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Abstract-In conventionally synchronized voltage source inverters (VSIs) that are connected to the main grid, through a transmission line, the influence of some critical state and parameter variations play a key role on the system response. Filter and line parameter variations, voltage deviations at the point of common coupling (PCC) and the positive feedback effect induced by the structure of the phase locked loop (PLL), may lead to undesired transients or even instabilities. Hence, in this paper, a novel synchronization mechanism is proposed, that instead of the PLL-based synchronization, provides an adequate solution to the aforementioned problems. The synchronization unit (SU) dynamics are analytically investigated for a VSI that is connected to the PCC, directly or through a transmission line. A detailed stability analysis and tuning process is presented providing an insight on how to improve the SU transient performance; the impact of filter and line dynamics on the response is investigated while a rigorous analysis shows that the proposed mechanism is robust against unplanned islanding. To establish the superior dynamic response of the proposed SU under filter/line parameter and voltage variations, simulation and experimental results are provided and are directly compared to other conventional PLLbased designs.

Index Terms-VSI, PLL, Synchronization, Positive-Feedback.

I. INTRODUCTION

T HE growing integration of renewable energy sources (RES) via suitable power converter interface devices is gradually transforming the power grid into a power-electronicbased power system [START_REF] Xiong | Performance comparison of typical frequency response strategies for power systems with high penetration of renewable energy sources[END_REF]- [START_REF] Loh | Autonomous control of interlinking converter with energy storage in hybrid ac-dc microgrid[END_REF]. Hence, for a seamless integration of any distributed generation (DG) unit to the modern power network, the power converter devices should be suitably controlled. To this end, the unit output has to be synchronized with the grid, while the exchange of real and reactive power should be effectively regulated, regardless of the grid or power source disturbances [START_REF] Blaabjerg | Overview of control and grid synchronization for distributed power generation systems[END_REF]- [START_REF] Bamigbade | A type-3 pll for singlephase applications[END_REF]. Generally, the synchronization process is achieved by devices that can be separated into two categories, the phase (PT) and frequency (FT) trackers [START_REF] He | Phase-locked loop is a kind of power system stabilizer[END_REF]. The first category undertakes the task of accurately tracking both the phase and the frequency of the input signal, while the latter emphasizes solely on tracking the frequency.

Regarding the PT category, an indisputably dominant role plays the PLL, a device that aims to achieve phase synchronization between the inverter and local grid voltages [START_REF] He | Phase-locked loop is a kind of power system stabilizer[END_REF]. The standard versions of this mechanism comprise a controller whose goal is to make either the dor the q-axis voltage component of the dq0 transformation of the input voltage, equal to zero [START_REF] He | Phase-locked loop is a kind of power system stabilizer[END_REF], [START_REF] Hu | Large signal synchronizing instability of pll-based vsc connected to weak ac grid[END_REF]. In this context, the most popular
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PLL is the one that utilizes a PID scheme to achieve the aforementioned procedure and is called synchronous-rotatingframe (SRF) PLL [START_REF] Golestan | Three-phase plls: A review of recent advances[END_REF]- [START_REF] Golestan | Design-oriented study of advanced synchronous reference frame phase-locked loops[END_REF]. There have been numerous variations of the SRF-PLL that aim to further improve its transient response [START_REF] Kaura | Operation of a phase locked loop system under distorted utility conditions[END_REF]- [START_REF] Guo | Inertial pll of grid-connected converter for fast frequency support[END_REF]. For example, external signal processing networks have been introduced in [START_REF] Rodriguez | Decoupled double synchronous reference frame pll for power converters control[END_REF]- [START_REF] Ciobotaru | A new single-phase pll structure based on second order generalized integrator[END_REF], that filter the input voltage, which later on is utilized by the SRF-PLL to achieve synchronization. In fact, most if not all of the stateof-the-art PLLs, share a similar structure where an external signal processing network feeds the SRF-PLL with the filtered dq0 components [START_REF] Ciobotaru | A new single-phase pll structure based on second order generalized integrator[END_REF]. A crucial device that is embedded in these signal processing networks is the frequency feedback mechanism, which is basically a controller that tracks the frequency of the measured signal so that it can be utilized in the filtering process [START_REF] Ciobotaru | A new single-phase pll structure based on second order generalized integrator[END_REF]. This integrated controller is highly non-linear and for this reason its quite difficult to study its impact on the both the stability and transient response of the respective PLL unit. The atan-PLL notably improves the transient of the SRF-PLL as its closed-loop dynamics are not affected by the magnitude of the input signal. Also, the atan-PLL is represented by a second order linear system regardless of the corresponding equilibrium point, contrary to the SRF-PLL which is mainly analyzed through linearization [START_REF] Miskovic | Linear phase-locked loop[END_REF]. It is highlighted that the atan function significantly facilitates the stability analysis.

