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This paper proposes the estimation of parameters and symmetrical components of unbalanced grid using adaptive observer framework. Recent adaptive observers proposed in the literature doesn't employ any gain normalization in their frequency estimation loop. This can be problematic in the presence of large voltage dip. This paper proposes a solution to overcome this limitation using a novel gain normalized -frequency-locked loop (GN-FLL). Technical details of GN-FLL, stability analysis and tuning are provided in this paper. Comparative experimental results with adaptive Luenberger observer, second-order generalized integrator -phase-locked loop (SOGI-PLL) and enhanced PLL (EPLL) are provided to demonstrate the effectiveness the proposed technique in the single-phase case. Comparative experimental results with double SOGI-FLL (DSOGI-FLL) and adaptive notch filter (ANF) are provided to demonstrate the effectiveness the proposed technique in the three-phase case.

Introduction

In the control, synchronization and monitoring of gridconnected power converters, parameters of the grid voltage specially phase, frequency, symmetric components etc. play a very important role [START_REF] Jaalam | Acomprehensivereviewofsynchronizationmethodsforgrid connected converters of renewable energy source[END_REF][START_REF] Almas | RTHIL implementation of thehybridsynchrophasorandGOOSEbasedpassiveislanding schemes[END_REF]. This is a challenging topic specially in the context of increased renewable energy penetration in the traditionally unidirectional power grid.

In the context of grid integration of renewable energy sources, grid synchronization plays a vital role. There are many types of grid synchronization algorithms. Among them, grid synchronizing current controller is a popular technique for both single-phase and three-phase systems [START_REF] Merai | AnadaptivePIcontrollerdesignforDClinkvoltagecontrolof singlephasegridconnectedconverters[END_REF][START_REF] Cecati | Amultilevelinverterfor photovoltaicsystemswithfuzzylogiccontrol[END_REF]. In the single-phase case, to generate the reference current, the knowledge of instantaneous phase of the grid voltage signal is required. In the three-phase case, in addition to the instantaneous phase, sequence components are also required to control the power flow for unbalanced grid. As a result, accurate estimation of grid voltage parameters can be considered as a vital element of grid synchronization algorithm. This has led to numerous results on this topic in the literature.

There are several results available in the literature on the parameter estimation of grid voltage signal. The types of techniques that are proposed use a wide variety of methods. Some of the techniques are: open or pseud openloop technique [START_REF] Safa | Apseudoopenloopsynchronizationtechnique forheavilydistortedgridvoltage[END_REF], frequency domain methods (e.g. dis-crete Fourier transform [START_REF] Freijedo | Gridsynchronization methods forpowerconverters[END_REF]), maximum-likelihood estimation (MLE) [START_REF] Oubrahim | Maximumlikelihoodfrequencyandphasorestimations forelectricpowergridmonitoring[END_REF][START_REF] Choqueuse | Frequency and phasor estimations in threephase systems: Maximumlikelihoodalgorithmsandtheoreticalperformance[END_REF][START_REF] Choqueuse | Estimationofamplitude,phaseandun balance parameters in threephase systems: Analytical solu tions, efficient implementation and performance analysis[END_REF], singular-value decomposition (SVD) [START_REF] Choqueuse | Monitoring of threephase signals based on singularvalue decomposition[END_REF], linear and nonlinear least squares [START_REF] Vidal | A fast, accurate androbustalgorithmtodetectfundamentalandharmonicse quences[END_REF][START_REF] Terriche | Performance improvement of shunt active power filter based on nonlinear leastsquareapproach[END_REF], linear and nonlinear phase-locked loop (PLL) [START_REF] Freijedo | Gridsynchronization methods forpowerconverters[END_REF][START_REF] Tahir | Anew controlstrategyofWFSGbasedwindturbinetoenhancethe LVRTcapability[END_REF][START_REF] Freijedo | ThreephasePLLswithfastpostfaultretrackingand steadystate rejection of voltage unbalance and harmonics by means of lead compensation[END_REF][START_REF] Rani | A threephasePLLwithadynamicfeedforwardfrequencyesti mator for synchronization of grid connected converters under widefrequencyvariations[END_REF][START_REF] Safa | A robustcontrolalgorithmforamultifunctionalgridtiedinverter toenhancethepowerqualityofamicrogridunderunbalanced conditions[END_REF][START_REF] Hamed | A fast recovery technique for gridconnected converters after shortdipsusingahybridstructurePLL[END_REF][START_REF] Karimighartema | Enhanced phaselocked loop structures forpowerandenergyapplications[END_REF][START_REF] Ciobotaru | Anewsingle phase PLL structure based on second order generalized in tegrator[END_REF][START_REF] Carugati | Frequency adaptive PLL for polluted single phasegrids[END_REF][START_REF] Ahmed | Hybridestimatorbasedharmonicrobustgridsyn chronizationtechnique[END_REF][START_REF] Elrayyah | Robustphaselocked loop algorithm for singlephase utilityinteractive inverters[END_REF][START_REF] Hamed | Effective designandimplementationofGSSPLLundervoltagedipand phaseinterruption[END_REF][START_REF] Menadi | Imple mentation of fuzzysliding mode based control of a grid con nectedphotovoltaicsystem[END_REF][START_REF] Stojić | Novelor thogonal signal generator for single phase PLL applications[END_REF][START_REF] Vekić | Multi-resonantobserverPLLwithrealtimeestimationofgrid unbalances[END_REF][START_REF] Ahmed | Multiplenonlin earharmonicoscillatorbasedfrequencyestimationfordistorted grid voltage[END_REF], quadrature signal generator-based frequency-locked loops (FLL) [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF][START_REF] Ahmed | Frequencylocked loopbasedestimationofsinglephasegridvoltageparameters[END_REF][START_REF] Pay | Modeling and tuning of circular limit cycleoscillatorFLLwith preloopfilter[END_REF][START_REF] Šimek | A frequency locked loop strategy for synchronizationofinverters usedindistributed energy sources[END_REF][START_REF] Ziouani | Hierarchicalcontrolforflexiblemicrogridbased on threephase voltage source inverters operated in parallel[END_REF][START_REF] Kherbachi | Enhanced structure of secondorder generalized integrator frequencylockedloopsuitableforDCoffsetrejectioninsingle phasesystems[END_REF], various variants of Luenberger observer [START_REF] Vekić | Multi-resonantobserverPLLwithrealtimeestimationofgrid unbalances[END_REF][START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF][START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF][START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF] etc.

