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Abstract-This work develops a distributed fast-frequency control framework for application in self-consuming energy communities. We propose a distributed consensus optimization of inertia coefficients based on the individual resource constraints of grid-friendly distributed energy resources (DERs). The distributed inertia scheduling relies on the presence of a peer-to-peer communication infrastructure, which can be the same as the one used for the distributed primary or secondary frequency control. In the proposed control strategy, the inertia coefficients of the individual DERs are however optimally tuned by a faster control loop to improve the frequency response metrics such as the peak overshoot and the settling time of the frequency transient with the help of local model predictive controllers. The coordination among the DERs are simulated on the CIGRE benchmark microgrid and the control is validated on a power hardware-in-the-loop platform.
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I. INTRODUCTION

C OLLECTIVE self-consumption, sharing energy re- sources within a defined geographical area, for operation as a microgrid, or communicating and sharing resources with other similar energy communities, is gaining momentum in European Energy policies. Notably, its recognition is stated in national legal frameworks such as the French Energy Transition for Green Growth Act in 2015. The idea of collective self-consumption is modular and revolves around the idea of a sharing economy, where under-utilized resources under individual ownership are shared for the benefit of the community in exchange for energy or monetary benefits [START_REF] Chakraborty | Sharing Storage in a Smart Grid: A Coalitional Game Approach[END_REF]. It increases the economic viability of renewable self-consumption, thus opening up avenues for energy service and flexibility markets [START_REF]Regulatory Aspects of Self-Consumption and Energy Communities CEER Report[END_REF]. In this context, the main objective of this work is to develop a control framework that can realize virtual inertia control (VIC) by sharing flexible resources among distributed energy resources (DERs) instead of investing on dedicated energy storage systems (ESSs) or dispatchable resources for fast-frequency response, thus improving the economic viability of such installation.

A. State-of-art

Numerous research works exist on control strategies that act as synthetic inertia emulators including virtual synchronous generators [START_REF] Bevrani | Virtual synchronous generators: A survey and new perspectives[END_REF] and various modified versions of swing-based virtual inertia controllers [START_REF] Tamrakar | Virtual Inertia: Current Trends and Future Directions[END_REF]. Most of these controllers assume the presence of a sufficient DC voltage source and sink by using a constant DC voltage source [START_REF] Peng | The Application of Microgrids Based on Droop Control With Coupling Compensation and Inertia[END_REF], [START_REF] Soni | Analysis of Frequency Transients in Isolated Microgrids[END_REF], which is only true for dedicated storage systems designed to act as a fast-frequency reserve for the microgrid. Exploring synthetic inertia from multiple resources, the authors of [START_REF] Fang | Distributed Power System Virtual Inertia Implemented by Grid-Connected Power Converters[END_REF] proposed a virtual inertia control strategy by DC-link voltage variation of grid-connected power converters. However, the inertia controller on the AC side is constrained by the flexibility limitation of the resources on the DC side. Recently, distributed energy storage are being exploited for energy management [START_REF] Bera | C2C: Community-Based Cooperative Energy Consumption in Smart Grid[END_REF], [START_REF] Chakraborty | Sharing Storage in a Smart Grid: A Coalitional Game Approach[END_REF], as well as primary and secondary frequency control [START_REF] Lou | Distributed MPC-Based Secondary Voltage Control Scheme for Autonomous Droop-Controlled Microgrids[END_REF], and voltage control [START_REF] Guo | MPC-Based Coordinated Voltage Regulation for Distribution Networks with Distributed Generation and Energy Storage System[END_REF]. We target here the application of distributed flexibility resources including distributed energy storage systems (DESS) for a coordinated fast-frequency control.