Noteworthy, the majority of PLLs in the literature, including the SRF-PLL and atan-PLL, suffer from the positive feedback phenomenon, which has been thoroughly studied given its significant influence on the system stability [START_REF] Wen | Analysis of d-q small-signal impedance of grid-tied inverters[END_REF]- [START_REF] Zhou | Impact of short-circuit ratio and phase-locked-loop parameters on the small-signal behavior of a vsc-hvdc converter[END_REF]. This effect is present when the inverter is connected to an infinite bus through an LCL filter, or alternatively an LC filter and a transmission line, where the voltage at the PCC is heavily influenced by the inverter side voltage. That is the case since the PCC voltage phase is derived from the vector sum of the grid and the inverter voltage, with the latter one incorporating the PLL-originated phase in its dynamics. The majority of the implemented PLLs in industrial applications, mostly based on the atan-PLL and SRF-PLL designs, suffer from the positivefeedback phenomenon, which is difficult to overcome through a systematic tuning procedure; while apart from introducing the limitation of the PLL bandwidth, there have not been any other strict and rigorous methodologies to reduce its impact [START_REF] Wen | Analysis of d-q small-signal impedance of grid-tied inverters[END_REF]- [START_REF] Zhou | Impact of short-circuit ratio and phase-locked-loop parameters on the small-signal behavior of a vsc-hvdc converter[END_REF].

On the other hand, FTs rely on signal processing techniques, such as the fast-fourier-transofrm (FFT), to estimate the input signal frequency. Due to the intermittent nature of the FFT, significantly slow response and low accuracy, FTs are rarely directly implemented on VSI applications, but generally they are used in droop controlled VSIs and synchronverters. These are applications that require, solely, the input signal frequency for the proper operation of the applied control scheme, whereas phase regulation takes place according to the employed control algorithm. For example in [START_REF] Zhong | Current-limiting droop control of grid-connected inverters[END_REF]- [START_REF] Vandoorn | Review of primary control strategies for islanded microgrids with power-electronic interfaces[END_REF] the controller alters the VSI phase according to active and reactive power droop curves. Similarly, in [START_REF] Dedeoglu | Currentlimiting virtual synchronous control and stability analysis considering dc-link dynamics under normal and faulty grid conditions[END_REF] the authors have employed a direct active and reactive power control scheme, wherein the PLL is only utilized to derive the grid-frequency to avoid higher harmonic injection. In this work, it is proven that as long as the power angle, or equivalently the phase error between the VSI and the PCC remains within the established region of attraction, then the control scheme will lead the system to the desired equilibrium point [START_REF] Paspatis | Enhanced current-limiting droop controller for grid-connected inverters to guarantee stability and maximize power injection under grid faults[END_REF]. Nevertheless, the power angle, initially, must be considerably small, in order to prohibit undesirably large initial values of critical system states, with most crucial being the VSI output currents.

In this frame, the main purpose of this paper is to introduce a novel robust SU, that improves the transient of the synchronization procedure of VSI based applications. The proposed synchronization scheme has a twofold purpose: it is able to smoothly track the input signal frequency in an exact manner, while simultaneously it keeps the SU phase locked close to the measured signal with an almost negligible error. Thus, a scheme is proposed that substantially enhances the transient response, guarantees stability, provides robustness, with the cost of a small enough phase error. Especially, the introduced approach enables:

• A strict and simple mathematical representation of the SU dynamics, as well as an efficient tuning procedure of the closed-loop transfer function (TF), that is not affected by the grid voltage signal magnitude or initial conditions. The TF also incorporates the impact of the system parameters, i.e. filter parameters, grid voltage characteristics, to the SU transient response.

• Stability properties that are established through a detailed stability analysis by linear time invariant (LTI) and nonlinear system theoretic tools. • Robustness against the positive feedback effect and system parameter variations. • Ability to operate in islanding mode on a frequency that is practically equal to the nominal, contrary to PLLs which are inherently unstable under sudden islanding transition or system faults [START_REF] Zarei | Fault detection and protection strategy for islanded inverter-based microgrids[END_REF]- [START_REF] Barenghi | Fault injection attacks on cryptographic devices: Theory, practice, and countermeasures[END_REF].

The aforementioned properties are verified through extensive simulations and experimental tests that compare the responses of the proposed scheme with the ones obtained by the conventional SRF-and atan-PLLs.

II. PROPOSED ROBUST SU

The proposed mechanism aims to track the frequency of an input voltage that can be either a rigid three-phase sinusoidal signal (infinite bus) or a dynamic voltage derived from the PCC. Furthermore, the SU equations are frequency oriented, meaning that the equations that represent its dynamics are governed by two states: a) phase angle θ and b) scaled frequency perturbation ∆ω. The open loop dynamics of the proposed scheme can be summarized in the following two equations:

θ = ω n + k 1 ∆ω (1) ∆ ω = tan -1 v q /v d -k 2 ∆ω (2)
where v d , v q represent the dq components of the input voltage, ω n is the nominal angular frequency and k 1 , k 2 denote the positive definite tuning gains. It is noted that k 1 , k 2 , impact the transient response in a similar manner to that of the proportional and integral gains of the conventional PLLs. Therefore, for the rest of this paper when the proportional and integral gains of the proposed SU are mentioned, we refer to and k 1 , k 2 respectively. The proposed system quite differs from the traditionally used PLLs as the phase angle dynamics of (1), do not include any proportional terms that depend on the measured voltage. This is extremely important for facilitating the stability analysis of the SU dynamics as it will be explained in Section IV. Another major difference established, is the fact that the frequency related term in (1) is regulated only through a suitable controlled variable, ∆ω, contrary to conventional PLL, which directly implement either of the dq voltage components through the respective PI controller proportional terms.

