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emulated diesel-PV-load grid is developed in order to experimentally validate this frequency control strategy under realistic operating conditions. Starting from given desired dynamic specifications, a multi-variable H ∞ controller is designed via the linear matrix inequalities (LMI) method. In the second step, uncertainty in the steady-state value of the supercapacitor state

Introduction

Microgrids (MGs) represent nowadays a major topic of research, since they enable the cost-effective integration of distributed energy resources into power systems, due to enhanced overall reliability, higher energy efficiency, and multiple environmental and economic advantages [START_REF] Hatziargyriou | Microgrids[END_REF], [START_REF] Lopes | Defining control strategies for microgrids islanded operation[END_REF]. In this context, to ensure MG stability and suitable overall performance is one of the main challenges, especially during islanded mode, where the low inertia, uncertainties, and intermittent nature of distributed energy resources affect more significantly MGs operation [START_REF] Kroposki | Making microgrids work[END_REF], [START_REF] Olivares | Trends in microgrid control[END_REF]. Thus, keeping frequency and voltage deviations within some imposed ranges according to stiff grid codes is a crucial control objective in stand-alone operation mode. A technological solution to this problem can be brought by the use of short-and mediumterm storage systems -e.g., batteries, flywheels, or supercapacitors -leading to new grid configurations and complexifying the role of control structures required to deal with unexpected disturbances and model uncertainties.

Generally speaking, H ∞ robust control theory has widely been applied

to synthesize an H ∞ controller so as to ensure system stability and performance in the presence of model uncertainties and external disturbances using LMI methods. LMI is a powerful tool that is used to directly search for a feasible and optimal solution. More particularly, the vital goal of H ∞ robust control is to reduce the impact of uncertainties and disturbances on controlled outputs by generating control signals based on measured outputs information. Weighting functions are used for conditioning these signals such as to optimally configure the trade-off between performance and robustness in closed loop.

Frequency robust control for various MGs has recently attracted the attention of many researchers. For instance, in the work of Goya et al. [START_REF] Goya | Frequency control in isolated island by using parallel operated battery systems applying H ∞ control theory based on droop characteristics[END_REF], based on droop characteristics, H ∞ control theory is applied to frequency control in isolated MGs composed of diesel generators, wind turbine generators, battery-based ESSs, and loads. In this study, system trade-offs are optimized; nevertheless, the controllers robustness to model uncertainties is not analysed. Similarly, Singh et al. have presented in [START_REF] Singh | Robust H ∞ load frequency control in hybrid distributed generation system[END_REF] H ∞ control with loop shaping through genetic algorithm and particle swarm optimization and H ∞ -based droop control for improving frequency deviation in isolated hybrid generation systems composed of distributed generation units, ESSs, and loads, but only the controller sensitivity to system parameter uncertainties is analysed in this study. Another H ∞ approach based on decentralized static output feedback for coordination of storage and generation in power system frequency control can be found in the work of Zhu et al. [START_REF] Zhu | Coordination of storage and generation in power system frequency control using an H ∞ approach[END_REF]. In a similar way, an H ∞ -based frequency robust control approach for coordination of a wind turbine generator and a battery-based ESS in a small power system has been introduced in the work of Howlader et al. [START_REF] Howlader | A robust H ∞ controller based frequency control approach using the wind-battery coordination strategy in a small power system[END_REF]. However, these studies do not analyse the controller's robustness subject to model uncertainties.

Han et al. have proposed in [START_REF] Han | Robust control for microgrid frequency deviation reduction with attached storage system[END_REF] a robust control strategy for reducing system frequency deviation due to load and renewable energy sources fluctuations in an MG with attached storage. A D-K-iteration-based µ-synthesis control approach is used to cope with system uncertainties such as load transients, wind turbine generation output fluctuations, model uncertainties, and measurement noise/errors. Another interesting application can be found in the work of Bevrani et al. [START_REF] Bevrani | Robust frequency control in an islanded microgrid: H ∞ and µ-synthesis approaches[END_REF], where the focus is on H ∞ and µ-synthesis (via D-K iteration) robust control techniques for improving secondary frequency control performance in an islanded MG. Uncertainties in the MG model are here included in the control design procedure.