Based on the way the instantaneous phase is estimated, the above techniques can be broadly classified into two categories. In the first category, the techniques use a proportional-integral (PI) type (including various variants) low pass loop filter to estimate the frequency. Then by taking the time-integration of the angular frequency, the instantaneous phase is estimated. In the second category, the phase is estimated directly, by using quadratic signals through arctangent function. Since low-pass filter introduces delay, the transient response of techniques that use PI-type loop filter can be slow. The transient response can be made arbitrarily fast, however, that generally gives second-order type response in the case of frequency jump. That is why in this work, we focus on techniques that use direct phase estimation from the fast transient response perspective.

As mentioned above, some of the direct phase estimation techniques are: linear and nonlinear harmonics oscillators (including various variants) [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF][START_REF] Šimek | A frequency locked loop strategy for synchronizationofinverters usedindistributed energy sources[END_REF][START_REF] Kherbachi | Enhanced structure of secondorder generalized integrator frequencylockedloopsuitableforDCoffsetrejectioninsingle phasesystems[END_REF], various variants of Luenberger observer [START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF][START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF][START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF] 
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Phasor notation of V abc y Single-phase grid voltage signal totic stability unlike oscillator based techniques. From the practical point of view, they provide fast and accurate estimation of grid voltage parameters. However, they do not employ any gain normalization in their frequency identification loop. This can be problematic in the presence of large voltage sag (e.g. 50% dip). Many grid codes around the world compels the renewable energy sources to be connected to the grid even when the grid voltage drops well beyond the nominal operating limit. This is commonly known as low-voltage-ride-through (LVRT) capability. In the low voltage context, if no gain normalization is employed in the frequency estimation block, the settling time will be significantly higher than that of nominal voltage condition (cf. Sec. 2 for a motivating example). This motivates the current work. In this work, we propose a novel gain normalized -frequency locked loop in the adaptive observer framework. Thanks to the gain normalization, the proposed observer converges much faster than observer that doesn't use gain normalization. In addition, we also propose the fast detection of the symmetrical components of three-phase systems using the developed observer. These are the main contributions of this paper. The rest of the paper is organized as follows: Sec. 2 gives a motivating example to explain the idea behind the proposed work while Sec. 3 describes in the detail the proposed approach. Extension of the proposed observer for three-phase sequence detection is given in Sec. 4. Experimental results are given in Sec. 5 and finally, Sec. 6 concludes this paper.

Motivating Example

Let us consider the grid voltage signal given by y = M sin (ωt + ϕ)

(1) � �� � θ where amplitude, angular frequency and phase are given by M, ω and θ respectively. If we consider y = x 1 and y ˙= x 2 = M ω cos(θ), then the dynamics of the grid voltage signal in the state-space form can be written as:

x = Ax (2) ȳ = Cx (3) 
where Ā = 0 -ω 2 1 0 , and C = 1 0 . Since the frequency ω is unknown with a known nominal value ω n = 100π or 120π, the unknown frequency can be represented as ω = √ κω n with κ = ω 2 /ω 2 . To estimate the parameters n of system (2) -(3), several adaptive observer based solution has been recently proposed in the literature [START_REF] Vekić | Multi-resonantobserverPLLwithrealtimeestimationofgrid unbalances[END_REF][START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF][START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF][START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF].