Unlike the implicit inertia property of synchronous machines which is fixed and proportional to the machine capacity, synthetic inertia offered by a converter-based DER can be varied to optimize the frequency response characteristics. Methods such as bang-bang control [START_REF] Alipoor | Power system stabilization using virtual synchronous generator with alternating moment of inertia[END_REF], LQR optimization [START_REF] Markovic | LQR-Based Adaptive Virtual Synchronous Machine for Power Systems With High Inverter Penetration[END_REF], and predictive control [START_REF] Kerdphol | Enhanced Virtual Inertia Control Based on Derivative Technique to Emulate Simultaneous Inertia and Damping Properties for Microgrid Frequency Regulation[END_REF] have been proposed for inertia tuning. The authors of [START_REF] Sockeel | Virtual Inertia Emulator-based Model Predictive Control for Grid Frequency Regulation Considering High Penetration of Inverter-based Energy Storage System[END_REF] have recently shown that the energy storage requirement for synthetic inertia is reduced by model predictive control (MPC) formulation compared to PI control. However, the MPC control proposed in [START_REF] Sockeel | Virtual Inertia Emulator-based Model Predictive Control for Grid Frequency Regulation Considering High Penetration of Inverter-based Energy Storage System[END_REF] is only for ESS-sizing. It has not been used to optimally tune the inertia parameters to improve the frequency response. Hence, we propose a local model predictive inertia control in grid-friendly DERs to vary the inertia level based on the local flexibility constraints. To the best of our knowledge a coordinated MPC framework has not yet been implemented for the fast-frequency control problem.

Distributed flexibility resources can be coordinated in a cooperative or competitive manner [START_REF] Chakraborty | Sharing Storage in a Smart Grid: A Coalitional Game Approach[END_REF]. Since the problem addressed in this work is a grid-supporting function, cooperative method becomes an obvious choice for resource coordination. Once again, the resource coordination can be addressed by a centralized control architecture with a microgrid operator or with distributed control employing a peer-to-peer communication network [START_REF] Wu | Secondary coordinated control of islanded microgrids based on consensus algorithms[END_REF]. In order to mitigate the need for a centralized authority in every energy community, we aim to coordinate the flexible DERs by a peer-to-peer distributed optimization. In [START_REF] Hammad | On Effective Virtual Inertia of Storage-Based Distributed Control for Transient Stability[END_REF], the authors defined an effective inertia term that is representative of the equivalent aggregate value of inertia of synchronous generators and the distributed energy storage reserves. The authors of [START_REF] Chamorro | Distributed synthetic inertia control in power systems[END_REF] have implemented an evolutionary game to coordinate the inertia contribution of synchronous generators and strictly identical DERs. Consensus optimization as well as coalition game theory methods can be applied to reach an equilibrium in a cooperative control problem. In [START_REF] Xing | Cooperative energy management optimization based on distributed MPC in grid-connected microgrids community[END_REF], the authors presented the superiority of a distributed MPC compared to the consensus methods. In our study, we employ a consensus optimization to coordinate the upperbound of the inertia coefficients grid-friendly DERs based on the available flexibility. We complement the constraints of the distributed consensus to the local inertia MPCs for a faster response as we aim to address the fast-frequency control problem.

B. Contribution

The main contribution of this work is the proposed cooperative consensus of the inertia coefficients based on the available flexibility of the DERs. The distributed consensus optimization is complemented by local model predictive controllers that optimize the frequency response by tuning the level of injected inertia.The proposed control strategy is tested on 100 % converter-based microgrid with grid-friendly DERs using a power hardware-in-the-loop (PHIL) platform. With our proposed framework of coordinative inertia control by model prediction, we show that it is possible to replace dedicated inertia reserves and their CAPEX for self-consuming energy communities.

II. DISTRIBUTED VIRTUAL INERTIA CONTROL

The interaction of cyber and physical layers of the power system facilitates the usage of remote measurements and control exchanges between DERs participating in the gridsupport functions for the system. In this section, we present the proposed distributed average consensus control of inertia coefficients, considering DERs as plug-and-play agents, with identical linear time-invariant (LTI) dynamics, which can be involve in peer-to-peer communications. The completely distributed control architecture with peer-to-peer communication, shown in Fig. 1b, differs from the centralized formulation, which involves the microgrid controller, show in Fig. 1a. We thereby aim to exploit the cyber-physical architecture of the power system to deliver a robust inertia compensation while evading installations of dedicated storage reserves to perform the same task.

The agents in the system or the different DERs can choose to participate in grid-support functions over a scheduled period of time and are thus declare as grid-friendly DERs. Synchronous generators, or virtual synchronous generators, which are the grid-froming entities in the system, contribute to its global inertia. The grid-friendly DERs act as power reserves, the objective of which is to provide the maximum power response in the event of a disturbance. The maximum power response to be delivered by each DER in the event of a disturbance is obtained by the consensus optimization. The consensus objective is to maintain the remaining stored energy of each DER the same, to equally exploit the grid-friendly DERs.

