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Abstract

:

In many countries the percentage of power electronic interfaced power sources (PEIPS), especially renewable energies like wind power and photovoltaic (PV), has increased significantly during the last decade.Retaining system stability with a declining number of conventional synchronous generators is a new challenge that starts to be addressed by Grid Operators. The existing control schemes used in distributed energy generation inverters generally do not provide significant services to grid stability. This paper focuses on a control scheme that is in many ways similar to the control of conventional power plants, but avoids a higher rating of the inverters which is often required by control approaches emulating the response of a synchronous generator. The control parameters of the proposed scheme are derived analytically and their main dependencies from major system parameters are discussed. An add-on to achieve fault ride through capability for both balanced and unbalanced faults for voltage controlled inverters is presented. Model validation results in a laboratory setup show very good correlation and have proven practicability of the theory as well as fault ride through and islanding capability.
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1. Introduction


The total amount of electric energy supplied by PEIPS is rising significantly during the last decade, [1,2,3]. At the same time energy generated by grid forming conventional power plants is reduced with negative impact on grid stability [4]. The traditional common control schemes of renewable energy sources inverters have been derived from the well-known and well proven control schemes from adjustable motor drives. Typically they are mainly current controlled [5,6,7,8]. The current control nature has the significant advantage of precise torque control and excellent inverter protection by limiting the set point values of the controllers. The classical approach of current control works in a rotating reference frame, where the currents become dc quantities under stationary conditions and the integrator part of the controller ensures zero stationary error [8,9]. A different approach of current control is based on a stationary reference frame. In order to achieve zero steady state error with such a controller it must have infinite gain at line frequency resulting in a resonance transfer function [6,8,10]. Although both control schemes look very different at first sight, in Reference [11] it has been shown that the proportional-resonant (PR) control in the stationary reference frame is identical to proportional-integral (PI) control in a rotating reference frame for positive and negative sequence with equal controller gains in both reference frames.



An alternative control concept uses the power quantities directly without controlling currents in a cascaded structure [12,13,14,15]. However, all these control concepts do not provide grid stability in case of grid disturbances, for example, fast frequency or voltage changes. Current or power controlled inverters will keep the desired quantities, current or power, constant during the first transient time. Only in an outer secondary loop typically the set point values may be changed according to some characteristics, that are consistent with grid utility.



Grid stability right now is mainly maintained by the still operating conventional power plants with their inherent grid stabilizing nature of conventional synchronous power generators. The requirements defined in the European Grid Code [16] can be summarized as “grid friendly” behaviour, which supports the functioning of existing conventional power stations, but does not aim to fully replace them. In order to further increase the amount of power electronics interfaced power sources (PEIPS), the corresponding control concepts of the grid connected inverters must change and give a similar inherent stability service as conventional power plants [17]. An ENTSO-E Report on ’High Penetration of Power Electronic Interfaced Power Systems’ has been published in January 2020 [18], defining the requirements for an inverter control that can operate a grid without support from conventional generators.



Voltage controlled inverters are well established in island mode [19,20,21], but rarely applied to grid tied operation [22] where a centralized control of voltage and frequency is not possible. Research on inverter control based on the concept of Virtual Synchronous Machine (VSM) [23,24,25,26,27], show promising results of maintaining grid stability, but these concepts lack the capability to limit the currents in a way needed for todays inverter design. The work described in this paper presents a voltage fed (grid forming) control scheme, that is similar to the conventional primary control of power plants, but avoids a higher rating of the inverters which is often required by control approaches emulating the response of a synchronous generator like VSM. This paper assumes that the input power for the grid connected inverter is freely available by means of power margin, inertia or some suitable energy storage system. The parameters of the presented scheme are given in an analytically form showing the dependence of key parameters on desired response behaviour. Voltage sources as well as voltage controlled inverters usually suffer from high short circuit currents. This paper presents in addition a robust current limiter add on in order to reduce the fault current to similar values as known from current controlled inverters. Unlike other current limiting control concepts like dynamic pulse inhibition the presented fault limiter maintains sinusoidal wave forms.