Most of them use non-singular transformation to facilitate the adaptive observer design. As a representative example, let us consider the following non-singular transformation [START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF]:

T η = η 1 η 2 = T x (4) 
ω n β 1 -β 2 where T = / ω 3 β 1 2 + ω 3 κβ 2 , β 1 > 0 n n 2 ω 2 κβ 2 ω n β 2 n
and β 2 > 0 are tuning parameters. In η-coordinate, system (2) -( 3) can be written as:

η ˙= Aη (5) y = Cη (6) 
A ¯T -1 ¯C ¯T -1 ω 2 where A = T = A and C = = ω n .

n

For system (5) -( 6), the following frequency adaptive Luenberger observer has been designed in [START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF]:

η ˆ= A ˆη ˆ-K (y -Cη ˆ) (7) κ ˙= -γω 2 η ˆ1 (y -Cη ˆ) (8) n � �� � 2 2
Figure1: Simulationresultsforthemotivatingexample.

Gain Normalized Adaptive Observer

In this Section, we use the same dynamic model ( 2) -(3) as given in Sec. 2. However, to introduce gain normalization in the frequency estimation part, let us assume that the unknown frequency is represented by ω = ω n + ∆ω where ∆ω represents the deviation from the nominal frequency. With respect to the new representation of the unknown frequency, let us consider the following non singular transformation

ζ = Bx ( 9 
)
where B = ω -1 / 2ω 3 . In the ζ-coordinate, sysω 2 ω tem ( 2) -( 3) can be written as:

ζ ˙= Aζ (10) y = Cζ ( 11 
)
where

A = BA ¯B-1 = A ¯and C = C ¯B-1 = [ω 2 ω].
For system ( 10) -( 11), the following gain normalized adaptive observer -frequency-locked loop (GN-FLL) is proposed:

ζ ˆ= A ˆζ ˆ+ L y -C ˆζ ˆ(12)
where ˆ represents the estimated value and the observer 3 ) ω 2 ) frequency-locked loop (FLL) proposed in [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF]. The FLL of [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF] is obtained using special frequency domain property of the quadrature axis signal and the estimation error. The FLL [START_REF] Choqueuse | Frequency and phasor estimations in threephase systems: Maximumlikelihoodalgorithmsandtheoreticalperformance[END_REF] on the other hand is obtained with the help of Lyapunov function given in [START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF]. It is to be noted here that unlike [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF], Eq. ( 8) doesn't employ any gain normalization i.e. using the estimated amplitude of the signal to normalize the right-hand side of Eq. ( 8). As such any grid synchronization algorithm that employs the above adaptive observer may take more time to converge in the pres-

T -1 gain, K 0 and γ -(ω n -K 2 β 2 ) , K 2 0 > > = λ(l 1 + l 2 )ω 3 ζ ˆ1 y -C ˆη îs the frequency estimation tuning parameter. The fre- ∆ ˙ω = - (13) 
2ω 2 T
where ˆ represents the estimated value, L = [l 1 l 2 ] is the observer gain and λ > 0 is the frequency identification gain.

Remark 1. During the estimation process, the states ζ ˆ1, and ζ ˆ2 may become zero. This will lead to a division by zero situation in [START_REF] Tahir | Anew controlstrategyofWFSGbasedwindturbinetoenhancethe LVRTcapability[END_REF]. To overcome this issue, the denominator of (13) has been implemented as

⎛ ⎞ ence of voltage sag. Moreover as low-voltage-ride-through max ⎜ ⎝ ˆω3 ˆω2 ζ 1 2ˆ+ ζ 2 22 ω2
(LVRT) capability is a desired (or compulsory, depending the local regulations) property of any grid synchroniza-, ε ⎟ ⎠ tion control algorithm, this issue needs to be addressed. To illustrate this fact, let us consider a simulation study with 50% voltage sag. Parameters of the Luenberger Observer ( 7)-( 8) are selected as K = -[0.0027 1.2] T , γ = 0.05 As a comparison tool, we have selected gain normalized √ SOGI-FLL with parameters as k = 2 and Γ = 50. Simulation result is given in Fig. 1. By considering ±0.1Hz. band, SOGI-FLL took ≈ 55msec. to converge while LO took ≈ 84msec. This example clearly demonstrates the effect of gain normalization and thus motivates the current work of developing gain normalized adaptive observer. Details of the proposed development is given in the following Section.

where E > 0 is a very small positive constant.

From the estimated states ζ, ˆthe state variables in the x-coordinate can be obtained using the following relationship:

ω ˆ2 ω x ˆ= ζ ˆ(14) -ω ˆ3 ω ˆ2 B ˆ-1
From the estimated states, the instantaneous phase θ can be estimated as:

θ ˆ= arctan (ωx ˆ1/x ˆ2) (15) 
A major difference between the Luenberger observer and the proposed GN-FLL is that GN-FLL uses the estimate amplitude of the signal in the right-hand side of the FLL equation [START_REF] Tahir | Anew controlstrategyofWFSGbasedwindturbinetoenhancethe LVRTcapability[END_REF]. To check this fact, i.e. the denominator of Eq. ( 13) represents the amplitude, let us consider the steady-state case i.e. ω ˆ= ω n . In that case,

ζ = Bx (16) ζ 1 1 ω -1 M sin (θ) = (17) ζ 2 2ω 3 ω 2 ω M ω cos(θ) ζ 1 1 M sin(θ) -M cos(θ) = (18) ζ 2 2ω 2 ω {M sin(θ) + M cos(θ)} ζ 1 1 x 1 -x 2 /ω = (19) ζ 2 2ω 2 x 1 ω + x 2
Using the values of ζ 1 and ζ 2 given in Eq. ( 18)-( 19) , the denominator of Eq. ( 13) can be written as:

2 2 ˆζ 1 2ω 3 + ζ 2 2ω 2 (20) 2ω 2 2 2 (x 1 ω -x 2 ) + (x 1 ω + x 2 ) = (21) 2ω 2 - 2x 2 1 ω 2 + 2x 2 2 = (22) 2ω 2 = M 2 sin 2 (ωt) + M 2 cos 2 (ωt) (23) 
= M

The above calculations show the gain normalization property of the proposed GN-FLL unlike the existing Luenberger observers that use the same dynamical model ( 2) -(3).