The communication network used for the distributed control of 'n' number of DERs is represented by a connectivity matrix α = {n, n}, with elements a ij whose value is '1' if there exists a communication link from node 'i' to node 'j', and '0' otherwise. The rows and columns represent the nodes and the grid-friendly DER respectively. For the distributed control, it is required that there is a communication path between every node with every other node and that the graph is balanced, i.e. every node 'i' satisfies

n j=1 a ij = n j=1 a ji .
Consider a microgrid with grid-forming inverters providing the voltage and frequency reference to the islanded power system. The system dynamics is expressed by 2H s . ω = ∆P -D s ω. Due to the power injected from the coordinated DERs, this is modified in [START_REF] Chakraborty | Sharing Storage in a Smart Grid: A Coalitional Game Approach[END_REF] with P i reflecting the scheduled power injected by the DER, P i , and its synthetic inertia support.

2H s . ω = ∆P -D s ω + n i=1 P i with P i = P i -K vi ω (1)
We use a generalized first-order virtual battery model to represent holistically the heterogeneous DERs. The first-order virtual battery model (VBM) parameters are the state-of-charge (SOC) bounds, C min and C max , which reflect the energy capacity, the time-varying power limits, P -(t) and P + (t), the self-dissipation rate s and the initial SOC C 0 . The parameters of each homogeneous or heterogeneous DER, such as electric vehicle parking lots, flexible heating and cooling systems, fast curtailable demand and so on, can be obtained using a performance tracking optimization technique [START_REF] Nandanoori | Identification and validation of virtual battery model for heterogeneous devices[END_REF] which is out of the scope of this work. The VBM representation of the DER 'i' is given in [START_REF]Regulatory Aspects of Self-Consumption and Energy Communities CEER Report[END_REF], where C i (t) and P i (t) are the SOC at time t and the power response of the grid-friendly DER at time t respectively.

     Ċi (t) = -sC i (t) -P i (t) C imin ≤ C i (t) ≤ C imax P - i (t) ≤ P i (t) ≤ P + i (t) (2) 
The DER 'i' is modeled by a linearized state-space representation using the VBM and the small-signal representation of the inertia controllers [START_REF] Soni | Analysis of Frequency Transients in Isolated Microgrids[END_REF] as expressed in (3). The control input is proportional to the difference between the state of the given DER and the neighboring DERs, based on a local voting protocol expressed in (4) [START_REF] Morstyn | Distributed cooperative control of microgrid storage[END_REF].

ẋi = Ax i + Bu i ( 3 
)
u i = K i n j=1 a ij (x j -x i ) (4) 
K i is the state feedback matrix of the DER 'i', obtained by solving the linear quadratic optimization problem given by ( 5), subject to the state update equation from the DER model and the control bounds.

min t2,i t1,i (x i Qx i + u i Ru i ) dt (5) 
The solution to the linear quadratic problem is given by ( 6), where M i is the solution to the Ricatti equation [START_REF] Markovic | LQR-Based Adaptive Virtual Synchronous Machine for Power Systems With High Inverter Penetration[END_REF] given in [START_REF] Fang | Distributed Power System Virtual Inertia Implemented by Grid-Connected Power Converters[END_REF], Q and R are tunable cost penalties.

K i = R -1 i B i M i (6) 0 = A M i + M i A -M i B i R -1 i B i M i + Q (7) 
The consensus reached via local voting protocol by agents with identical dynamics and a balanced connectivity matrix is the distributed average of the initial control states [START_REF] Morstyn | Distributed cooperative control of microgrid storage[END_REF].

III. LOCAL MPC CONTROL

In this section, we describe the control strategy in the physical control layer of each grid-friendly DER. The heterogeneous flexibility of the DERs on the DC-side has to be controlled to perform a synthetic inertia function. In this work, we employ a model predictive strategy, replacing all the conventional PI controllers in the DER, as shown in Fig. 2. The predictive control gives access to the trajectory information, which allows the MPC to conduct an optimization over the prediction horizon, avoiding pre-determined constraints based on safety-margins. The MPC is a receding horizon control that highly relies on the model accuracy for the prediction and has proven its superior performance over a PI control on several applications, including microgrids control [START_REF] Sockeel | Virtual Inertia Emulator-based Model Predictive Control for Grid Frequency Regulation Considering High Penetration of Inverter-based Energy Storage System[END_REF].

