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Introduction

Three-phase voltage-source rectifiers (VSRs) are being increasingly used as high performance grid interface in power systems like distributed and renewable energy generation [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF]. VSR offers several advantages in its operation such as bi-directional power flow, unity power factor (UPF), low harmonic distortion of input currents and high quality dc voltage [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF][START_REF] Kolar | The essence of three-phase PFC rectifier systems-Parte I[END_REF][START_REF] Friedli | The essence of three-phase PFC rectifier systems-Parte II[END_REF].

The use of VSR requires incorporation of control system to achieve high performance. Voltage-oriented control (VOC) is the most classical method for VSR control [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF][START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF]Antoniewicz and Kazmirkowski, 2008). This decoupled scheme, originally proposed in [START_REF] Schauder | Vector analysis and control of advanced static VAR compensators[END_REF], uses two proportional-integral (PI) controllers in an inner loop to track current references and one PI controller in an outer loop to regulate dc voltage. Although the classical VOC has a simple structure, its robust performance to model uncertainties can be of concern [START_REF] Malinowski | A comparative study of control techniques for PWM rectifiers in ac adjustable speed drives[END_REF]. For instance, if the ac filter parameters are not known exactly, the d-and q-axes current dynamics are not fully decoupled. Hence, the PI-based control scheme can be driven into instability [START_REF] Shaker | Stability analysis and output feedback control for a class of switched nonlinear systems[END_REF].

Several methods have been proposed as alternatives to classical VOC scheme. Researchers have developed direct power control which leads to direct control of active and reactive powers [START_REF] Yan | Decentralised control for complex systems -an invited survey[END_REF][START_REF] Zhang | Model predictive direct power control of a PWM rectifier with duty cycle optimization[END_REF][START_REF] Norniella | Analytic and iterative algorithms for online estimation of coupling inductance in direct power control of three-phase active rectifiers[END_REF][START_REF] Kwak | Predictive-controlbased direct power control with an adaptive parameter identification technique for improved AFE performance[END_REF]. Control algorithms based on predictive approaches (Antoniewicz and Kazmirkowski, 2008;[START_REF] Zhang | Model predictive direct power control of a PWM rectifier with duty cycle optimization[END_REF][START_REF] Kwak | Predictive-controlbased direct power control with an adaptive parameter identification technique for improved AFE performance[END_REF][START_REF] Xia | Robust model predictive current control of three-phase voltage source PWM rectifier with online disturbance observation[END_REF][START_REF] Ramirez | A novel hybrid finite control set model predictive control scheme with reduced switching[END_REF][START_REF] Korelic | Predictive variable-structure system control of unity power factor rectifiers[END_REF] and input-output feedback linearization approaches [START_REF] Gensior | On some nonlinear current controllers for three-phase boost rectifiers[END_REF][START_REF] Burgos | Complex state-space modeling and nonlinear control of active front-end converters[END_REF] have been also developed. Although the above-mentioned methods can provide improved performances, they suffer from their complexity or ease of tuning. This paper improves the classical VOC by means of an adaptive method for ac filter parameters identification.

The proper identification of ac filter parameters has a significant influence on correct operation of VSR control. However, this relevant subject has not let to a large number of specific studies. Some works propose a methods based on recursive least squares algorithm [START_REF] Arriagada | On-line filtering reactance identification in voltagesource three-phase active-front-end rectifiers[END_REF]) and Lyapunov's function [START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF] for inductance identification. Analytic and iterative methods are also presented in [START_REF] Norniella | Analytic and iterative algorithms for online estimation of coupling inductance in direct power control of three-phase active rectifiers[END_REF] for inductance estimation. The two methods are based on the discontinuities that appear in estimated grid voltage when there is an error in the inductance estimation. In (Antoniewicz and Kazmirkowski, 2008), the inductance was estimated from average absolute values of VSR ac-side voltage and current. This method is simple, but second order low-pass filters are required to dismiss the high frequency variations associated with those magnitudes. Hence, the dynamic method is relatively slow, which leads to high inductance estimation error. Recently, a least square algorithm-based method is proposed in [START_REF] Kwak | Predictive-controlbased direct power control with an adaptive parameter identification technique for improved AFE performance[END_REF] for adaptive resistance and inductance identification. Although the mentioned methods can provide acceptable results, some of them lead only to inductance estimation [START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF]Antoniewicz and Kazmirkowski, 2008;[START_REF] Norniella | Analytic and iterative algorithms for online estimation of coupling inductance in direct power control of three-phase active rectifiers[END_REF][START_REF] Arriagada | On-line filtering reactance identification in voltagesource three-phase active-front-end rectifiers[END_REF] and, in low-power VSRs, the ac filter resistance cannot be neglected [START_REF] Kwak | Predictive-controlbased direct power control with an adaptive parameter identification technique for improved AFE performance[END_REF]. On the other hand, the used VSR terminal voltages in the identification process cannot be directly measured. They are usually estimated from output voltages of PI controllers and measured dc voltage. Since VSR nonlinearity due to the dead time and voltage drop exist in the used insulated-gate-bipolar-transistors (IGBTs) (Liu et al., 2012;[START_REF] Choi | Inverter output voltage synthesis using novel dead time compensation[END_REF][START_REF] Kim | Nonlinearity estimation and compensation of PWM VSI for PMSM under resistance and flux linkage uncertainty[END_REF][START_REF] Liu | Online estimation of the rotor flux linkage and voltage-source inverter nonlinearity in permanent magnet synchronous machine drives[END_REF], the mentioned methods [START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF]Antoniewicz and Kazmirkowski, 2008;[START_REF] Norniella | Analytic and iterative algorithms for online estimation of coupling inductance in direct power control of three-phase active rectifiers[END_REF][START_REF] Kwak | Predictive-controlbased direct power control with an adaptive parameter identification technique for improved AFE performance[END_REF][START_REF] Arriagada | On-line filtering reactance identification in voltagesource three-phase active-front-end rectifiers[END_REF] should operate without considering the VSR nonlinearity. Hence, the identified parameters may suffer from negligence of the VSR nonlinearity. Some authors have already studied the influence of voltage-source inverter nonlinearity on parameter estimation [START_REF] Liu | Influence of nonideal voltage measurement on parameter estimation in permanent-magnet synchronous machines[END_REF], and rotor flux linkage estimation [START_REF] Liu | Online estimation of the rotor flux linkage and voltage-source inverter nonlinearity in permanent magnet synchronous machine drives[END_REF] in permanent-magnet synchronous machines. However, there is still no literature proposing a method for ac filter parameters identification of a VSR with VSR nonlinearity consideration.