Stability analysis of GN-FLL

To analyze the stability of the proposed GN-FLL, we use the linearization based approach. Before further development, let us define the observation error as,

ζ ˜= ζ -ζ ˆ.
Then the dynamics of the observation error is given as

˜ζ ˙= ζ ˙ -ζ ˙(25) = Aζ -Aζ ˆ+ L y -C ˆζ ˆ(26) ζ ˜= (A -LC) ζ ˜+ A -A ˆ-L C -C ˆζ ˆ(27)
Similarly, the FLL dynamics [START_REF] Tahir | Anew controlstrategyofWFSGbasedwindturbinetoenhancethe LVRTcapability[END_REF] in terms of observation error ζ ˜can be written as:

ω 3 ˆC ˜C -ˆ-λ(l 1 + l 2 )ˆζ 1 ζ + C ζ ∆ ˙ω = - ( 28 
)
2 2

(ζ ˆ12ω 3 ) +(ζ ˆ22ω 2 ) 2ω 2 
Table1: RouthHurwitztableforpolynomial(32).

2 s 1 ω 2 (l 2 + 1 -l 1 ω n ) n 1 s l 1 ω 2 n + l 2 ω n 0 0 s ω 2 (l 2 + 1 -l 1 ω n ) n 0
Closed loop error dynamics of the GN-FLL is given by ( 27)- [START_REF] Rodríguez | Multiresonantfrequencylockedloopforgrid synchronizationofpowerconvertersunderdistortedgridcon ditions[END_REF]. Near the nominal operating condition, the equilibrium point is given by:

ζ, ˜∆ω = ζ ˜= 0, ∆ω = 0 (29) 
The Jacobian matrix of the closed-loop error dynamics of the GN-FLL evaluated at the desired equilibrium is given by:

⎡ -l 1 ω 2 n 1 -l 1 ω n l 1 ⎤ J ζ, ∆ω = ⎣ -ω 2 (l 2 + 1) n -l 2 ω l 2 ⎦ (30) 0 0 0
To determine the stability of the Jacobian matrix, let us consider the characteristics polynomial of [START_REF] Pay | Modeling and tuning of circular limit cycleoscillatorFLLwith preloopfilter[END_REF] given below:

2 s 3 + (l 1 ω 2 + l 2 ω n )s + ω 2 (l 2 + 1 -l 1 ω n )s = 0 (31) 
n n

If the elements of the gain Matrix L are selected in a way such that l 2 + 1 ≥ l 1 ω n , then all the coefficients of polynomial [START_REF] Šimek | A frequency locked loop strategy for synchronizationofinverters usedindistributed energy sources[END_REF] are non-negative. The stability of the polynomial (31) can be obtained through Routh-Hurwitz test. For this purpose, polynomial (31) can be rewritten as:

s 2 + (l 1 ω 2 + l 2 ω n )s + ω 2 (l 2 + 1 -l 1 ω n ) = 0 (32) 
n n

To show that the polynomial [START_REF] Ziouani | Hierarchicalcontrolforflexiblemicrogridbased on threephase voltage source inverters operated in parallel[END_REF] does not have any roots in the right-half plane, let us consider the Routh-Hurwitz table given in Table 1. From Table 1, it can be seen that if l 2 + 1 ≥ l 1 ω n , all the elements in the first column of the Routh-Hurwitz table are positive. This implies no sign change, as a result, no roots lie in the right-half plane. This together with the root at origin implies marginal stability of the closed-loop system. As such, the local stability of the GN-FLL can be established.

Gain tuning of GN-FLL

Proposed GN-FLL has two parameters to tune, gain matrix, L and the frequency estimation parameter λ. To tune the gain matrix L, pole placement can be the solution. Let us assume that the desired closed-loop poles are p 1 and p 2 . Then the elements of L can be calculated using the following formula:

(s -p 1 )(s -p 2 ) = det {sI 2 -(A -LC)} (33) 
By equating the coefficients on both side of the polynomial [START_REF] Kherbachi | Enhanced structure of secondorder generalized integrator frequencylockedloopsuitableforDCoffsetrejectioninsingle phasesystems[END_REF], the following formulas can be obtained for gain elements: Step Input Actual Response Modeled Response

Figure2: Frequencystepresponse.