The control comprises the DC-DC controller, the inverter current controller, and the inertia controller, whose functions are to regulate the DC-link voltage, control the inverter current for a given power setting, and tune the injected transient power for fast-frequency response respectively. These controllers are discussed here.

A. Model Predictive DC-DC Control

The objective of the DC-DC controller is to utilize proportionately the available storage reserves to maintain the power balance between the DC and AC side of the converter, i.e. to regulate the DC-link voltage.

The MPC controller shown in Fig. 3 comprises a reference calculator, which determines the updated set-point for the control. The predictor predicts the control objective over the prediction horizon based on the disturbance predictor. The prediction horizon consists of N discrete time intervals throughout this paper. The optimizer then determines the control variables for N time intervals and minimize the error between the predicted value and the reference setting over the prediction horizon. However, only a few time steps of control action are performed before the next cycle of prediction, which is termed as the control horizon, with N c discrete time intervals. In this work, we consider the control horizon as one sample time.

1) Disturbance Prediction: The varying PV current, I pv , and the AC output current drawn by the inverter, I ac , are the disturbances in the DC-link voltage control problem. Since the DC-DC control loop is a very fast inner control loop, we consider the prediction for the next time step to remain the same as the current measured disturbances, as expressed in [START_REF] Bera | C2C: Community-Based Cooperative Energy Consumption in Smart Grid[END_REF]. The disturbance measurements are updated each time-step.

I pv (k + 1) = I pv (k) I ac (k + 1) = I ac (k) (8) 
The DC-link capacitor current is predicted using (9) [START_REF] Shan | A model predictive control for renewable energy based AC microgrids without any PID regulators[END_REF], where γ is the coefficient to limit the capacitor current, I s is the control step time, and V * dc and V dc (k) are the reference and the measured DC voltages respectively.

I c (k + 1) = C γ.T s (V * dc -V dc (k)) (9) 
2) Control Reference calculation: With the predicted DC current, I dc (k + 1) = I pv (k + 1) -I c (k + 1) -I ac (k + 1), the reference power to be injected by the ESS is calculated with [START_REF] Guo | MPC-Based Coordinated Voltage Regulation for Distribution Networks with Distributed Generation and Energy Storage System[END_REF]. In this work, we use a hybrid ESS comprising of a battery energy storage system (BESS) and a supercapacitor bank (SCESS) to depict ranges of power ratings. As the SCESS is of higher power capacity, the high frequency component 

I(k + 1) = I(k) + (Ts/L) V (k) 0 0 I(k + 1) = I(k) + (Ts/L) (V (k) -V dc (k)) BUCK MODE 0 0 I(k + 1) = I(k) -(Ts/L) V (k) 0 1 I(k + 1) = I(k) -(Ts/L) (V (k) -V dc (k))
Fig. 4: MPC Inverter Control Schematic.

of P * ess is assigned to the SCESS, while the low frequency component or the slower disturbances are assigned to the BESS, with the use of filters.

P * ess (k + 1) = V * dc İdc (k + 1) With    P * bess (k + 1) = ωc s+ωc P * ess (k + 1) P * scess (k + 1) = s s+ωc P * ess (k + 1) (10) 
3) Model Prediction: Based on the model, the predictions of the battery and supercapacitors power are given by [START_REF] Alipoor | Power system stabilization using virtual synchronous generator with alternating moment of inertia[END_REF].

P bt (k + 1) = I bt (k + 1) × V bt (k + 1) P sc (k + 1) = I sc (k + 1) × V sc (k + 1) With V bt (k + 1) = V bt (k) V sc (k + 1) = V sc (k) (11) 
The current prediction I(k + 1) is given by Table I for the different converter switching states. Once again, the highfrequency and low-frequency components are assigned to I sc (k + 1) and I bt (k + 1) respectively. 4) Finite control set Optimization: In order to track the reference settings, the control adjustment may be obtained by solving the optimization problem of ( 12), subject to the state update equations. 