To thoroughly investigate the dynamics of the proposed SU, it is important to begin the analysis from the initial Park transformation step [START_REF] Rodriguez | Decoupled double synchronous reference frame pll for power converters control[END_REF]. To this end, we assume that the PCC voltage is described by a symmetrical sinusoidal signal with initial phase δ. This model is denoted as δ -based model:

  v a v b v c   = V m   cos(ω g t + δ) cos(ω g t + δ -120 0 ) cos(ω g t + δ + 120 0 )   (3) 
More specifically, δ, represents the angle that the unit 'sees' at the instance when it is actuated. Therefore, it is an arbitrary angle and can range from [0, 2π]. The true nature of δ and how it affects the response of the device is investigated in Section IV.

To proceed with the analysis, the input signal, which is represented in the abc-system coordinates, is transformed into the two-phase synchronous rotating frame, through the Park transformation, with phase angle θ, that is derived by integrating (1):

θ = ω n t + k 1 ∆θ ( 4 
)
where ∆θ is the integral of ∆ω and can be written as:

∆ θ = ∆ω (5) 
The corresponding input voltage d, q and 0 components are defined in the following manner: 

  v d v q v 0   = V m   cos ([ω g -ω n ] t + δ -k 1 ∆θ) sin ([ω g -ω n ] t + δ -k 1 ∆θ) 0   (6)
Hence, it is concluded that:

tan -1 v q /v d = [ω g -ω n ] t + δ -k 1 ∆θ (7) 
Finally, we introduce the following transformation:

∆φ = k 1 ∆θ -[ω g -ω n ] t (8) 
In this way, the closed-loop system of ( 1), ( 2) becomes:

∆ ω = δ -∆φ -k 2 ∆ω (9) ∆ φ = k 1 ∆ω -[ω g -ω n ] (10) 
Although [START_REF] Liang | Emerging power quality challenges due to integration of renewable energy sources[END_REF] seems to be a highly non-linear function, especially due to the presence of the atan term, in practice the closed-loop system, ( 9)- [START_REF] Bamigbade | A type-3 pll for singlephase applications[END_REF], is a linear model and can also be handled by employing standard LTI system control techniques. At this point it is important to keep in mind that PLL schemes are typically employed in configurations such as inverter-based layouts which are typically connected to the main power grid through a filter. Depending on the designed filter, the voltage dynamic behavior as perceived by the synchronizing mechanism can differ, i.e. direct connection of the considered inverter to an infinite bus or via an LCL filter, where in the latter case the local PCC voltage might not be necessarily stiff. It is therefore in the scope of this study to consider these possible layout variations and to propose a robust mechanism able to track the PCC's voltage frequency, regardless of the inverter connection conditions. This can be clearly established by initially examining the equilibrium points of ( 9) and [START_REF] Bamigbade | A type-3 pll for singlephase applications[END_REF]. To this end, by setting ∆ ω and ∆ φ to 0, the following expressions are obtained:

∆ω ss = k -1 1 (ω g -ω n ) (11) δ -∆φ ss = k 2 k -1 1 (ω g -ω n ) (12) 
By simply replacing ∆ω with ( 11) in ( 1), the inverter frequency becomes θss = ω g . It is noted here that according to [START_REF] Hu | Large signal synchronizing instability of pll-based vsc connected to weak ac grid[END_REF], the dq0 rotating axis of the PLL will not always coincide with phase a of the measured signal. That is the case since at the steady state, the phase difference between the PLL and the PCC voltage, will be equal to

k 2 k -1 1 (ω g -ω n
), which can be considered as a negligibly small constant. 

III. STABILITY ANALYSIS

The stability analysis for the majority of the PLLs is usually studied through Bode diagrams that are obtained from the linearized equivalent models. Although Bode plots constitute a systematic methodology for their tuning, they cannot provide sufficient information regarding their actual response in a dynamic system. The main reason for this is that the analysis of these controllers takes place in ideal conditions where the input signal is independent from the PLL operation. This scenario represents only cases where an inverter is connected to an infinite bus, through a short and negligible transmission line. Hence, when a conventional PLL, (e.g. SRF-PLL) is designed with specific requirements and placed in a dynamic system, then its response will significantly differ from the desired one.

The proposed SU is investigated on the system illustrated in Fig. 3, where the grid and the inverter are modeled as ideal voltage sources and Z g , Z l represent the grid-and inverterside impedance, respectively. It is noted here that any complex network configuration can be decomposed into the system of Fig. 3, by simply invoking the superposition principle.

The stability proof in case where the inverter is connected to an infinite bus through an LCL filter, as shown in Fig. 4, or alternatively an LC filter and a transmission line differs from the typical analysis regarding a stiff grid connection, mainly because δ is not constant but varies dynamically with the system states. For this significantly more demanding case, we aim to prove that the closed-loop system is Input -to -State -Stable (ISS) [START_REF] Alexandridis | Studying state convergence of input-to-state stable systems with applications to power system analysis[END_REF]. This property also includes the attribute of Bounded Input Bounded State (BIBS), which means that for a bounded input, for instance δ, then the trajectory of x will remain bounded [START_REF] Khalil | Nonlinear Systems[END_REF].