In Section 2 the basic dependencies of power quantities on inverter voltage magnitude and phase are presented as a basis for primary control. The proposed inverter control for frequency and voltage magnitude derived from References [22,28,29] is given in Section 3. This section shows new derivation of the analytical design of droop control parameters and their dependencies on system parameters. The control system is extended by a novel fault current limiting structure, that prevents the inverter from excessive overcurrents typical for voltage fed control systems. The total system achieves excellent grid stabilizing behaviour while maintaining good fault current limitation similar to current controlled structures. In Section 4 the simulation results are confirmed by laboratory tests.




2. Basic Primary Control


In general, the simplified equivalent circuit shown in Figure 1 applies for grid connected inverters with the appropriate phasor diagram, where    V  I n v   ̲  ,    V G  ̲   and   I ̲   are the complex phasors of inverter voltage, grid voltage and grid current respectively. The typical line filter (LCL) is simplified to a resulting longitudinal impedance. The influence of the filter capacitor on grid stability issues can be neglected for most issues.



The active and reactive per unit power can be derived from the per unit voltage amplitudes on both sides, their corresponding voltage angle and the filter impedances


    p   =      v G     v  s c    2     v  s c , R   ·   v  I n v   cos  δ V  −  v G    +   v  s c , X   ·  v  I n v   · sin  δ V      



(1)






    q   =      v G     v  s c    2    v  s c , R   ·  v  I n v   sin  δ V  +   v  s c , X   ·    v  I n v   · cos  δ V  −  v G    ,     



(2)




where p and q represent the per unit active and reactive power respectively;   v  s c , X    and   v  s c , R    represent the relative inductive and resistive short circuit voltage drop of the filter impedance;   v  I n v    and   v G   represent the per unit magnitude of inverter and line voltage respectively;   δ V   represent the voltage angle, angle between inverter and line voltage phasor. Typically the voltage angle between inverter and grid voltage is small, so that   sin  δ V  ≃  δ V    and cos    δ V  ≃ 1  . In addition the ohmic part of resulting filter impedance is small compared to the inductive part.


  p ≈   v G   v  s c       v  I n v   ·  δ V     ,   q ≈   v G   v  s c       v  i n v   −  v G    .  



(3)







These basic equations show the basics of grid control, the active power p mainly depends on the voltage angle  δ  and the reactive power q mainly depends on the difference of voltage amplitudes. Both equations are well decoupled as long as the ohmic part of the filter impedance can be neglected. In [20,21,30,31,32,33] a power transformation is proposed in case of non-negligible resistive impedance. In this case the desired active and reactive power are transformed to new decoupled virtual power quantities (p′, q′), that can be calculated similar to Equation (3) and be controlled by voltage angle and voltage amplitude with good decoupling.


       p ′       q ′      =           sin θ     − cos θ             cos θ     sin θ         ︸   T  P Q        p     q     ,  



(4)




where  θ  represent the angle of line filter impedance.



The classical primary control of power plants uses a droop control for frequency and voltage magnitude in dependence of active and reactive power respectively. The frequency droop slope is usually in the range of 2–6% depending on the type of power plant, see Figure 2.



This droop control of frequency results in a load share according to their p-f-curve and keeps inherently synchronism of the plants. Under stationary conditions each power plant delivers the amount of power according to its individual p-f-curve. Using proper filter coefficients and adjusting the p-f-curve by a secondary control the time behaviour and the load share of the plants can be controlled safely with regard to the specific power plant and an overall control target [34].



In practice in Europe only in rare cases frequency deviations greater than 100 mHz are observed in the grid. This corresponds to power changes less than 4% due to primary control. This inherent grid stabilizing feature shall be maintained by the proposed inverter control scheme. The inverter control generates set values for frequency and voltage amplitude. In this manner it can be viewed as a rude implementation of a virtual synchronous machine. However the aim is not to act as close as possible to a real synchronous generator but to extract the essential properties to service grid stability.