In this paper, the proposed adaptive VOC maintains the simplicity of the classical VOC while providing robust performance to uncertainty in system parameters. A new method based on adaptive linear neuron (ADALINE) for ac filter parameters identification is first developed. The main advantage of this method is its simple structure, speed and ability to be trained online [START_REF] Bechouche | A novel method for identifying parameters of induction motors at standstill using ADALINE[END_REF][START_REF] Bechouche | Adaptive neural PLL for grid-connected DFIG synchronization[END_REF][START_REF] Du | A new online hybrid learning algorithm of adaptive neural fuzzy inference system for fault prediction[END_REF]. For accurate identification, the VSR nonlinearity is included in the ADALINE structure. Hence, correct ac filter parameters can be easily estimated online from the ADALINE weights. To guarantee the ADALINE's convergence, a discrete-time Lyapunov stability analysis [START_REF] Romdhane | Stability analysis of discrete input output second order sliding mode control[END_REF] is presented. The proposed ADALINE identifier is experimented and the influence of VSR nonlinearity on the ac filter parameters identification is investigated. Thereafter, the identified parameters are used to perform an adaptive VOC where the decoupled terms and PI current controller gains are updated online. Finally, a comparative study showed the superiority of the proposed adaptive VOC scheme compared to the classical one under parameter uncertainties.

The paper is organized as follows. Section 2 presents the classical VOC of a VSR. The VSR nonlinearity is analyzed in Section 3. Section 4 presents the developed ADALINE identifier. Experimentation of the proposed adaptive VOC is given in Section 5. Finally, Section 6 concludes this paper.

2 Classical VOC of a three-phase VSR

Three-phase VSR modeling

The power circuit of the three-phase VSR is depicted in Figure 1. The VSR is connected to the grid through inductance L and its serial resistance R. e a , e b , and e c are the balanced source voltages with their maximum amplitude E and angular frequency ω; i a , i b , and i c are the input currents; v an , v bn , and v cn are the VSR terminal voltages; V dc and C are, respectively, the dc-link voltage and capacitance; R L is the load resistance. S a , S b , and S c stand for the switching state of each phase leg. S i =1 (i=a,b,c) means that the upper switch of phase i is turned on, and the lower switch is turned off, while S i =0 denotes the opposite meaning. In this paper, S i (i=a,b,c) are generated by a sinusoidal pulse-width modulation (SPWM) scheme. SPWM is based on comparing a triangular carrier wave with a three-phase modulation signals β i (i=a,b,c). The phases of β i (i=a,b,c) are shifted by 2π/3 and by φ relative to the ac source. For three-phase VSR average model, S i =(1+β i )/2 (i=a,b,c) [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF]. The modulation signals can be considered as a control inputs to the system and they are directly related to the amplitude and the phase of the VSR terminal voltages. The neutral of the ac sources is not connected. The resistance and the inductance of the feeder cables are neglected. In abc coordinates, the three-phase VSR average model [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF] can be described as

0 0 0 0 0 0 a a a an b b b bn c c c cn i i e v R d L i R i e v dt R i i e v - -                 = - + -                 - -         (1) ( ) 1 2 dc dc a a b b c c L dV V C i i i dt R β β β = + + - (2) 
where

2 1 1 1 2 1 6 1 1 2 an a dc bn b cn c v V v v β β β --             = - -             --       (3) 
The VSR model (1) can be described in stationary αβ frame, using Clark's transformation, as 0

0 n n e i i v R d L e i i v R dt α α α α β β β β           = + +                     (4) 
In Park's dq frame, the model ( 4) can be reasonably represented by the following equations:

d d d dn q q q qn e i i v R L d L e i i v L R dt ω ω         -   = + +                     (5)
where e d , e q , i d and i q are, respectively, the d-and q-axis components of the ac source voltages and the VSR input currents; v dn and v qn are the d-and q-axis components of the VSR terminal voltages.