In this proof, we utilize the error dynamics of only ∆ω, ∆ ω = ∆ω -∆ω ss , since it is not possible to construct the incremental model regarding ∆φ, without making some restricting assumptions. This is mainly attributed to the dynamics of δ and its derivative, which in this case, dynamically, is not zero. As previously mentioned, the only available information concerning δ is the fact that it is an arbitrary bounded input. In this case we first consider

∆ ω = δ -∆φ -k 2 ∆ω + k 2 ω g -ω n k 1 (13) 
∆ φ = k 1 ∆ω (14) 
To proceed with the analysis, the following energy like Lyapunov candidate function is considered: with time derivative equal to:

V = 1 2 ∆ω 2 + 1 2k 1 ∆φ 2 (15) 
V = -k 2 ∆ω 2 + k 2 k -1 1 [ω g -ω n ] + δ ∆ω (16) 
At this point we introduce an arbitrary positive definite variable b, for which it holds true that 0 < b < 1 and manipulate [START_REF] Kaura | Operation of a phase locked loop system under distorted utility conditions[END_REF] in the following manner:

V = -k 2 b∆ω 2 -(1-b) k 2 ∆ω 2 + k 2 k -1 1 [ω g -ω n
]+δ ∆ω (17) Following Theorem 4.19 of [START_REF] Khalil | Nonlinear Systems[END_REF] and Holder's inequality, it holds true that for [START_REF] Papageorgiou | Validation of novel pll-driven pi control schemes on supporting vsis in weak ac-connections[END_REF]:

V ≤ -(1 -b) k 2 ∆ω 2 ∀ |∆ω| ≥ [ω g -ω n ] / (k 1 b) -1 + δ/ (k 2 b) (18) 
Notice, also, that since δ ∈ [0, 2π] and by assuming that |ω g -ω n | ≤ c, the inequality below can be derived:

V ≤ 0, ∀ |∆ω| ≥ ck -1 1 + 2π (19) 
According to Theorem 4.18 of [START_REF] Khalil | Nonlinear Systems[END_REF], if, initially |∆ω (t 0 )| ≤ ck -1 1 + 2π , then it holds true that:

|∆ω (t 0 )| ≤ ck -1 1 + 2π , ∀t ≥ t 0 (20) 
Hence, the closed-loop dynamics of the system in Fig. 4, is ISS and entail the BIBS property. Furthermore, by suitably employing Theorem 6 from [START_REF] Alexandridis | Studying state convergence of input-to-state stable systems with applications to power system analysis[END_REF], the trajectories of the proposed SU will converge to equilibrium: x (t) → x (t) * ∈ E as t → ∞ as , where E is the largest invariant set of ( 13), [START_REF] Dong | Analysis of phase-locked loop low-frequency stability in three-phase grid-connected power converters considering impedance interactions[END_REF]. This property is also translated to GlobalAsymptoticStability (GAS). However, one of the main advantages of the proposed SU over the pure integrator PLLs, is the asymptotic stability property, which holds globally and is not dependent on states such as, the input's δ, derivative. Large signal analysis of the SRF-PLL usually makes some strict assumptions such as an input angle δ with a negligible derivative, which does not always hold true. In any case, it is very important to analyze the nature of and its effect on the stability and dynamic response of the system. Remark 1. The system representation of 3 can also emulate an infinite bus VSI connection layout, wherein the PCC voltage will always be equal to that of the grid side voltage as they are parallelly connected (in the abscence of Z g ). In this simpler case, power angle δ is considered as an arbitrary constant in the range [0, 2π], whereas the dynamic system itself can be easily proven to be Globally Exponentially Stable (GES), as the closed loop eigenvalues are negative definite as long as k 1 , k 2 > 0. On the other hand, pure integrator PLLs, such as the SRF-PLL can be proven to be only locally exponentially stable, whereas this property holds true only around the origin. 

IV. INVESTIGATION OF THE INPUT VOLTAGE UNDER DYNAMIC CONDITIONS

This section concentrates on the dynamics of δ when the inverter is connected to an infinite bus through an LCL filter. In this case, as shown in Fig. 4, the input voltage of the PLL is measured at the PCC and angle δ will coincide with that of the capacitor voltage, δ cap . From basic circuit theory, the PCC voltage can be comprised by two separate components: a) the grid-side voltage, and b) the inverter-side voltage. During transients, it is obvious that the two sources operate in distinct frequencies and therefore it is not possible to directly calculate the PCC voltage. Therefore, we recall the superposition principle, according to which, the impact of each source can be separately analyzed, while the other source is treated as a short circuit.

In this way, the PCC voltage will be comprised by the addition of the two voltage components. Finally, since the concerned system is symmetrical the analysis that follows concentrates on a single phase as the rest can be derived through a 120 0 shift. The inverter voltage source is defined as:

V inv = |V inv | cos (θ + θ c ) (21) 
and the grid voltage source:

V g = |V g | cos (ω g t + θ g ) (22) 
with θ c and θ g , being the control system induced angle and the grid voltage initial phase, respectively. Initially, we consider either of the voltage sources as a short circuit and calculate the components of the PCC voltage as:

V P CC,1 = z l //z c z g +z l //z c V g , V P CC,2 = z g //z c z l +z g //z c V inv (23) 
Since the capacitor impedance is considerably larger than that of the transmission lines, it is obvious that their parallel combination will be almost equal to the smaller impedance, z l , z g //z c ≈ z l , z g . In this manner, equation ( 23) is approximated through the following phasor expression:

V P CC,1 = ω g L l ω g (L l +L g ) V g , V P CC,2 = ω P LL L g ω P LL (L l +L g ) V inv (24)
Finally, the PCC voltage can be derived as the sum of the voltages of [START_REF] Ciobotaru | A new single-phase pll structure based on second order generalized integrator[END_REF], where θ P LL now has been replaced by (4):

V c = L l (L l +L g ) |V g | cos (ω g t+θ g )+ + L g (L l +L g ) |V inv | cos (ω n t+k 1 ∆θ+θ c ) (25) 
In order to proceed with the vector summation, it is important to set a reference angle. For simplicity, the reference angle is set to ω g t + θ g . In this case, the phase of the right-hand side term of (25) can be rewritten as (ω n -ω g ) t + k 1 ∆θ + θ c -θ g which is equal to ∆φ -θ g + θ c . Now, we utilize phasor theory to appropriately add the vectors of [START_REF] Wen | Analysis of d-q small-signal impedance of grid-tied inverters[END_REF].

It is worth noting that, the positive feedback phenomenon can be distinguished, already, in the vector diagram of Fig. 5. More specifically, as the PCC voltage is comprised by a non-linear algebraic combination of the two voltage vectors presented in [START_REF] Wen | Analysis of d-q small-signal impedance of grid-tied inverters[END_REF], it is plain to see that its resulting phase, δ cap , will include terms such as ∆φ with a positive sign. Main objective of this section is to investigate the dynamics of δ in respect to system parameters such as those of the LCL filter. To this end, we neglect the impact of θ c as it is of no importance in this analysis. Following the vector diagram of Fig. 5, the PCC voltage amplitude can be calculated through the application of the cosine rule:

sin

(δ cap ) = L g (L l + L g ) |V inv | sin (∆φ -θ g ) 1 Lg L l +Lg V inv 2 + L l L l +Lg Vg 2 + 2Lg L l L l +Lg 2 V inv Vg cos θg -∆φ (26) 
As ( 26) is a highly non-linear equation, it is impossible to derive an analytic form for δ cap without making some assumptions. Hence, to simplify [START_REF] Zhou | Impact of short-circuit ratio and phase-locked-loop parameters on the small-signal behavior of a vsc-hvdc converter[END_REF], we consider the following approximations:

sin (δ cap ) ≈ δ cap (27) sin (∆φ -θ g ) ≈ ∆φ -θ g (28) cos (θ g -∆φ) ≈ 1 (29) 
Now, δ cap can be derived if we replace ( 27)-( 29) to [START_REF] Zhou | Impact of short-circuit ratio and phase-locked-loop parameters on the small-signal behavior of a vsc-hvdc converter[END_REF]:

δ cap = L g |V inv | L g |V inv | + L l |V g | (∆φ -θ g ) (30) 
Notice that the coefficient of the first term of ( 30) is always less than 1. Equation ( 30) can be further simplified if we assume that the RMS value of the inverter voltage is approximately equal to that of the grid, |V inv | ≈ |V g | . In this case, the PCC voltage can be summarized as:

V c = |V c | cos (ω g t + a∆φ + (1 -a) θ g ) (31) 
Where the coefficient of k 1 ∆φ in (31) has been defined as:

α = L g L g + L l (32) 
By observing [START_REF] Paspatis | Enhanced current-limiting droop controller for grid-connected inverters to guarantee stability and maximize power injection under grid faults[END_REF], it is obvious that it can be rewritten according to the δ -based model of (3), with δ being equal to a∆φ + (1 -a) θ g . In this way, ( 13)-( 14) are rewritten as:

∆ ω = (1 -a) θ g -(1 -a) ∆φ -k 2 ∆ω + k 2 ω g -ω n k 1 (33) 
∆ φ = k 1 ∆ω (34) 
The positive feedback effect can be observed as well in [START_REF] Tran | Pll-based seamless transfer control between grid-connected and islanding modes in grid-connected inverters[END_REF], where due to the dynamics of δ, the coefficient of ∆φ has been reduced by α. Both ( 30) and (32) provide insight regarding α and its dependence on the system parameters. Generally, the presence of a in [START_REF] Tran | Pll-based seamless transfer control between grid-connected and islanding modes in grid-connected inverters[END_REF], can be interpreted as the effect of the positive feedback phenomena on the SU dynamics. It should be noted that when the inverter is connected to an infinite bus, the value of L g becomes 0 and so does a according to [START_REF] Zarei | Fault detection and protection strategy for islanded inverter-based microgrids[END_REF]. On the other hand, when the inverter is either operating in islanding mode or under a three-phase fault, the value of a becomes 1. This is due to the fact that the grid voltage vector in Fig. 5 will vanish and therefore the PCC voltage will be in phase with the inverter voltage. More accurately, they will have different amplitudes and their phase difference will always be equal to the phase shift induced the LCL filter. The term (1 -a) θ g of ( 31) constitutes the grid voltage influence on the PCC voltage. Notice that this term is always upper bounded and can be considered as a varying input:

(

1 -a) θ g ≤ θ g ≤ 2π (35) 
The stability analysis of ( 33)-( 34) can be conducted identically with that of the previous section and prove that the closed-loop system still holds the ISS property. It is imperative to mention that the same analysis can be followed to derive transfer functions pertaining the implemented control system. Specifically, if the control system is incorporated into the physical system dynamics by constructing its equivalent circuit, as shown in [START_REF] Paspatis | Enhanced current-limiting droop controller for grid-connected inverters to guarantee stability and maximize power injection under grid faults[END_REF], the closed-loop transfer fucntions can be derived by following the same methodology showcased in this section.