3. Control of Frequency and Voltage


3.1. Frequency Control


The resulting block diagram of control scheme of inverter output frequency is given in Figure 3. The error signal between the active power set point and the actual measured filtered power generates via the gain of the frequency droop an add-on frequency   Δ f  , changing the voltage angle until the error is zero under stationary conditions. The calculated power is filtered with a first order low pass filter in order to give a good decoupling and emulate the desired amount of inertia. The open loop transfer function is given by:


   G o   ( s )  =   2 π  k f   f 0     v  s c   s  ( 1 + s  T  p , f i l   )    ,  



(5)




where   k f   represents the slope of droop control; s represents the Laplace operator. For well damped response a phase margin of 60 °C is suitable, resulting in a gain of


   k f  =   v  s c    3 · π ·  f 0  ·  T  p , f i l     .  



(6)







The resulting gain, the slope of droop control, is proportional to the short circuit voltage of resulting filter impedance and inversely proportional to the filter time constant of measured active power. The closed loop transfer function with this droop slope results in:


   G c   ( s )  =   p  p u    p  r e f , p u     ( s )  =   2 · ( 1 + s  T  p , f i l   )   2 + 3 s  T  p , f i l    ( 1 + s  T  p , f i l   )     



(7)




having the poles at


   λ  1 , 2   = −  1  2  T  p , f i l     ± j   1  T  p , f i l     ,  



(8)




resulting in a damping factor of d = 0.5. In order to compensate the zero of the closed loop transfer function a set point filter with   τ =  T  p , f i l     is applied.



At a line frequency of    f 0  = 50  Hz   and an active power filter time constant of    T  p , f i l   = 100  ms  , the resulting slope is only    k f  = 4.244 ·  10  − 3     that is far away from typical values of conventional power plants. This extremely low droop results in overload conditions in case of frequency changes in the grid since the inverter changes its frequency only marginally.



In References [22,28,29] it has been proposed to extend the basic frequency droop control by an additional direct path, that acts as feed forward term from the power error   Δ p   directly on the voltage phase   θ  I n v    see Figure 4. This is generally identical to a differential action of the power error onto the frequency. So far no analytical gains design for this structure has been published showing the main dependencies of control gains on system parameters. Looking in Figure 3 at the droop control, the de-normalization and the integrator as a controller and the rest as a plant, then it is straightforward to change the present integral controller to a proportional integral (PI) controller. Using again the set point filter and compensating the pole of the plant with the zero of the PI controller,    T  P I   =  T  p , f i l    , results in a proportional gain of


   k ϕ  = 2 π ·  k f  ·  f 0  ·  T  p , f i l    








and a closed loop transfer function of


   G  c , P I    ( s )  =  1  1 + s   v  s c     k f  · 2 π  f 0      .  



(9)







The resulting phase margin is 90 °C, the closed loop function represents a first order low pass filter. The additional feed forward path onto the inverter voltage phase gives excellent damping independent of the chosen active power filter time constant. The frequency droop slope   k f   now can be set similar to power plants maintaining a well damped response. Usually the response time is now very fast, it can be reduced to a desired value with respect to the emulated inertia by means of an additional set point filter, that determines the desired overall time constant of the frequency control system.




3.2. Voltage Control


According to (3) the voltage difference of inverter and grid voltage is proportional to the reactive power. Typically the amount of reactive power will be set as a function of grid voltage, see Figure 2, aiming to stabilize the grid voltage to desired values.



Operating the inverter like a voltage source with adjustable frequency, phase and amplitude, the inverter inherently stabilizes grid frequency and voltage. A grid frequency change will immediately change the active power and a voltage sag will immediately change the reactive power. This nature well known from synchronous generators stabilizes the grid inherently. This feature should be retained by modern control strategies in order to offer suitable grid service.




3.3. Fault Ride Through Control


Voltage controlled inverters on the other side are known to cause excessive fault currents due to their typical low short circuit impedance given by the line filter impedance. In the following an easy to implement and robust fault current control is proposed. Since the filter impedance is well known, the stationary current in case of a fault can be limited just by limiting the voltage difference across the filter impedance. Neglecting the ohmic part of the filter impedance, the maximum allowable voltage drop is


  Δ  v  d m a x   =  v  s c   ·  i  q m a x   ,  



(10)




where   i  q m a x    represents the maximum allowed reactive current. With respect to the maximum inverter current   i  m a x    the remaining active current has to be limited to


  Δ  v q  =  v  s c   ·  i  d m a x   ,  



(11)




with


   i  d m a x   =    i  m a x  2  −  i  q  2    .  