The dc voltage dynamics can be expressed by ( )

3 4 dc dc d d q q L dV V C i i dt R β β + = + (6) 
where β d and β q are the d-and q-axis components of the modulation signals.

The active P and reactive Q powers of the VSR are calculated as ( ) ( )

3 3 ; 2 2 d d q q q d d q P e i e i Q e i e i = + = - (7.a)
By setting the grid voltage vector according to the d-axis (i.e., e d =E and e q =0), the equations (7.a) become

3 3 ; 2 2 d q P Ei Q Ei = = - (7.b)
Under UPF operation (Q=0), and according to (7.b), it can be deduced that i q is null (i q =0).

Currents control

In dq frame, the currents controller controls the ac side currents to achieve UPF operation and constant dc voltage. As currents controller, the PI-type is usually used [START_REF] Rashid | Power Electronics -Circuits, Devices and Applications[END_REF][START_REF] Malinowski | A comparative study of control techniques for PWM rectifiers in ac adjustable speed drives[END_REF]. However, PI controller has no satisfactory tracking performance, especially, for the coupled system described in (5). So, for high performance application with accuracy current tracking, decoupled currents control scheme for VSR should be applied. The decoupled scheme is shown in Figure 2. From Figure 2, the expression (8) can be deduced where K pc and K ic are, respectively, proportional and integral gains of the PI controllers. (•) * denotes a desired reference value.

V dc + - i a Sb Sa Sc i b i c R L C i L i C i dc R R R L L L e a e b e c v an v bn v cn n a S b S c S ( ) ( ) di v K i i K i i dt L Ri dt ∆ = -+ - = + ∫ (8.a) ( ) ( ) * * q q pc q q ic q q q di v K i i K i i dt L Ri dt ∆ = -+ - = + ∫ (8.b)
According to (8), under ideal decoupling between d-and q-axes, the two axis currents can be independently controlled. For K pc and K ic synthesis, a pole compensation method can be applied. Therefore, PI gains are designed as K pc =3L/t r and K ic =3R/t r , where t r is the desired time response. 

dc voltage regulation

In designing the controller of the dc voltage dynamics, it is assumed that dc voltage varies on a time scale significantly slower than the d-axis current. Hence, the current i d tracks perfectly its reference i d * . The dc voltage control scheme is reported in Figure 3 where K pv and K iv are, respectively, proportional and integral gains of the voltage PI controller. From Figure 3, the equation ( 9) can be deduced. The gains K pv and K iv are designed using a pole placement method as K pv =2z 0v Cω 0v and K iv =Cω 0v 2 where z 0v is the damping ratio and ω 0v is the undamped natural frequency of the controlled system in closed-loop.

(

) ( )

* * * dc C pv dc dc iv dc dc dV i K V V K V V dt C dt = - + - = ∫ (9)
Once the VSR model and classical VOC are presented, the following section will analyze the VSR nonlinearity due to voltage drop and dead time effects in the used IGBTs. 

Nonlinearity analysis of three-phase VSR

Figure 4 shows the nonlinearity for one leg of three-phase VSR, including two IGBTs. As can be seen in this figure, if i a flows to load (i a >0), the actual phase to center voltage v ao is 2

dc ao d V v V = + (when S a =1) (10.a) 2 dc ao ce V v V = - + (when S a =0) (10.b)
where V ce and V d are, respectively, the voltage drops of the active switch and freewheeling diode. If i a flows from load (i a <0), the actual phase to center voltage v ao is calculated as

2 dc ao ce V v V = - (when S a =1) (11.a) 2 dc ao d V v V = - - (when S a =0) (11.b)
Therefore, v ao can be represented in a general form as

( ) ( )( ) a 1 1 S sign 2 2 ao dc ce d a ce d v V V V i V V   = -+ -+ +     (12) 
where,

( ) { } sign 1if 0; 1if 0 . a a a i i i = + > - <
In many cases, the voltage drops in the IGBT increase with current. Thus, they can be represented as follows [START_REF] Choi | Inverter output voltage synthesis using novel dead time compensation[END_REF]:

0 0 , ce ce ce a d d d a V V r i V V r i = + = + (13) 
where V ce0 and V d0 are, respectively, the threshold voltages of active switch and freewheeling diode. r ce and r d are, respectively, the equivalent resistances of active switch and freewheeling diode. By substituting (13) in ( 12), v ao is rewritten as follows:

( ) ( )( ) ( ) a 0 0 1 1 S sign 2 2 1 2 ao dc ce d a ce d ce d a v V V V i V V r r i   = -+ -+ +     + + (14) 
From ( 14), the average phase to center voltage can be derived as

( ) ( )( ) ( ) 0 0 sw 1 1 sign 2 2 1 2 a ao dc ce d a ce d ce d a T v V V V i V V T r r i   = -+ -+ +     + + (15.a)
where T a and T sw are, respectively, the effective time duration and the SPWM carrier period. Similarly, the average phase to center voltage of other phases can be obtained as follows:

( ) ( )( ) ( ) 0 0 sw 1 1 sign 2 2 1 2 b bo dc ce d b ce d ce d b T v V V V i V V T r r i   = -+ -+ +     + + (15.b) ( ) ( )( ) ( ) 0 0 sw 1 1 sign 2 2 1 2 c co dc ce d c ce d ce d c T v V V V i V V T r r i   = -+ -+ +     + + (15.c) i L P * V dc * i dc * - + + + i C * × ÷ V dc i d * 2 3 e d 1 pv iv K K s + L ω e d e q i d i q i d * i q * v dn * - + - + + + - - - + d v ∆ q v ∆ v qn * 1 pc ic K K s + 1 pc ic K K s + L ω
where T b and T c are the effective time duration of phases b and c, respectively. 5(c) for i a >0 and in Figure 5(d) for i a <0. The effective time duration T a is the area between t 5 and t 6 for i a >0 or between t 3 and t 4 for i a <0. From Figures 5(a)-(d), the time error T aerr [START_REF] Kim | Nonlinearity estimation and compensation of PWM VSI for PMSM under resistance and flux linkage uncertainty[END_REF] can be deduced as

( ) * err 2 1 a a a a T T T T t t = -= -- (16) 
When i a is positive, T aerr = T d + T on -T off and when i a is negative, T aerr = -( T d + T on -T off ). The time error can be represented as

( )( ) err on off sign a a d T i T T T = + - (17) 
From ( 16) and ( 17), the effective time duration can be deduced as 

T T i M = + (18.b) ( ) * sign c c c T T i M = + (18.c)
To calculate the VSR average terminal voltages including the nonlinearity, the knowledge of the relationship between the terminal voltage and the phase to center voltage is required. This relationship can be written as follows:

ao an no bo bn no co cn no v v v v v v v v v             = +                   (19)
The absence of a neutral connection in the ac source forces the constraint that 0

a b c i i i + + = (20)
For any balanced ac filter parameters and grid voltages, the terminal voltages are constrained such that 0

an bn cn v v v + + = (21) 
From ( 19) and ( 21), the neutral to center voltage becomes ( )

1 3 no ao bo co v v v v = + + (22)
Therefore, the relationship between the terminal voltage and the phase to centre voltage can be deduced as follows:

2 1 1 1 1 2 1 3 1 1 2 an ao bn bo co bn v v v v v v   --          = - -             --       (23)
For phase a, the average terminal voltage including VSR nonlinearity can be calculated from ( 15), ( 18) and ( 23) as

( ) ( ) ( ) ( ) ( ) ( ) ( ) * * * sw 0 0 sw 2 1 3 1 2 6 1 2sign sign sign 2 a b c an dc ce d dc ce d ce d a b c ce d a T T T v V V V T M V V V V V T i i i r r i   -- = -+       + -+ + +     × - - + + (24) 
In ( 24), the term V ce -V d is neglected because V dc is much greater than V ce -V d [START_REF] Choi | Inverter output voltage synthesis using novel dead time compensation[END_REF]. Hence, ( 24) is simplified as

( ) ( ) ( ) ( ) ( ) ( ) * * * 0 0 sw sw 2 1 2 3 6 1 2sign sign sign 2 dc dc an a b c ce d a b c ce d a V MV v T T T V V T T i i i r r i   = -- + + +     × - - + + (25)
Similarly, the average terminal voltage including VSR nonlinearity of phase b and c can be easily deduced. Hence, the average terminal voltage vector is represented in the following matrix form:

( ) * * dist * 1 2 an an a a bn bn b ce d b cn c c cn v v D i v v V D r r i v D i v                 = + + +                         (26) When S a =1 When S a =0 If i a >0 If i a <0 a ia S a a S o vao Vce 2 dc V 2 dc V a ia S a a S o vao Vce 2 dc V 2 dc V a ia S a a S o vao Vd 2 dc V 2 dc V a ia S a a S o vao Vd 2 dc V 2 dc V where * * * * sw * * 2 1 1 1 2 1 3 1 1 2 an a dc bn b cn c v T V v T T v T     --         = - -             --       (27.a) dist 0 0 sw 2 1 6 dc ce d MV V V V T   = + +     (27.b) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2sign sign sign sign 2sign sign sign sign 2sign a b c a b a b c c a b c i i i D D i i i D i i i - -         = - + -         - - +     (27.c)
Therefore, the VSR model including nonlinearity is derived by substituting ( 26) in (1). In the next section, the VSR nonlinearity will be included in the ADALINE structure for accurately identifying R and L values. 