B. Model Predictive Inverter Current Control

Similar to the DC-DC controller, the objective of the AC-side inverter current controller is to track the DER power set-point by tracking the equivalent current reference. The illustrated control shown in Fig. 4 is a grid-following control, where V ac is obtained from the node of connection.

The main grid or the grid-former provides the AC voltage reference in case of grid-connected and islanded modes respectively. The inverter state-space representation is written based on the LC filter equations [START_REF] Kerdphol | Enhanced Virtual Inertia Control Based on Derivative Technique to Emulate Simultaneous Inertia and Damping Properties for Microgrid Frequency Regulation[END_REF].

L f dIi dt = V i -V c -I i R C f dVc dt = I i -I inv ⇒ ẋ(k) = Ax(k) + By(k) With x(k) = I i (k) V c (k) ; y(k) = V i (k) I o (k) ; A = - R f L f -1 L f 1 C f 0 ; B = 1 L f 0 0 -1 C f (13)
Solving the differential equation leaves us with the expression of the inverter predictor current of ( 14). For synthetic inertia emulation and droop, the additional injected reference power is expressed in [START_REF] Wu | Secondary coordinated control of islanded microgrids based on consensus algorithms[END_REF], where M and D are the inertia and the droop damping constants of the individual DER, whose base value is determined by the distributed control layer for a given time slot, say 15 minutes, in which the inertia reserve is scheduled. From the power reference, the new current reference is given in [START_REF] Hammad | On Effective Virtual Inertia of Storage-Based Distributed Control for Transient Stability[END_REF].

∆P * inv (k + 1) = M (k) ω(k) + D(k)ω(k) With ω(k) = 2π (f (k) -f * ) (15) 
I * i (k + 1) = I i (k) + ∆P * inv (k + 1)/V ac (k) (16) 
The reference tracking is implemented with the MPC controller by optimizing the objective function given in [START_REF] Chamorro | Distributed synthetic inertia control in power systems[END_REF].

min N -1 k=1 1 I * i (I * i (k + 1) -I i (k + 1)) (17) 

C. Model Predictive Inertia Tuning

With the presented controls, it is possible to realize a distributed virtual inertia control (D-VIC) with individual DER controls. In this work, we complement the D-VIC with a simple MPC-tuner, the objective of which is to fast-tune the inertia offered by the individual DER locally while respecting the base values obtained by the slower distributed control. The fast tuning essentially means that the power injected by the grid-friendly DER is varied locally in each DER to optimize the frequency response characteristics over the prediction horizon.

The real-time controllability of the inertia reserve is a unique aspect of the synthetic inertia, which is absent in synchronous machines. The controllability of the inertia can be exploited to improve the frequency transient metrics. It has been shown by recent research works [START_REF] Alipoor | Power system stabilization using virtual synchronous generator with alternating moment of inertia[END_REF], [START_REF] Markovic | LQR-Based Adaptive Virtual Synchronous Machine for Power Systems With High Inverter Penetration[END_REF] that a high inertia can improve the initial ROCOF, ωmax = ∆P d /(2H s ), while fast-acting primary frequency reserves, along with inertia reserves, can improve the frequency nadir, f nadir . Both the inertia and the fast-acting primary frequency reserves inject additional power in response to the disturbance. In this work, we distinguish the fast-acting primary and the inertia reserves based on their control function. The inertia reserves inject an additional power proportionally to the frequency derivative, while the primary reserves inject an additional power proportionally to the frequency deviation. By fast-acting primary reserves, we refer then to the power injected proportionally to the frequency deviation but with a very short control delay. However high the fast-acting primary reserves is in the system, only the inertia reserves affect the initial ROCOF. Hence, the system inertia is highly significant before the occurrence of the disturbance. The base value of the individual inertia constant of DERs is henceforth the upper limit of the inertia provided by the DERs through the frequency transient.