-(p

1 p 2 + p 1 ω n + p 2 ω n -ω 2 ) n l 1 = (34) 2ω 3 n -(p 1 ω n -p 1 p 2 + p 2 ω n + ω 2 ) n l 2 = (35) 2ω 2 n
Tuning the parameter λ is complicated since the FLL dynamics ( 13) is nonlinear. In order to use the tools from linear control system, one solution is to approximate the FLL dynamics. For that purpose, we have performed a frequency step test to obtain the approximated linear system. From the step-response, it could be found that the following linear system can be used to approximate the frequency dynamics:

λω n G f (s) = (36) s + λω n
For the value of λ = 0.2, the response of the FLL and the model [START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF] is given in Fig. [START_REF] Almas | RTHIL implementation of thehybridsynchrophasorandGOOSEbasedpassiveislanding schemes[END_REF]. Since λ = 0.2 gives a close enough (sufficient for gain tuning) approximation of the nonlinear dynamics of the FLL, this value has been considered all throughout this work. It is to be noted here that eq. ( 36) represents a first-order approximation of the highly nonlinear FLL dynamics. As such modeling error is inevitable. However, the objective here is to simplify the gain tuning, not stability analysis. As such, any modeling error introduced by eq. ( 36) has no impact on the stability of the proposed GN-FLL. FLL dynamics is heavily influenced by λ. through extensive simulation study, we found that 0 < λ < 1 can be considered as a good range for λ.

The proposed gain normalized adaptive observer has two parts. The first part generates quadrature signal from the measured grid voltage. In addition, a filtered copy of the grid voltage signal is also generated. In the second part, a frequency locked-loop (FLL) is used to estimate the unknown frequency of the grid voltage signal. FLL part exploits special phase relationship between the output (i.e. in-phase) estimation error and the quadrature-phase signal. In the presence of large voltage sag, the output estimation error can be significantly small. This will slow down the unknown frequency estimation dynamics. To overcome this problem, a gain normalization procedure is used. Gain normalization procedure uses the estimated amplitude in the frequency estimation dynamics similar to per unit measurement typically used in power system calculation. This significantly enhances the dynamics of the frequency estimation loop despite large voltage sag.

To implement the proposed GN-FLL, Eq. ( 12), ( 13), ( 14) and ( 15) are required. Block diagram representation is given in Fig. 3.

GN-FLL for Three-Phase Applications

The proposed GN-FLL can be applied to extract the symmetrical components of three-phase systems. For this purpose, let us consider the unbalanced three-phase grid voltage

= V + + V -+ V 0 V abc abc abc (37) 
abc where the positive, negative and zero sequence voltages are given by:

+ 2πk V + = v sin ωt + ϕ + - ( 38 
)
abc abc 3 2πk - V -= v sin ωt + ϕ -+ (39) 
abc abc

3 0 V 0 = v abc sin ωt + ϕ 0 ( 40 
)
abc
where k = 0, 1, 2 for individual phases. Then the symmetrical components can be extracted using the following relationship [START_REF] Fortescue | Method of symmetrical coordinates applied to thesolutionofpolyphasenetworks[END_REF]:

V + = T 2 V abc + T 1 qV abc ( 41 
) abc V -= T 2 V abc -T 1 qV abc ( 42 
) abc V 0 = {diag (1, 1, 1) -2T 2 } V abc (43) 
abc where diag (1, 1, 1) represents the 3 × 3 diagonal matrix

-jπ/2
with diagonal elements being 1, q = e is 90 ° phaseshifting operator and the matrices T 1 and T 2 are given as:

⎡ ⎤ ⎡ ⎤ 0 1 -1 2 -1 -1 T 1 = √ 1 ⎣ -1 0 1 ⎦ , T 2 = 1 ⎣ -1 2 -1 ⎦ 2 3 6 1 -1 0 -1 -1 2 (44)
GN-FLL generates quadrature signals, GN-FLL can be easily applied to estimate the symmetrical components using Eq. ( 41)-( 43). As the system has only one frequency to estimate, so only one FLL is needed.

GN-FLL vs Luenberger observer : a comparison

The proposed GN-FLL is motivated by Luenberger type observer-based approach [START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF][START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF][START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF]. Existing Luenberger observers do not employ any gain normalization scheme. This can be problematic in the presence of large voltage sag/swell. According to grid codes, many countries now demand grid connected converters (GCC) to have low voltage ride through capability (LVRT). In this context, any controller for GCC should be able to function during large voltage sag. If gain normalization procedure is not included inside the PLL/FLL block of the controller, the controller will take much longer to stabilize. This is not desirable. As such, in this paper, we propose GN-FLL inspired by Luenberger observer. Existing Luenberger observers are designed either for single-phase [START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF][START_REF] Ahmed | Fast estimation of phaseandfrequencyforsinglephasegridsignal[END_REF] or three-phase [START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF]. The proposed GN-FLL can be easily applied to single and threephase cases. In the three-phase case, the same single-phase structure case can be applied. Only few additional transformations need to be used. This clearly distinguishes the proposed technique w.r.t. existing Luenberger observerbased techniques. Moreover, we have provided constructive rules for gain tuning using small-signal modeling. This is another contribution of the proposed work.