A similar study can be followed for the majority of the PLLs, such as the SRF-PLL and atan-PLL, if in [START_REF] Wen | Analysis of d-q small-signal impedance of grid-tied inverters[END_REF], θ P LL is replaced by the phase of the corresponding synchronization device. Furthermore, by making identical assumptions as ( 27)-( 29), the PCC voltage represented in the δ -based model of (3) for the SRF-PLL is yielded as:

V c =|V c |cos aω n t+a (k p v q +k i z) dt+(1-a) (ω g t+θ g ) (36)
and for the atan-PLL

V c = |V c | cos aω n t + a k p tan -1 v q /vd + k i z dt + (1 -a) (ω g t + θ g )) (37) 
Due to the highly non-linear nature of ( 36) and [START_REF] Adib | Virtual inductance for stable operation of gridinteractive voltage source inverters[END_REF], it is quite difficult to extract analytic transfer functions for the SRF and atan PLLs. Specifically, by careful inspection of either equation, it is obvious that the PCC voltage includes the integrator terms of the PLLs, such as a k p v q and ak p tan -1 v q /vd, similarly to the proposed SU, with ak 1 ∆φ that is present in [START_REF] Paspatis | Enhanced current-limiting droop controller for grid-connected inverters to guarantee stability and maximize power injection under grid faults[END_REF]. Nevertheless, the PCC voltage phase for both the SRF and atan-PLL, contains other terms related to their dynamics such as k i z, which significantly influences their transient response. In contrast to the former two PLLs, due to the general structure of the proposed SU, such terms are not incorporated in our case, as shown in [START_REF] Paspatis | Enhanced current-limiting droop controller for grid-connected inverters to guarantee stability and maximize power injection under grid faults[END_REF]. It will be shown, in Section V, that due to this fact, the robust SU, under weak-grid conditions, showcases a considerably better transient response compared to conventional PLLs.

A. Impact of the system parameters on the SU response

The intricate case of connecting an inverter with the grid through a transmission line has been meticulously studied in the literature. Under such circumstances, it has been reported, that the PLL actual response is subpar compared to its respective simulations and tuning procedure and may lead to instability [START_REF] Hu | Large signal synchronizing instability of pll-based vsc connected to weak ac grid[END_REF]. This is mainly attributed to the fact that PLLs are heavily influenced by the positive feedback effect that is induced under such system arrangements. For example, when L g is considered to be relatively large in the aforementioned scenario, according to (32), a will take values closer to 1. This entails that the coefficient of ∆φ in (33) will greatly decrease and thus the time response and transient of the SU will increase.

Even though this phenomenon is inevitable and the countermeasures found in the literature usually include bandwidth reduction, in this work we are able to provide a mechanism that reduces the effect of a and the positive feedback terms [START_REF] Zhou | Impact of short-circuit ratio and phase-locked-loop parameters on the small-signal behavior of a vsc-hvdc converter[END_REF]. Note that due to the robustness properties of the proposed SU, for a considerable range of values of a, the most dominant pole of the closed-loop dynamics remains unaffected as shown in Fig. 6. Furthermroe, we propose a methodology that focuses on a 's dependence on L l , as it can be utilized as a tuning parameter. More specifically, since a increases with the rise of L g , it simultaneously decreases with the rise of L l , which corresponds to the inverter filter inductance. Thus, by increasing L l , the impact of on the time constant of the PLL will also diminish. This proposition can be carried out by embedding inductors in series with the inverter filter or through implementation of virtual inductance control schemes [START_REF] Adib | Virtual inductance for stable operation of gridinteractive voltage source inverters[END_REF]. It is also noted, that the analysis in Section III is valid at steady-state and therefore the time constant of the SU must always be chosen to be at least equal to that of the LCL filter. Consequently, making L l larger than L g will result to larger time constants. In addition, an increase of L l also results in the reduction of the maximum power transmitted from the inverter to the grid through the LCL filter.

It is highlighted that the similar results can occur, if the inverter side voltage becomes considerably larger than that of the grid. This can be quite problematic, especially in cases where the inverter operates as a reactive power compensator. Therefore, when designing the time constants of the primary level controllers, the impact of a on the SU convergence rate, must be taken into account. In any case, the advantages and disadvantages of the proposed mechanism are straightforward, while this approach may be suitable for certain systems while impractical for others.

