgSILENT. The model contains representations of a permanent magnet generator, a back-to-back voltage source converter and its control, the aerodynamic rotor, a two mass model representation of the shaft system and the pitch angle control. A control method has been designed for normal operation conditions. The objectives of the control system are: • to track the maximum power operation point in case of small wind speeds; • to limit the power in case of large wind speeds; • to stabilize and damp actively the drive train oscillations existing in the multipole PMSG wind turbine system The strongest feature of this control method is that it enables the system to stay stable in any operating condition. It has been observed that the wind turbine configuration with multipole PMSG behind a full scale converter is quite an unstable system. There are several reasons for that: 1) PMSG has no damper windings 2) the drive train shaft becomes soft in case of large number of multipoles 3) SG behind a full scale converter (electrical decoupling between turbine and grid). The damping oscillations in the generator speed has been realized by periodically charging and discharging the dc-link, having thus no negative impact on the power quality in the grid. The performance of designed and implemented control strategy for the multipole PMSG with full-scale converter has been assessed and illustrated by means of simulations for different operating conditions (up and down steps in low and large wind speeds, deterministic as well as stochastic). A future research step is to investigate and enhance the fault-ride through and voltage grid support controller’s capabilities of the multipole PMSG full scale converter system. The three implemented wind turbine concept models are an important step towards the long-term objective of developing tools for study and improvement of the dynamic interaction between wind turbines/wind farms and power systems to which they are connected. These models can be easily extended to model different kinds of wind turbines or wind farms.
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