If the inertia constant is maintained at its upper limit, through the frequency response, after the primary control reserves came into action, it causes a high peak overshoot. Once the f nadir , expressed as ∆ω max in [START_REF] Nandanoori | Identification and validation of virtual battery model for heterogeneous devices[END_REF], is crossed, the need for an inertia response to limit the ROCOF is reduced, while the droop damping constant plays a major role in the settling time of the frequency response [START_REF] Markovic | LQR-Based Adaptive Virtual Synchronous Machine for Power Systems With High Inverter Penetration[END_REF]. In the local model predictive inertia tuning, the initial inertia parameter is set as the base value or the upper limit of the inertia obtained from the distributed control layer. However, the controller is enabled only beyond a ROCOF deadband, defined as ±0.01Hz/s. Once the control is disabled, the base value of the parameters are restored in case of another disturbance.

1) Frequency predictor:

As per the per unit AC system frequency response model, expressed in [START_REF] Xing | Cooperative energy management optimization based on distributed MPC in grid-connected microgrids community[END_REF], the system frequency can be predicted over the prediction horizon of the MPC control N h , which lasts for a typical frequency transient settling period of 2 s, while the control operates with a time step of 0.1 s. Hence, the prediction is based on a simplified model.

∆ω(s) = ∆P d (s)   n d j=1 1 R j (1 + T j s) + n h i=1 2H i s   -1 With H s = n h i=1 H i S i n h i=1 S i ; D s = n d j=1 D j S j n d j=1 S j ; T 1 = T 2 = .. = T j = T, ∀j n d ( 18 
)
The control assumes that every grid-friendly DER is equipped with the same MPC tuning. So, the obtained per unit optimal inertia constant is used to tune H among all controllable synthetic inertia units, thus enforcing a decentralized control.

In case the other DERs are not equipped an MPC H-tuner,the equivalent inertia of the system tuner must be modified with the H parameters of the synchronous generators or other DERs, while only the H i of the i th DER is tuned. The transfer function of the system in the standard second order form with a natural frequency ω n and a damping coefficient ζ is presented in [START_REF] Nandanoori | Identification and validation of virtual battery model for heterogeneous devices[END_REF], the time of the frequency nadir and its expression is computed by setting the frequency derivative to zero.

∆ω(s) ∆P d (s) = 1 2H s T (1 + sT ) (s 2 + 2ζω n s + ω 2 n ) With ω n = D s 2H s T ; ζ = 2H s + T D s 2 √ 2H s D s T ; ω d = ω n 1 -ζ 2 ; t nadir = 1 ω d tan -1 ω d ζω n -T -1 ; ∆ω max = f nadir = -∆P d D s 1 + T e -ζωnt nadir 2H s (19) 
2) Disturbance prediction: Disturbance estimation algorithms can be used to predict the disturbance over the prediction horizon, however we are aiming for a fast-frequency control in which case the prediction is a very short-term forecast. Therefore, for a simpler model, we employ the disturbance prediction P d (k + 1) = P d (k), which is used to predict the frequency using [START_REF] Xing | Cooperative energy management optimization based on distributed MPC in grid-connected microgrids community[END_REF].

3) Optimization: The MPC tuner tracks the reference frequency by optimizing the injected inertia power in real-time by minimizing the peak overshoot frequency deviation, as expressed in [START_REF] Morstyn | Distributed cooperative control of microgrid storage[END_REF], where u i is the control effort with the upper bound constraint of the parameter H i . q and r are tunable cost penalties of the optimization problem. Thus, the optimization alters the inertia power-ROCOF slope to improve the frequency response characteristics.

min N -1 k=1 q∆ω i (k) 2 + r∆u i (k) 2 (20) 

IV. RESULTS AND DISCUSSION

In this section, we illustrate the proposed framework and control on the CIGRE benchmark microgrid [START_REF] Stavros Papathanassiou | A benchmark low voltage microgrid network[END_REF]. Information on the system and initial settings are presented.

A. System Description

We consider the CIGRE benchmark system [START_REF] Stavros Papathanassiou | A benchmark low voltage microgrid network[END_REF] as it is a radial distribution microgrid with DERs of different capacities and is representative of self-consuming energy communities towards which this work is targeted. The microgrid comprises six DERs that are classified as shown in Fig. 5, based on their functionalities. In the islanded mode, the grid-forming DER 2 acts as the reference voltage source of the microgrid and performs voltage and frequency regulations. Among the other DERs, DER 4 and DER 5 are not equipped with flexible resources. However, they can provide unidirectional flexibility via PV curtailment. It is not desirable to curtail the PV production unless there is an unavoidable case. The other DERs (1, 3 and 6) are equipped with time-varying flexibility with hybrid energy storage systems and PV production.