B. Robustness against unplanned islanding

The SU is a device that is able to synchronize an inverter with the grid, but when the latter is absent this objective becomes impossible to achieve. This may happen, for example, under a three-phase short-circuit or a sudden islanding due to an actuator fault. Under any type of three-phase fault, the system can be analyzed by the post fault equivalent circuit of Fig. 3. Through circuit analysis, is can be shown that the PCC voltage will have the following general form:

V c = |V c | cos (ω n t + k 1 ∆θ + ∠D) ( 38 
)
where ∠D constitutes the phase shift induced by the post fault circuit components in between the VSI and the PCC, whereas for simplicity ∠D is assumed as constant. Now, by replacing (38) in (3), with ω g = ω n , δ = k 1 ∆θ + ∠D and after some simple algebraic manipulations, (2) becomes:

∆ ω = ∠D -k 2 ∆ω (39) 
The above equation obviously constitutes a first order system that is stable as long as k 2 is positive definite. The equilibrium point of (39) is ∆ω ss = k -1 2 ∠D. By replacing this equilibrium to (1), the final expression regarding the inverter frequency is:

θss = ω n + k 1 k -1 2 ∠D (40) 
By properly selecting the PLL and LCL filter's parameters, the inverter frequency under these circumstances can be approximated by θss = ω n . It is noted that in this scenario, PLLs are by nature unstable mainly due to the integrator dynamics. In contrast to the proposed SU, the conventional and state of the art PLLs have integrators on the frequency deriving equation and therefore it is easily concluded that the whole system will become unstable. Hence, without the need of a detailed mathematical analysis, the traditional PLLs are unable to cope with this scenario without the need of a more complex external protection scheme [START_REF] Tran | Pll-based seamless transfer control between grid-connected and islanding modes in grid-connected inverters[END_REF].

C. Gain tuning of the robust SU

The δ -based model of the proposed SU as formulated in ( 9)-( 10) can be considered as an LTI system. This fact suggests that it can also be analyzed through conventional linear control techniques. In this frame, this section focuses on the TF extraction of ( 33)- [START_REF] Barenghi | Fault injection attacks on cryptographic devices: Theory, practice, and countermeasures[END_REF], while aiming to properly appoint the gains of the proposed SU. To this end, the Laplace transform is applied, whereas after some simple manipulations, the TF of the closed-loop system is derived as:

G (s) = ∆ω (s) θ g (s) = (1 -a) s s 2 + k 2 s + (1 -a) k 1 (41) 
Transfer function (41) constitutes a reliable guide for tuning the SU, for every possible system installation. For example, if the inverter is connected directly to an infinite bus, then a can be set to 0. It is also noted that since the proposed scheme uses the atan function as its input, the PLL dynamic response won't be affected by changes on the input voltage magnitude [START_REF] Miskovic | Linear phase-locked loop[END_REF]. The gains can be appointed with methods similar or even identical to those applied for the state of the art PLLs, such as bode diagrams or pole assignment. Now, to accurately calculate the overshoots of the SU, inequality (20) should be used, as it shows the upper bound of |∆ω|.

V. SIMULATION AND EXPERIMENTAL VALIDATION

In order to verify the theoretical remarks regarding the proposed scheme and the conventional PLLs, the system depicted in Fig. 4 is constructed for simulations. All the considered scenarios focus on validating the properties provided by the robust SU and its improved behavior compared to the traditional synchronization approaches. In this frame, both the simulation and experimental results also include the responses of the SRF 
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Gains: Figure 6. Most dominant pole of ( 33), [START_REF] Barenghi | Fault injection attacks on cryptographic devices: Theory, practice, and countermeasures[END_REF] for different a.

and atan PLLs. It is noted here, that the implemented SRF-PLL relates to the normalized voltage SRF-PLL, where the input is expressed in pu and is used to illustrate a fair comparison with the robust SU and atan PLL. In both, simulations and experiments, the VSI is operated in open loop with a constant duty cycle to clearly show the impact of the system parameters on the synchronization process.

A. Simulation Results

The simulations take place in the dynamic environment of Matlab's Simulink through the SimScape library. Two distinct scenarios are investigated through detailed simulations in this subsection: a) an inverter connected to an infinite bus through an LCL filter as shown in Fig. 4, is simulated for different grid inductances, while for a large grid-side inductance, the synchronization mechanisms response is also tested under different inverter voltage amplitudes, b) following the previous scenario, after the SUs have reached steady-state, the grid bus will be abruptly removed. In all the simulations, the inverterside inductance is L l = 1mH. The grid-side inductance, in scenario a, takes three values, 3mH, 8mH and the inverter voltage is set to 350V , whereas for L g = 15mH the inverter voltage takes the following magnitudes 300V , 600V , 900V . Finally in all simulations, the grid-side voltage has a magnitude of 300V and an initial phase of 30 0 . For a clearer comparison between the three SUs, the proportional and integral gains are common for all simulations, and set as k p = 1500, k i = 5e+5, whereas k 2 = 1500 and k 1 = 5e + 5. This configuration was selected by also taking into account (41) in order to derive two real negative poles and the SUs to share identical bandwidth.

Scenario a): In the first scenario, three different disturbances are induced. At t=0.75s the grid-frequency is decreased to 49.9Hz, at t=1.5s it is restored to 50Hz and at t=2.25s it abruptly increases to 50.1Hz. The system parameters that were implemented in these scenarios, mainly to emulate a weakened connection to the grid and therefore illustrate the PLLs performance under these adverse circumstances. It is expected, that as the grid inductance increases, the response of the SUs will degrade significantly, as shown in the analysis in Section IV. Figures 7a-7b correspond to the distinct grid inductances. At first glance, all SUs are able to track the grid frequency successfully, but their response significantly varies according to the underlying system conditions. An interesting property that is shared amongst all SUs is the fact that their convergence is further delayed with the rise of the grid inductance. This observation is in line with the results of Section IV, as the closed-loop system poles are greatly affected by the positive feedback phenomenon induced by the SUs. It can be easily seen, that the robust SU converges quickly, as dictated by (41), similarly to a first-order system, without any oscillatory behavior, while its' undershoots correspond to 1/5 of those of the other two PLLs. In addition, due to the implementation of the normalized SRF-PLL, its response compared to the atan-PLL is almost indistinguishable. Another interesting fact is that under any proportional and integral gain pairs, the conventional PLLs always exhibit similar oscillations. Furthermore, even though the time constant of the proposed SU increases with an increase of the grid-side inductance, the time response is still much quicker compared to the other two, whose response is heavily influenced by the positive feedback effect. As numerous control schemes demand an almost instant convergence of the implemented PLL, this behavior may constitute the cause for their destabilization.