Results And Discussions

Simulation Results

Single-Phase

To demonstrate the suitability of the theoretical developments proposed in Sec. 3 and 4, numerical simulation studies are considered here. For the simulation study, a sampling frequency of 10kHz is considered with the nominal frequency being ω n = 120π. As a comparison tool, we have selected the Luenberger observer (LO) as described in Sec. 2, SOGI-PLL [START_REF] Ciobotaru | Anewsingle phase PLL structure based on second order generalized in tegrator[END_REF] and EPLL [START_REF] Karimighartema | Enhanced phaselocked loop structures forpowerandenergyapplications[END_REF]. All the selected techniques work by generating quadrature signals (QSG). In actual grid voltage signal, various abnormalities are present e.g. sub-harmonics (SH), inter-harmonics (IH) and DC bias. The selected techniques do not consider these disturbances explicitly. In this Section, robustness of the selected techniques will be considered. To make the article concise and easy to read, standard tests i.e. frequency and amplitude step change, voltage sag etc. will be considered in Sec. 5.2 through experimental study. 

Harmonics test

In this test, harmonics are suddenly added to the grid voltage signal. The selected harmonics signal comprised ,5 th of 3 rd ,7 th and 11 th order harmonics, sub-harmonics of 30Hz and inter-harmonics of 180Hz, with each having an amplitude of 0.03p.u. This implies a total harmonic distortion (THD) of 7.35%. Harmonic distortion generated by the selected techniques for this test is given in Fig. 4 while the estimated phase and frequency are given in Fig. 6 (a). From the THD results of Fig. 4, it can be seen that the proposed GN-FLL has very good harmonic filtering capability. It has a THD of 3.00% while SOGI-PLL and LO has a THD of 3.24% and 3.27%, respectively. This results in ≈ 60% reduction in harmonics for GN-FLL while ≈ 55% for LO and SOGI-PLL. The proposed GN-FLL does not use any loop-filters unlike EPLL and SOGI-PLL, yet the THD of GN-FLL is almost identical to EPLL which is the best performing technique in terms of THD. Moreover, GN-FLL produced significantly less distortion with respect to sub-harmonics. This property is very important if we want to use it inside any gridconnected converter controller. In today's power system, the contribution of LED lighting and various other nonlinear loads are increasing. As such the contribution of sub-harmonics and inter-harmonics are increasing. There are many techniques available in the literature to filter out odd-harmonics. However, filtering out sub-harmonics and inter-harmonics are not straightforward. GN-FLL can be very useful in this regard. In term of frequency estimation, GN-FLL has better performance w.r.t. other techniques while the phase estimation error of GN-FLL is similar to EPLL and LO. Fig. 4 and6(a) show that the proposed GN-FLL has very good filtering property.

DC bias test

In this test, DC bias of 0.2p.u. has suddenly been added to the grid voltage. Controllers for grid-connected inverters are implemented in general in micro-controller, DSP, etc. The feedback of the grid voltage signal is obtained through an analog-to-digital converter (ADC). This process may add measurement offset. Moreover, DC offset may appear as a result of fault or transformer saturation. As such it may not be avoided in real-life. This test considers the challenging situation involving DC offset. Simulation results are given in Fig. 6(b). Fig. 6(b). shows that the proposed GN-FLL and EPLL have very good performance in terms of frequency estimation w.r.t. LO and SOGI-PLL. The ripple magnitude for GN and EPLL are bounded within a range of 3Hz while SOGI-PLL and LO have significantly higher ripple magnitude. However, in term of phase estimation, SOGI-PLL performed slightly better than that of the GN-FLL where as EPLL and LO performed not so good. The ripple magnitude of GN-FLL and SOGI-PLL are almost half of EPLL and LO. This test demonstrates that the proposed GN-FLL can be useful despite the presence of large amplitude DC bias in the grid voltage signal.

Noise test

In this test, Gaussian measurement noise (zero mean and variance 10 -4 ) is suddenly added to the grid voltage signal. Histogram plot of the noise signal is given in Fig. 5. Simulation results are given in Fig. 6(c). From the estimated frequency in Fig. 6(c), it can be seen that GN-FLL and EPLL performs significantly better than LO and SOGI-PLL. The frequency estimated by GN-FLL and EPLL has the ripple bounded by ±0.05Hz while for SOGI-PLL and LO, the ripple magnitude is more than two times than that of other techniques. In term of phase estimation error, SOGI-PLL showed better performance, however, GN-FLL showed better performance w.r.t. EPLL and LO. GN-FLL's ripple magnitude is slightly higher than that of the best performing technique SOGI-PLL. If we consider both frequency and phase estimation, GN-FLL can be considered as the overall best technique.