ADALINE for R and L identification

In stationary αβ frame, the equation ( 26) can be expressed as follows:

( )

* dist * 1 2 n n ce d n n v v D i V r r v D i v α α α α β β β β         = + + +                   (28.a) where ( ) ( ) ( ) ( ) ( ) 2sign sign sign 3sign 3sign a b c b c i i i D D i i α β - -     =     -       (28.b)
By substituting (28.a) in ( 4), the α-axis dynamic model of the VSR can be selected as follows:

( )

* dist 1 2 n ce d di e L Ri v V D r r i dt α α α α α α = + + + + + (29) 
and ( 29) can be rewritten under the following form:

dist di Z L Ri V D dt α α α α = + + (30.a)
where

( ) * 1 2 n ce d Z e v r r i α α α α = - - + (30.b)
Using the Euler approximation with a sampling period T s , the derivative of i α is approximated as ( ) ( )

1 s i k i k di dt T α α α + - ≈ (31) 
Then, i α is represented in the discrete-time domain as

( ) ( ) ( ) ( ) A 1 B 1 C 1 i k Z k i k D k α α α α = ⋅ -+ ⋅ -+ ⋅ - (32.a) 
where

( ) ( ) ( ) ( ) ( ) * 1 1 1 1 1 2 n ce d Z k e k v k r r i k α α α α -= -- -- + -, A s T L = , B 1 s RT L = - , dist C . s T V L = - (32.b)
Therefore, the quantities R, L and V dist can be deduced from (32) in the following way:

dist 1 B C ; ; . A A A s T L R V - = = = - (33) 
According to (32.a), the coefficients A, B, C can be easily identified online by three weights W 1 , W 2 and W 3 of the ADALINE. Indeed, by choosing the ADALINE with three inputs Z α (k -1), i α (k -1) and D α (k -1), the estimated α-axis current dynamics ( )

î k α can be computed as ( ) ( ) ( ) ( ) 1 2 3 ˆW 1 W 1 W 1 i k Z k i k D k α α α α = ⋅ -+ ⋅ -+ ⋅ - (34.a)
or in vectorial form

( ) ( ) ( ) ˆW 1 i k k X k α α = ⋅ - (34.b)
where

X α (k -1) = [Z α (k -1) i α (k -1) D α (k -1)] T and W(k) = [W 1 (k) W 2 (k) W 3 (k)
] are, respectively, the input vector and the weights vector of the ADALINE. (^) indicates the estimated quantities. When i α (k) is well estimated, the equality given by ( 35) is satisfied, with Hence, from ( 33) and ( 35), the parameters R, L and V dist are finally identified in the following way:

Y(k) = [A(k) B(k) C(k)]. ( ) ( ) W . k Y k = (35) 
3 2 dist 1 1 1 W 1 W ˆˆ; ; W W W s T L R V - = = = - (36) 
Figure 6 ADALINE structure for ac filter parameters identification

The topology shown in Figure 6 represents the identification process of R, L and V dist using ADALINE technique. This topology has the natural dynamic characteristics of the current i α dynamics. Therefore, the stability of the proposed method can be verified with an appropriate weight vector adaptation using the estimation error [START_REF] Romdhane | Stability analysis of discrete input output second order sliding mode control[END_REF]. This method has high immunity to measurement noise, because the feedback is used only in the weight adaptation algorithm [START_REF] Bechouche | A novel method for identifying parameters of induction motors at standstill using ADALINE[END_REF][START_REF] Du | A new online hybrid learning algorithm of adaptive neural fuzzy inference system for fault prediction[END_REF]. In this paper, V dist is identified just for the validation of identification algorithm and does not used in VOC. Indeed, V dist can indicate the convergence quality of ADALINE weights.

Using (34), the current estimation error ( ) ( ) ( )

k i k i k α α α δ = -
will be produced due to any mismatch between the estimated current and the actual one. This error is produced namely by parameter variation. Accordingly, it can be used to adaptively adjust the weight vector W

(k) = [W 1 (k) W 2 (k) W 3 (k)
] in a manner that minimizes the error.

To achieve this objective, a least mean square algorithm with learning rate η is used for the weights updating [START_REF] Bechouche | A novel method for identifying parameters of induction motors at standstill using ADALINE[END_REF][START_REF] Du | A new online hybrid learning algorithm of adaptive neural fuzzy inference system for fault prediction[END_REF]. Then, the ADALINE weight vector W(k) is recursively updated as follows:

( ) ( ) ( ) ( ) ( ) ( ) 1 W 1 W 1 1 T k X k k k X k X k α α α α ηδ ε - + = + + - - (37) 
where η is the learning rate and ε is a small value to avoid division by zero if X α T (k-1)X α (k-1)=0. 
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Eq. ( 36)

RL dist V D α (k-1) Z α (k -1) Eq. (32.b) V dc e α (k -1) v αn * (k -1) Eq. (28.b) i a (k-1) i b (k-1) i c (k-1)