(12)







Typically a reactive current feeding the fault is given priority. The current limiter is executed in the rotating reference frame (  d , q   coordinates). The limiter in Figure 5 limits first the d-component of the filter voltage determining the reactive current. The q-component of the filter voltage determining the active power output is additionally reduced if necessary, so that the total current remains within the given limits of the inverter.



This limitation of filter impedance voltage ensures static current limitation, but results—like a step change applied to an inductive load—in high dynamic current overshoot and low damped line frequent oscillating currents at fault entry and fault clearing. Suitable damping and very low overshoot is achieved by a feed back network, that feeds the low pass filtered derivatives of the current back to the inverter voltages.


       Δ  v  d , d y n         Δ  v  q , d y n        =      G  d d      G  d q        G  q d      G  q q       ·      i d       i q      .  



(13)







Each transfer function of the damping network consists of a second order low pass filter to prevent any unwanted high frequency excitation but enabling damping of line frequent oscillations and a derivative block for the main damping purpose.


   G  x y    ( s )  = ±   s  T  D x y     1 + j s  T  1 x y   +  s 2   T  2 x y  2    .  



(14)







The three time constants for each transfer function have been optimized for well damped response with low overshoot on fault entry and fault clearing. The sign for   G  d q    has to be negative, while the sign for the other transfer functions is positive. The fault ride through (FRT) add on circuit shown in Figure 6 is practically ineffective under normal stationary conditions or slow changing conditions. Under low voltage fault ride through (LVFRT) conditions it limits the current with inductive current priority and well damped response. Figure 7 shows the simulation result of a symmetrical LVFRT event. The voltage at the point of common coupling (PCC) during grid connected condition with full load drops down to about 50% of nominal voltage. During the fault the inductive current rises to 1 pu, the active current is reduced to maintain a typical maximum limit of total current of 1.2 pu. After clearing of the fault the old operating point is recovered fast. No significant overcurrents can be observed despite of the voltage fed nature of the inverter control system, while other published voltage fed control systems, like Virtual Synchronous Machine [23], have shown peak currents in the range of 2–3 pu.



Figure 8 shows the simulation result of an islanding event. Prior islanding an active current of 1 pu is delivered to the grid. After islanding a load of about 50% is connected to the islanded network. As a result the frequency slightly rises according to the p-f curve.



For proper behaviour at unsymmetrical faults the structure is extended by a feed forward negative sequence control. The inverter voltage is changed so that a desired virtual impedance    Z  n , p u   =   V  n , p u    I  n , p u      is achieved, which is typically 0.5 pu. The negative sequence voltage of the inverter results in


     v  d i n v , n     =     v  d −   ·  1 −   v  s c    Z  n , p u         



(15)






     v  q i n v , n     =     v  q −   ·  1 −   v  s c    Z  n , p u     .     



(16)







The total negative sequence component is considered in the positive sequence filter voltage limiter (Figure 6), so that the maximum allowable positive sequence filter voltage is reduced accordingly.





4. Laboratory Results


The test bench as shown in Figure 9 consists of a back to back 11 kVA inverter, a grid representation and a fault branch. The impedance of the grid and the fault branch can be configured in a wide range. The bench has been configured to emulate a real 3 MW wind power plant with equal p.u. values for filter and grid impedances, same switching frequency and same filter resonance frequencies. In order to model real world   X / R   values of the transformers, the transformers itself have been designed to offer low short circuit impedance, that has been artificially increased by external chokes with low resistive component. The system parameters are given in Table 1.



The controller for the inverter is based on a dual core signal controller of the type TMS320F28379D from Texas Instruments. The code of the main control functions has been automatically generated from the simulation structure. The inverter protection functions, A/D conversion, pulse width modulation, state machine and communication tasks have been developed separately [35].