Table II presents the virtual battery model parameters of the DER-ESS used in the study. The charging/discharging rate r max gives the ratio of energy to power capacity of the ESS. The round trip efficiency is η and s, the self-discharge rate, is presented per day (p.d.) or per month (p.m.). The used data is representative of typical commercial ESSs.

We consider that the hybrid ESS (HESS) in DER 1 and DER 3 comprises battery ESS (BESS) and flywheel ESS (FESS), and The FESS provides 30 kW of short-term peak discharge rate and the SCESS provides a peak power of 10 kW, while the corresponding BESS are designed to provide sufficient energy capacity for going off-grid or to support a given load level. DER 6 suppoerted with only the BESS, shown in Fig. 5, has a lower power rating compared to its fast-acting counterparts. B. Validation 1) Simulations: Time domain simulations are carried out by modeling the microgrid and the inverter controls on MATLAB/Simulink R . Initially, we compare the microgrid frequency response when the system inertia varies, as shown in Fig. 6a, in the occurrence of a disturbance. It is seen in Fig. 6b that the ROCOF and f nadir depend on the inertia coefficient. However, it also determines the peak overshoot and the settling time of the frequency response in 100 % inverter-based lowinertia systems (e.g. H s = 4 s and 5 s). Keeping D constant at 1% p.u, a higher inertia coefficient (e.g. H s = 8 s and 9 s) mitigates the initial ROCOF and f nadir , but increases the peak overshoot and the settling time of the frequency response.

With the implemented synthetic inertia control, we examine the effect of the inertia parameters on the frequency response using modal analysis in Fig. 6b. Based on the control equations, the small-signal model of the inverter control is derived, ignoring the DC side of the model as the MPC controller maintains the DC-link voltage [START_REF] Soni | Analysis of Frequency Transients in Isolated Microgrids[END_REF]. The modes of the inverter droop control are referred to as inverter power modes and the modes of the swing equation-based control that emulate inertia are referred to as the electro-mechanical modes since the control is based on a virtual rotor and prime-mover input power. Increase in H i shifts the inverter power modes towards the left half of the s-plane, thereby stabilizing the system. However, the electro-mechanical modes of the swing-based controller are shifted to the right, decreasing the stability margin of the system. Therefore, the inertia and damping parameters have to be traded off for optimal response.

In Fig. 7, we present the simulation results with the synthetic inertia control using different DERs. f nadir with a high K vi , the frequency response may have a higher peak overshoot and a longer settling time, which decreases the stability margin. A higher K vi also indicates a high power injection from storage reserves, and a higher operating expenditure (OPEX).

Following this, we present the result of the improved distributed predictive controller in Fig. 8. The ROCOF and the frequency nadir are optimized by a high control coefficient, after what the inertia coefficient is significantly reduced, resulting in a shorter settling time with mitigated oscillation. The power injected by the grid-friendly DERs P i is limited by P - k , P + k for the k th 15-min interval. The optimized K vi base values are shown in Fig. 8. The K vi values are designed for the standard ROCOF limit of the system, 0.5 Hz/s. If the system ROCOF dips beyond the standard limit, the K vi base values are naturally decreased with the saturation of P i .

Fig. 9 shows the battery and supercapacitor response to maintain the AC-DC power balance by regulating the DC-link voltage with PV variation and AC-microgrid disturbances. The supercapacitor responds to the high-frequency disturbance, while the battery responds to slower disturbances. For the fastfrequency response, we see that the supercapacitor delivers a proper response, while the battery delivers a slower-butsustained primary frequency response thanks to its high-energy capacity, but low charge/discharge speed. The hybridization of the storage technology clearly makes sense in the studied configuration.