Stability analysis of the ADALINE identifier

To prove the stability of the ADALINE identifier and to give the guideline in tuning the learning rate parameter η, Lyapunov function candidate for the parameter identifier (37) is used [START_REF] Romdhane | Stability analysis of discrete input output second order sliding mode control[END_REF]. This function is selected as

( ) ( ) ( ) W W T V k k k = % % (38)
where ( )

W k %
is the ADALINE estimation error, defined as

( ) ( ) ( ) W W k Y k k ≡ - % (39) 
The Lyapunov's convergence criterion must be satisfied such that

( ) ( ) 0 V k V k ∆ < ( 40 
)
where ∆V(k) is the change in the Lyapunov function. As ∆V(k) is defined positive as shown in ( 38), the stability condition ( 40) is satisfied when ∆V(k) < 0. The change in Lyapunov function is given by

( ) ( ) ( ) ( ) ( ) W 1 W 0 V k V k V k ∆ = + - < % % (41)
By using the parameters identifier error dynamics, which can be derived from ( 39), with the update law (37), ∆V(k) can be evaluated as

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) 2 2 1 1 W W W W 1 1 W 1 1 1 2 1 1 1 1 T T T T T T T X k X k k V k k k k X k X k k X k X k X k X k X k X k X k α α α α α α α α α α α η ε η η ε ε - - ∆ = - - + - -   -   - -   = -+   + - - + - -     % % % % % ( 42 
)
where ||•|| is the Euclidian norm in n ℜ . Assuming that ε >0 and 0< η <2, the bracketed term in ( 42) is negative and consequently the stability condition in ( 41) is satisfied. The following convergence properties are also satisfied:

( ) ( ) ( ) 0 0 0 W W W 1 W W 0 W , 1 k k k - ≤ -- ≤ - ≥ (43.a) ( ) ( ) ( ) ( ) W 1 lim 0 1 1 T k k X k X k X k α α α ε →∞ - = + - - % (43.b)
where W 0 is the vector obtained at perfect convergence of the estimator. According to (43), the augmented error is monotonically non-increasing, hence, the convergence is guaranteed.

Adaptive VOC of a VSR

In classical VOC, the current dynamics in dq frame is decoupled. The decoupling scheme requires an accurate knowledge of L. Hence, if L is not known, the current dynamics will not be decoupled perfectly. Although the integral term in the PI controller compensates for steady-state coupling disturbances, the transient system performance will be degraded [START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF]. In addition, stability of the inner currents control is mainly affected by parameter uncertainties [START_REF] Shaker | Stability analysis and output feedback control for a class of switched nonlinear systems[END_REF]. As shown in Section 2.2, K pc and K ic are directly designed from the identified R and L values. Therefore, with uncertainties in R and L, the currents control performances will be degraded and the system can be driven into instability [START_REF] Milasi | Adaptive vector control for voltage source converters[END_REF]. To overcome this, an adaptive VOC scheme is proposed. Figure 7 shows the overall structure of the developed adaptive VOC of a VSR with online R and L identification. As R and L are updated online while the VSR runs, the proposed scheme guarantees asymptotic decoupling of the current error dynamics and stability of the PI currents controllers. As VOC strategy requires a phase-locked loop (PLL) for grid synchronization, an adaptive neural PLL is used [START_REF] Bechouche | Adaptive neural PLL for grid-connected DFIG synchronization[END_REF]. Note that the proposed adaptive VOC scheme can be implemented without any additional sensors compared to those already used in the classical scheme.

To validate in experiment the suggested ADALINE identifier and adaptive VOC strategy, the following section will present the experimental investigation.

Experimental investigation

The hardware platform of the three-phase VSR is first introduced. Then, the developed ADALINE-based algorithm for R, L and V dist identification is tested. At last, the identified R and L are used to perform an adaptive VOC of the VSR. 

Experimental platform description

The developed adaptive VOC strategy is tested in a threephase VSR. The specifications of the experimental system 4 1 2 3 5 7 6 8 are given in Table 1 while the test bench is shown in Figure 8. It consists of a three-phase IGBT based VSR of 120 kVA (Mitsubishi) with anti-paralleling diodes (module CM100DY-24H). Three Hall-effect voltage sensors of LV25-P type and three Hall-effect current sensors of LA55-P type are used to measure dc-bus voltage V dc , two grid voltages (e a , and e b ), two input currents (i a and i b ) and load current i L , respectively. To test experimentally the developed identification and control method, a DS1104 dSPACE board based on TMS320F240 is used. The algorithms are programmed in MATLAB/Simulink environment and implemented using Euler resolution method and sampling period of 250 µs. Simulink's Real-Time Workshop is used to build real time code and execute it on dSPACE hardware inserted in a PC-Pentium. Slave DSP three-phase PWM generation block is used to convert modulation signals (β a , β b and β c ) provided by SPWM to PWM signals S a , S b and S c . The ADALINE identifier is implemented with a learning rate η=0.01. This value is experimentally adjusted to ensure stability and optimal speed of weights convergence. v alpha (V) V dc (2 V) i alpha (0.2 A) D alpha (x 0.1)

Online identification results of R, L and V dist

The proposed ADALINE technique for online identification of R and L is experimented. The VSR is controlled to achieve UPF operation using the classical VOC strategy. The PI gains K pc and K ic are calculated using the rated values shown in Table 1. V dc is regulated to 150 V and R L is selected to 56 Ω.