Three-phase

All the selected techniques in Sec. 5.1 work by generating quadrature signals. However, there are other non-QSG based PLL techniques available in the literature e.g. non-adaptive moving average filter (NMAF)-PLL (NMAF-PLL) [START_REF] Golestan | Threephase PLLs: A review of recent advances[END_REF], Clarke transformation-based discrete Fourier transform (CT-DFT) [START_REF] Zhan | AClarketransformationbased DFTphasor and frequencyalgorithm forwide frequencyrange[END_REF]. It is to be noted here that the purpose of GN-FLL for three-phase case is to estimate sequences. CT-DFT and NMAF-PLL are more suitable to estimate the phase and frequency. They were not designed to estimate the positive, negative, and zero sequence voltages of an unbalanced three-phase grid voltage system. Although it is to be mentioned here that through proper modification, it is possible to detect the sequences of threephase signal through CT-DFT and NMAF-PLL. However, this is beyond the scope of the current work. In this work, our focus is on FLL/PLL type techniques, that is why NMAF-PLL is considered for further analysis.

To test the performance of GN-FLL and NMAF-PLL, an unbalanced grid voltage is considered. Before the fault, the symmetrical components are set as

V v + = 1∠0 ° , V v -= v 0, V 0 = 0. After the fault, the grid became unbalanced with V v + = 0.5∠30 ° , V v -= 0.3∠ -50 ° , V v 0 = 0.2∠0 °.
Unbalance fault is not so uncommon for three-phase system. As such this test scenario is very realistic and at the same time very challenging. The results of the simulation are given in Fig. 7. Figure 7 demonstrates that despite the unbalanced fault, the frequency estimation error converged in ≈ 0.75 cycle whereas NMAF-PLL took ≈ 3 cycles. The peak overshoot for NMAF-PLL is almost 5Hz where as it is less than 0.5Hz for GN-FLL. GN-FLL doesn't involving any averaging calculation whereas NMAF-PLL does involve averaging. This will add additional computational cost w.r.t. GN-FLL. This concludes on the suitability of GN-FLL for unbalanced three-phase system.

Experimental Results

To validate the results of the proposed GN-FLL, dSPACE 1104 board based hardware-in-the-hoop (HIL) experimental studies have been considered in this Section. For the practical implementation, a sampling frequency of 10kHz is considered. Proposed GN-FLL has two parameters to tune. First to tune the observer gain, let us consider the desired closed-loop poles as p 1 = -1.5ω n + jω n and p 2 = -1.5 -jω n with ω n = 120π. Then applying the formula [START_REF] Shahandb | Adaptiveobserverbasedcontrolforroof topsolarPVsystem[END_REF] and [START_REF] Dai | Estimation of singlephase grid voltageparameterswithzerosteadystateerror[END_REF], the observer gain is found to be T L = 9.9472 • 10 -4 2.6250 . Since l 2 + 1 > l 1 ω n , the stability is assured as discussed in Sec. 3.1. The frequency identification parameter is set to be λ = 0.2 as discussed in Sec. 3.2. As a comparison tool, we have selected the Luenberger observer (LO) as described in Sec. 2, SOGI-PLL [START_REF] Ciobotaru | Anewsingle phase PLL structure based on second order generalized in tegrator[END_REF] and EPLL [START_REF] Karimighartema | Enhanced phaselocked loop structures forpowerandenergyapplications[END_REF]. The parameters of LO are selected the same as in Sec. 2, SOGI-PLL parameters are selected as: k = 2.1, k p = 137.5 and k i = 7878 according to the optimized values given in [START_REF] Golestan | Dynamicsassessment of advanced singlephase PLL struc tures[END_REF], the parameters of EPLL are selected as: µ 1 = µ 3 = ω n and µ 2 = ω 2 /8 according the n optimized values given in [START_REF] Karimighartema | Enhanced phaselocked loop structures forpowerandenergyapplications[END_REF].

To test the algorithms, the following test conditions have been considered: *GN = GN-FLL, SOGI= SOGI-PLL, NA=Not applicable, since the maximum instantaneous phase error is -45 °, phase overshoot is omitted for Test-III.

Test-I: -0.4p.u. Change in Amplitude 

Test -I: Amplitude Step Test

To test the performance of the algorithm in the context of low-voltage-ride-through capability situation, a step change of -0.4p.u.in amplitude is considered. Experimental results for this test scenario are given in Fig. 8. From Fig. 8, it can be seen that the proposed GN-FLL converged much faster than the other techniques. The frequency estimation error converged two times faster than the next best technique SOGI-PLL wheres phase estimation error converged 5 times faster than the next best best technique EPLL. GN-FLL also outperformed the comparative techniques in terms of peak overshoots for phase and frequency estimation error. The experimental results clearly demonstrate the benefit of the proposed GN-FLL.

Test -II: Frequency Step Test

In this test, initially the frequency of the grid voltage is set to 60Hz. Suddenly a discontinuous jump of +5Hz. is applied. Comparative experimental results are given in Fig. 9. Fig. 9 shows that in terms of frequency estimation error, GN-FLL and LO have similar convergence time where as SOGI-PLL and EPLL has much higher convergence time. Except SOGI-PLL, the other techniques converged with no peak frequency overshoot. Similar to frequency estimation error, GN-FLL and LO have similar convergence time for phase estimation error as well. However, the convergence time is more than 3 times for SOGI-PLL and EPLL. This test demonstrates the suitability of adaptive observer based technique.