Similar conclusions can be derived from Fig. 8, where the increase of the inverter output voltage, significantly slows down the proposed SU. This is, indeed, of great importance especially for inverter-based reactive power compensators that operate in grid-following mode. Hence, the effect of the operating voltage level must, also, be taken into account, when choosing the control system parameters according to the required time constants of each subsystem. These results affect the conventional PLLs even more, but were not included since they were unstable under all the voltage scenarios, mainly due to the presence of noise combined with the high PLL gains.

Scenario b) : In this considered case, we utilize the system configuration of scenario a, where now at t=0.1s, a short circuit fault occurs at the grid-side bus and is later on cleared at t=0.225s. Figure 9 depicts simulation results of the examined scenario. The proposed SU was still able to operate in a frequency close to the nominal, even though there was no grid voltage to synchronize with. On the other hand, the other two PLLs, due to the integrator term, could not maintain a frequency close to the nominal, as a result of a valid equilibrium point being absent. In any case, after the grid connection is restored, the proposed SU was able to quickly track the grid bus frequency, while the SRF and atan-PLL exhibited unstable responses. Another interesting phenomenon is the oscillatory behavior of the proposed SU, as it was previously shown that under such circumstances the dynamics of the proposed device are reduced to a first order system. Nevertheless, the oscillations are attributed to the time-delays induced on the terms that were fed-back to the SU through the measured input, by the LCL filter.

B. Experimental Results

The experiments were carried out on a testbed that comprises an inverter, connected to the grid through a filter, L l , with a small parasitic resistance R l . The SUs were constructed on the dSPACE DS1104 platform, which also drove the inverter. The overall setup is depicted in Fig. 10. Since it is important to verify the transient response of the proposed SU, the grid voltage was emulated by a grid-forming inverter. In this way, it is possible to induce in real time, disturbances on the frequency and the phase of the grid voltage. The parameters of the constructed system can be summarized in Table 1. It is noted that two separate experiments are carried out with unique disturbances. In the first case, the grid-voltage phase is abruptly changed while keeping its frequency constant at its nominal value. Subsequently, in the second scenario, disturbances on the frequency of the grid voltage frequency are implemented.

In the first case, the phase of the grid voltage is abruptly decreased at t=1s by 0.5 rad and then increased at t=8s by 1 rad. The responses of the three SUs are illustrated in Fig. 11a. Generally, every synchronization mechanism was able to track the grid-voltage phase quickly, with the proposed SU response converging slightly faster than the one of the standard PLLs. It is obvious, that the magnitude of the jitters of the robust SUs frequency is almost a quarter of the SRF and atan-PLLs. This also insinuates that for the same gains, the harmonic injection of the proposed SU is significantly smaller than that of the (a) PLL responses under phase disturbances. Robust SU parameter 3200 conventional PLLs. In addition, the overshoots/undershoots of the conventional PLLs are also always much larger than those of the robust SU, even though their settling time is larger than that of the proposed SU.

For the second scenario, the frequency of the grid voltage is initially set to its nominal value, at t=1s, it is immediately lowered to 49.9Hz, at t=5s, it is subsequently increased all the way up to 50.1Hz and at t=9s, it is restored at the nominal frequency. The results of the aforementioned experiment, which are presented in Fig. 11b, resemble the response of the SUs of the frequency perturbation case. More specifically, as every SU was able to track the grid-frequency in a satisfactory manner, the robust SU exhibited significantly lower harmonics on its frequency output. In similar fashion to the previous experiment, even though the atan-PLL dynamic response is almost identical to that of the SRF-PLL, it still showcased the largest amount of harmonics on its frequency signal, but both devices displayed slight overshoots/undershoots after each frequency deviation, whereas the robust SU, converged exponentially fast to steady-state. It is noted here, that the responses illustrated in Fig. 11a-11b, were not filtered to facilitate the comparison of the three devices.

VI. CONCLUSIONS

In this paper, a novel SU design was introduced for gridconnected VSIs with increased robustness against grid voltage and filter/line parameter variations. The impact of the VSI voltage and the LCL filter variations was taken into account for the stability analysis and techniques that effectively reduce the positive feedback effect phenomenon were introduced. The dynamic response of the proposed robust SU was analytically investigated under system parameter deviations, while additional properties, such as the capability of maintaining the VSI frequency close to the rated value even under islanding conditions or grid faults, were rigorously proven. The effectiveness of the proposed SU was demonstrated both in simulation results and on an experimental testbed under variations of the filter/line parameters and the grid voltage, including a direct comparison with conventional PLL designs.
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