Several experiments have been realized. First test consists to verify stability and accuracy of the identification method in steady state conditions. Second test is performed to show the effect of VSR nonlinearity in R and L identification. Two last tests are realized to show tracking ability of the identification algorithm with respect to step changes in L and R. In this paper, V dist is identified to verify the good convergence of the ADALINE weights. As analyzed in Section 4.1, identification of R, L and V dist consists of implementing (37). This method uses Z α (k -1), i α (k -1) and D α (k -1) as inputs in order to estimate i α (k). The estimation error δ α (k) is used in (37) for online updating W 1 , W 2 and W 3 . Therefore, these weights are exploited using (36) to reconstitute in real time R, L and V dist values. Figure 9 shows the used signals in identification process. From this, it can be observed that the VSR operates at UPF since e α and i α are in phase, D α has the six-step waveform and peaks of ±4, and V dc is well regulated to 150 V. Figure 10 illustrates the steady state performances of the proposed identification method. As shown in Figure 10(a), the ADALINE operates properly with good accuracy since δ a is very small. This proves the stability of the ADALINE identifier. Figures 10(b)-(d) show, respectively, the identified R, L and V dist values. According to these results, the ADALINE remain stable, since the identified parameters converge to stable and constant values. The identified R value is 1.01Ω and the identified L value is 10.45mH. Therefore, the identified values are very close to the nominal values provided Table 1. The identified value of V dist is also stable and close to 1.45V. On the other hand, the calculated typical value of V dist from Table 2 (from the Mitsubishi official datasheet) is 1.4V. Hence, the identified V dist value stays realistic since it is close the typical one. To study the influence of the VSR nonlinearity in R and L identification, tests with and without taking into account the VSR nonlinearity in the ADALINE structure are performed. The test without taking into account the VSR nonlinearity consists of implementing (37) with only two weights W 1 and W 2 , i.e., the input of W 3 is D α (k -1) = 0 (see Figure 6). Figure 11 illustrates the obtained experimental results. In Figure 11(a), it can be seen that the effect of the VSR nonlinearity in R identification is important. With taking into consideration the VSR nonlinearity the identified R is 1.01Ω, and without taking into consideration the VSR nonlinearity, the identified R value passes to 1.76Ω. Figure 11(b) shows the influence of the VSR nonlinearity in L identification. Without taking into account the VSR nonlinearity, the identified L value passes to 11.07mH. Compared to the results shown in Figure 11(a), the influence of the VSR nonlinearity in L identification is negligible. Consequently, the ADALINE interprets the VSR nonlinearity as an increased value in R.

Thereafter, two tests have been performed for illustrating the performances of the ADALINE identifier with respect to parameter variations.

Figure 12 presents the identified R, L and V dist in case of step change in L. At time t=3.47s, a three-phase inductance of 4.9mH has been connected in series with the ac filter. In Figure 12(b), L is identified within 0.09s after step change in L. The identified L value is close to 15.35mH. A slight deviation in R value is appeared and stabilized at 1Ω within 0.09s (Figure 12(a)). Figure 12(c) shows a slight deviation of V dist from its initial value and is stabilized within 0.09s. Figure 13 presents the identified R, L and V dist in case of step change in R. At time t=3.34s, a three-phase resistance of 0.4Ω has been short-circuited in the interconnected resistances (see Figure 8). In Figure 13(a), R is identified within 0.09s after step change in R. The identified R value is close to 0.61 Ω. In Figure 13(b), the identified L value remains stable (about 10.45mH) and it seems not affected by R variation. Figure 13(c) shows a slight deviation of V dist but it tends to converge to its initial value. Figures 10-13 reveal that the ADALINE identifier guarantees precise identification. Therefore, the identified parameters can be reliably used in different control blocks of VOC strategy.

Classical VOC of VSR with parameter uncertainties

As has been seen in Section 2.2, VOC requires knowledge of R and L for K pc and K ic computation. The terms Lωi q and Lωi d are needed for decoupling i d and i q dynamics, respectively. Hence, any deviation of R and L from their nominal values affects the control performances. This subsection presents the performances of the classical VOC of VSR with 60% mismatch in both R and L. The dc voltage is regulated to 150V. The load resistance R L is varied from 110Ω to 55Ω at time t 1 =2.28s and from 55Ω to 110Ω at time t 2 =6.45s. i q * is set to zero to ensure a UPF operation. The obtained results are illustrated in Figure 14. In Figure 14(a), oscillations in V dc are observed at times t 1 and t 2 . As L is mismatched, the terms Lωi q and Lωi d are not exactly calculated for i d and i q dynamics decoupling. In addition, the computed gains K pc and K ic cannot achieve the desired performances since the identified R and L are not exact. Figures 14(b) and (c) show that i d and i q are degraded and present oscillations at transient states. This degrades the power factor of the system since i q is not well maintained to zero. From Figures 14(d) and (e), the modulation signals β d and β q present also oscillations in transient states and tends to be saturated. Although the integral term in PI controller compensates the steady state error, oscillations in transient states are appeared. These degrade the power factor and can driven the system into instability. To improve the classical VOC performances, the PI current controller gains and decoupling terms must be updated. The following subsection presents the validation results of the proposed scheme, reported in Figure 7, for adaptive VOC.