Figure 10 shows the laboratory result of the LVFRT test. The residual fault grid voltage has been set to 50% by means of a short circuit impedance equal to the grid impedance. With the fault entry the reactive current rises fast to about 1 pu and the active current is reduced almost to zero. After the fault is cleared the initial operating condition is retained. The laboratory result shows good agreement with the simulation results. Some difference is present due to a minor mismatch of line filter impedance. Figure 11 shows the laboratory result of an islanding event. During this event no change in control structure happens. The load is only half of the load supplied to the grid prior the islanding event. As a result the frequency slightly shifts upwards according the applied p-f-curve. This rise has be limited in a second stage by appropriate limiting or freezing of   f  P L L    (Figure 2). A direct comparison between simulation and laboratory result for the symmetrical LVFRT, unsymmetrical LVFRT and islanding event is shown in Figure 12, Figure 13 and Figure 14 respectively. In case of the unsymmetrical fault, the negative sequence component of voltage at the PCC rises up to about 25% while the positive sequence component falls down accordingly. Due to the negative sequence control the negative sequence component of current rises up to about 50%. The positive sequence current is reduced accordingly, so that the stationary total current amplitude is not exceeded beyond the implemented fault current limit. The current transients are comparable with results, that have been published for conventional current control schemes as dq-control in the synchronous reference frame or PR-control in the stationary reference frame [36] using similar switching frequencies typical for high power wind power plants.




5. Conclusions and Future Work


It has been shown that inverters feeding renewable energies—for example, wind power and PV—to the grid can be controlled in a voltage fed manner like conventional power plants. The control concept works both in grid connected mode as in islanded mode without topology change of the control structures. An analytical design of the droop control parameters with phase intervention has been presented and their dependencies on system parameters are shown. A suitable limiter of the filter impedance voltage complemented with a differential damping network and a negative sequence control enables the important competitive fault ride through capability. In addition the control structure shows seamless transitions during islanding events. Laboratory tests have been performed for islanding events as well as for LVFRT events including unsymmetrical fault conditions. The laboratory results have been in good agreement with the simulation results. The presented simple and robust voltage fed control scheme provides significant service to grid stability without the need for inverter over-sizing beyond industrial standards. The main control scheme is identical for grid tied operation as well as for islanded operation. There is no need anymore for fast islanding detection and reconfiguration of the control scheme as for classical current controlled solutions.



Future work will first focus on increasing the damping of the negative sequence current control and further decreasing the peak transient currents during unsymmetrical faults. In a second stage the research group will focus on the behaviour during parallel operation with different current controlled and voltage fed PEIPS.
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Figure 1. Equivalent circuit and phasor diagram. 






Figure 1. Equivalent circuit and phasor diagram.



[image: Energies 13 02579 g001]







[image: Energies 13 02579 g002 550] 





Figure 2. Droop control. 
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Figure 3. Basic frequency control. 
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Figure 4. Enhanced frequency control with phase intervention. 
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Figure 5. Static current limiting control of voltage fed inverter. 
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Figure 6. Fault ride through (FRT) control of voltage fed inverter. 
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Figure 7. Simulation result of low voltage fault ride through. 
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Figure 8. Simulation result of an islanding event. 
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Figure 9. Single line diagram of test bench. 
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Figure 10. Laboratory result of low voltage fault ride through. 
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Figure 11. Laboratory result of an islanding event. 






Figure 11. Laboratory result of an islanding event.



[image: Energies 13 02579 g011]







[image: Energies 13 02579 g012 550] 





Figure 12. Comparison between simulation and laboratory result for LVFRT event. 
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Figure 13. Comparison between simulation and laboratory result for islanding event. 
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Figure 14. Comparison between simulation and laboratory results for unsymmetrical LVFRT. 
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Table 1. System Parameters.
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	Symbol
	Parameter
	Value
	Units





	f
	Grid frequency
	50
	Hz



	   S N   
	Nominal apparent power
	11
	kVA



	   f T   
	Switching frequency
	1950
	Hz



	   T  p , f i l    
	Filter time constant for active power
	100
	ms



	   T  q , f i l    
	Filter time constant for reactive power
	100
	ms



	   k f   
	Frequency droop
	2.5%
	



	   k ϕ   
	Phase intervention
	0.6
	rad/pu



	   k U   
	Voltage droop
	2
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