Test -III: Phase Step Test

In this test, a sudden phase jump of -45 °is applied. Comparative experimental results for this test are given in Fig. 10. The results are very similar to the other test cases. GN-FLL and LO have similar performances while SOGI-PLL and EPLL have slower responses than that of the adaptive observer based techniques. One point to note here that although the convergence time is very similar for GN-FLL and LO, however, the peak frequency overshoot is two times more for LO with respect to GN-FLL. This is a clear indication of the effectiveness of GN-FLL.

A summary of the time domain performances in these test cases are given in Table 2. From Fig. 8, 9 and 10, the advantage of the proposed GN-FLL is very clear. GN-FLL uses gain normalization which is very useful specially in the case of voltage sag i.e. Test-I. The frequency estimation error for GN-FLL converged in ≈ 30msec., whereas for unnormalized Luenberger observer, it took ≈ 65msec. In all the test cases, GN-FLL performed similar or better than LO. It outperformed SOGI-PLL and EPLL in almost every cases. This demonstrated the effectiveness of the GN-FLL for single-phase systems.

Three-Phase Unbalanced Grid

To test the GN-FLL for the three-phase system, an unbalanced grid voltage is considered. As comparison techniques, in this Section, we have chosen double SOGI-FLL (DSOGI-FLL) [START_REF] Rodriguez | Astationaryrefer ence frame grid synchronization system for threephase grid connected power converters under adverse grid conditions[END_REF] and adaptive notch filter (ANF) [START_REF] Yazdani | Afastand accurate synchronization technique for extraction of symmet rical components[END_REF]. Both ANF and DSOGI-FLL are designed for unbalanced √ grid. The parameters of DSOGI-FLL are chose as, k = 2 and γ = 50. These values are suggested in [START_REF] Rodriguez | Astationaryrefer ence frame grid synchronization system for threephase grid connected power converters under adverse grid conditions[END_REF]. The pa-√ rameters of ANF are selected as γ = 18000 and ζ = 1/ 2 as recommended in [START_REF] Yazdani | Afastand accurate synchronization technique for extraction of symmet rical components[END_REF].

We assume that unbalanced fault occurred in the grid. Before the fault, the symmetrical components are set as V v + = 1∠0 ° , V v -= 0. After the fault, the grid became unbalanced with V v + = 0.75∠ -30 ° , V v -= 0.25∠110 °. In addition, the grid frequency also changed from 60Hz. to 62Hz. Considered grid voltage and estimated frequencies by the comparative techniques for the unbalanced grid are given in Fig. 11. Moreover, the estimated positive and negative sequence voltages are given in Figs. 12 and 13. Figure 11 demonstrates that despite the unbalanced fault and the frequency jump, the frequency estimation error converged in ≈ 1.5 cycles for the proposed GN-FLL while it took ≈ 2.8 cycles for DSOGI-FLL and ≈ 4 cycles for ANF. This shows that the proposed GN-FLL is very suitable to track unknown frequencies even in unbalanced grid voltages condition. Moreover, the estimation for both positive and negative sequence components also converged very rapidly as shown in Figs. 12 and 13. This concludes the effectiveness of GN-FLL for unbalanced three-phase system w.r.t. DSOGI-FLL and ANF.

Applications to Inverter Control

In this work, we have proposed a gain normalized adaptive observer for three-phase systems. This technique can be used to extract the symmetrical components of the unbalanced grid voltage signals. This is very useful to synchronize grid connected inverters in unbalanced grid. As detailed in Sec. VI.B of [START_REF] Blaabjerg | Overview of control and grid synchronization for distributed power generation systems[END_REF], in the presence of unbalance fault, grid-connected converters can synchronize with the fundamental frequency positive sequence (FFPS) grid voltages. The proposed GN-FLL is capable to extract the FFPS voltages. As such GN-FLL can become an integral part of grid-connected inverter controller. The algorithm is computationally simple and easy to implement. As such, it can be easily implemented inside the existing microcontroller or DSP-based controller without any additional cost.

Conclusion and Future Work

This paper has proposed a novel gain normalized adaptive observer for the parameter and sequences estimation of unbalanced grid. The gain normalization helps to achieve fast convergence in the presence of large voltage sag unlike existing alternatives. Comparative experimental results demonstrated the benefit of the proposed solution. The main limitation of the proposed technique is it's harmonic filtering capability. Same goes for any Luenberger observer-based technique. Existing PLL-based techniques employ proportional integral (PI) controller to estimate the frequency. PI is a low-pass type filter. This adds harmonic filtering property to PLL-based technique, however, at the cost of slow dynamic response. FLLbased techniques e.g. proposed technique, estimate the frequency directly without any filtering. As a result, the fast dynamic response comes at the cost of lower harmonic filtering property. To overcome this issue, various techniques have been reported in the literature. One popular approach in this regard is to use frequency-adaptive pre-filtering technique. This will be considered in a future work. The proposed observer can only guarantee local stability i.e. in the close vicinity near the equilibrium. From the theoretical point of view, global stability is more interesting. This issue will also be considered in a future work.
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  etc. These techniques works by generating quadrature signals from the measured grid voltage. Out of these techniques, Luenberger observer type techniques recently became very popular. From the theoretical point of view, they can provide global asymp-
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