2) Experimentation: For the real-time validation, we have used a power hardware-in-the-loop (PHIL) platform, shown in Fig. 10a. The platform comprises a 5 kW inverter, controlled at a 10 kHz switching frequency by a dSpace R controller, supplied by a controllable DC voltage source operating at 700 Vdc. The inverter is controlled in the grid-following or The waveform recorded in Fig. 10b showcases a gridfriendly DER response to a series of disturbances (0.2 p.u. step-load increase, 0.2 p.u. momentary loss of PV generation with gaussian noise, and a step load decrease of 0.1 p.u.) to maintain the frequency balance of the microgrid. The DER inverter I 1 operates as a grid-feeder, which follows a constant power set point over the 15 min sample time, while the gridfriendly DER responds well to the momentary disturbances in the system, maintaining the frequency constant. The first block of waveform shows the response on the grid-friendly DER to the disturbance, while the grid-feeding I 1 does not respond to the disturbance in the constant power mode and decrease with the change in the power set point. The send block shows the response of I 2 to the step load decrease. In this work, we have proposed a distributed model predictive synthetic inertia control for coordinating grid-friendly DERs using the communication network. For the DER coordination, we employed a generalized first-order virtual battery model to represent homogeneous and heterogeneous DER flexibilities. The inertia service provided by the DERs are scheduled for every 15-minute interval by distributed consensus with the objective of equal exploitation accounting for the device flexibility limits. Further, the local DERs are equipped with a faster MPC which adapts the synthetic inertia minimizing the contradicting ROCOF and peak overshoot to improve the overall frequency response characteristics. The proposed control strategy has been put to test on the CIGRE benchmark microgrid with heterogeneous DERs. The control is validated in real-time using a power hardware-in-the-loop setup. The results indicate that the proposed strategy successfully manages distributed resources optimally, while improving the overall frequency response.
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 1 Fig. 1: Control Structures for DERs as Multi-agent Systems.
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 2 Fig. 2: Proposed Control Scheme of a Grid-friendly DER.
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 3 Fig. 3: The MPC DC-DC Control Schematic.
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 5 Fig. 5: Modified CIGRE Benchmark Microgrid System.

  (a) Effect of Hs on the Frequency Response. (b) Bifurcation Plot Showing the Effect of an Increasing Inertia.
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 6 Fig. 6: Effect of the Synthetic Inertia on the System Dynamics.

  Fig. 7a presents the frequency responses based on the power rating of the DERs with different synthetic inertia control coefficients K vi . The corresponding aggregated power injected by the DERs is shown in Fig. 7b. If K vi is optimized only for the initial ROCOF and (a) Frequency Response with Different Synthetic Inertia Control Coefficients. (b) Power Injected by VICs for Fast-frequency Support.
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 7 Fig. 7: Synthetic Inertia. Illustration of the Need for MPC.

  (a) Improved Frequency Response Compared to Fig. 7a. (b) Power Injected by MPC D-VICs.
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 8 Fig. 8: Distributed Predictive Synthetic Inertia Control.
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 9 Fig. 9: Response Characteristics of the Hybrid Energy Storage.

  (a) Power Hardware-in-the-loop Platform (b) Experimental Validation of Grid-friendly DER Response.

Fig. 10

 10 Fig. 10: PHIL Validation

TABLE I :

 I Buck-Boost Converter Outputs.

	S 1	S 2	Predictor Equation
			BOOST MODE
	1	0	

TABLE II :

 II Virtual Battery Model Parameters.

	Parameters	DER-1	DER-3	DER-6
		FESS	BESS	SCESS	BESS	BESS
	s, %	5 p.d.	5 p.m.	90 p.m.	5 p.m.	5 p.m.
	C 0 , %	100	50	100	70	80
	C min , %	∼0	20	5	50	20
	Cmax, %	∼100	80	95	80	80
	rmax	10 min	3 h	10 s	3 h	3 h
	η, %	85	70	92	70	70
	BESS and supercapacitor bank (SCESS) respectively. Hybrid
	energy storage systems allow highly efficient operation and
	reduce the cost over the system's lifetime. The BESS in
	this case only takes over when the FESS is at full-speed or
	stand still, or when the SCESS is fully charged or discharged,
	especially for lasting frequency deviations. It thereby improves
	the battery lifetime since the fast-acting ESS have a long cycle
	life and far lesser deterioration compared to BESS. Li-ion
	BESS is considered in this work. A typical FESS can provide
	up to 80 % of its rated power capacity after 10-15 years
	of usage. FESS are of a higher energy capacity than SCESS.