Adaptive VOC of three-phase VSR

As shown in Figure 15, the adaptive VOC achieves good performances in transient and steady states with respect to R L variation. The dc voltage is regulated to 150V. The load resistance R L is varied from 110Ω to 55Ω at time t 1 =1.87s and from 55Ω to 110Ω at time t 2 =6.31s. i q * is set to zero to ensure a UPF operation. In Figure 15(a), transient performance of the regulated V dc is fast and zero steady state error is achieved. From Figures 15(b)-(e), the proposed adaptive VOC is more stable since the oscillations in transient states are removed. Indeed, the proposed adaptive control method can stay stable at any values of R and L. This is due to the self tuning feature, which enables the redesign of PI gains and decoupling terms in real time at different parameters. Therefore, in the proposed adaptive PI current controllers, the stability of VOC strategy becomes independent of system parameters.

The reported results indicate that the proposed adaptive scheme results in stable and robust grid-connected VSR operation and favorable dc voltage regulation response.

Conclusion

In this paper, an adaptive VOC of a VSR with ac filter parameters identification method was introduced. The proposed identification method, based on ADALINE, is robust and requires low computational cost. The VSR nonlinearity has been analyzed and included in the ADALINE structure. Hence, accurate ac filter parameters have been easily obtained from the ADALINE weights. Thereafter, the identified parameters have been used to realize an adaptive VOC where the decoupled terms and PI current controller gains have been updated online. Finally, the obtained experimental results have proved the ADALINE ability to track with accuracy the R and L values. It has been observed that the VSR nonlinearity consideration has significant influence on the identification of R value and has negligible influence on the identification of L value. A comparative study has showed the superiority of the proposed adaptive VOC scheme compared to the classical one under parameter uncertainties. The developed ADALINE identifier is independent on the type of the VSR control; therefore; it can be used to enhance the robustness of further existing control methods.
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 1 Figure 1 Topological structure of a three-phase VSR
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 2 Figure 2 Decoupled currents control of three-phase VSR
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 3 Figure 3 dc voltage regulation of three-phase VSR
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 4 Figure 4 Nonlinearity for one leg of three-phase VSR

  where M = T d + T on -T off .Similarly, the effective time duration of phases b and c can be deduced as follows:
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 5 Figure 5 VSR input voltage and IGBT drive signals: (a) ideal IGBT drive signal, (b) actual drive signal with dead time, (c) actual output voltage with dead time and switch-on/switch-off times for i a >0, (d) actual output voltage with dead time and switch-on/switch-off times for i a <0
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 7 Figure 7 Proposed scheme for adaptive VOC of a VSR with online ac filter parameters identification
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 8 Figure 8 Different parts of the experimental platform: 1) threephase VSR, 2) PC-Pentium + dSPACE board, 3) dSPACE I/O connectors, 4) isolating transformer, 5) interconnecting resistances and inductances, 6) voltage sensors, 7) current sensors, 8) load resistance
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 9 Figure 9 Used signals in identification of R, L and V dist
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 10 Figure 10Steady state performances of the ADALINE identifier: (a) estimation error, (b) identified R, (c) identified L and (d) identified V dist
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 11 Figure 11Influence of VSR nonlinearity on R and L identification values: (a) identified R and (b) identified L

  Figure 12Performances of the proposed method for step change in L
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 14 Figure 14Performances of the classical VOC of a VSR with 60% mismatch in both R and L: (a) dc voltage V dc , (b) d-axis current i d , (c) q-axis current i q , (d) d-axis modulation signal β d and (e) q-axis modulation signal β q
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 15 Figure 15Performances of the adaptive VOC of a VSR: (a) dc voltage V dc , (b) d-axis current i d , (c) q-axis current i q , (d) d-axis modulation signal β d and (e) q-axis modulation signal β q

Table 2

 2 Typical electrical characteristics of the used IGBT modules (from Mitsubishi CM100DY-24H datasheet)

	Turn-on delay time T on (µs)	0.1
	Turn-off delay time T off (µs)	0.3
	Switching control dead time T d (µs)	3.5
	Threshold voltage of the active switch V ce0 (V)	0.8
	Threshold voltage of the freewheeling diode V d0 (V)	0.7
	Equivalent resistance of the active switch r ce (mΩ)	9.4
	Equivalent resistance of the freewheeling diode r d (mΩ)	15