Another similar work for utilizing H ∞ robust control is presented in the work of Li et al. [START_REF] Li | The H ∞ control method of grid-tied photovoltaic generation[END_REF]. Mixed H 2 /H ∞ control schemes can be found in the work of Baghaee et al. [START_REF] Baghaee | A decentralized robust mixed H 2 /H ∞ voltage control scheme to improve small/large-signal stability and FRT capability of islanded multi-DER microgrid considering load disturbances[END_REF], [START_REF] Baghaee | A generalized descriptor-system robust H ∞ control of au-tonomous microgrids to improve small and large signal stability considering communication delays and load nonlinearities[END_REF]. More works on µ-synthesis robust control methods are introduced in the work of Kahrobaeian and Mohamed [START_REF] Kahrobaeian | Robust single-loop direct current control of LCL-filtered converter-based DG units in grid-connected and autonomous microgrid modes[END_REF], Haddadi et al. [START_REF] Haddadi | A µ-based approach to small-signal stability analysis of an interconnected distributed energy resource unit and load[END_REF], Li et al. [START_REF] Li | Modelling robustness for a flexible grid-tied photovoltaic generation system[END_REF], and Taher et al. [START_REF] Taher | A new approach for soft synchronization of microgrid using robust control theory[END_REF]. H ∞ robust control for power sharing in both grid-connected and islanded modes of MG operation is given in the work of Hossain et al. [START_REF] Hossain | Robust control for power sharing in microgrids with low-inertia wind and PV generators[END_REF] and Gholami et al. [START_REF] Gholami | Robust multiobjective control method for power sharing among distributed energy resources in islanded microgrids with unbalanced and nonlinear loads[END_REF].

The frequency stability issue of stand-alone MGs with high penetration of decentralized, renewable, and intermittent energy production is addressed in this work. In the work of Han et al. [START_REF] Han | Robust control for microgrid frequency deviation reduction with attached storage system[END_REF] it is shown that relatively small storage units can significantly reduce frequency variation, provided that sat-uration conditions are avoided, by dynamically coordinating storage with other generation sources. This paper first proposes a systematic design procedure of a centralized, multi-variable H ∞ robust controller for frequency regulation in a diesel-PV-storage hybrid power generation system operating in stand-alone mode. This controller is placed on an upper control level and provides references to current controllers placed on a lower level. As mentioned in the previous work in [START_REF] Lam | Frequency robust control in stand-alone microgrids with PV sources : design and sensitivity analysis[END_REF], a sensitivity analysis has been conducted as an illustrative example for assessing robust performance of the designed H ∞ controller subject to a given parametric uncertainty level in the steady-state value of the supercapacitor state of charge SoC sce (equivalently represented by its voltage V sce ). However, it is necessary to go further to identify more explicitly the limitation of H ∞ control, i.e., the maximum variation range of SoC sce (or V sce ) for which the imposed closed-loop performances are still respected for the considered operating point. This range can be determined by a robustness analysis using µ-analysis that is detailed in this work. Moreover, compared to the previous work which was presented in [START_REF] Lam | Robustness analysis of primary frequency H ∞ control in stand-alone microgrids with storage units[END_REF], a rapid-prototyping test bench composed of a real supercapacitor-based ESS and an emulated diesel-PV-load grid is developed in this study in order to validate experimentally the theoretical results.

The remainder of this paper is divided into five sections. In Section 2, MG description, laboratory-scale prototype system, and dynamic specifications are introduced. Section 3 is devoted to frequency-control-oriented modelling. H ∞ control design is presented in Section 4. Section 5 details a µ-analysis of robust performance of the designed H ∞ controller when the supercapacitor voltage V sc -which is an image of its SoC sc -is regarded as a time-variant parameter. Results of real-time experiments confirming the theoretical analysis is also presented. The last section provides conclusions and future work.

2. Microgrid description, laboratory-scale prototype system, and dynamic specifications

Microgrid description

The application presented in this paper is a diesel-PV-supercapacitor hybrid power generation system, where power sources are connected in parallel to a point of common coupling (PCC) and feed an aggregated static load.

The studied MG configuration is depicted in Figure 1 [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF]. The PV panel bank is connected to the PCC through a power-electronic conversion system including a pulse-width-modulation (PWM)-controlled one-quadrant chop- example of stand-alone MGs similar to the one considered in [START_REF] Delille | Contribution du stockage à la gestion avancée des systèmes électriques, approches organisationnelles et technicoéconomiques dans les réseaux de distribution[END_REF]. However, it can be considered as a sufficiently representative structure of such MGs.

Choice of a supercapacitor as storage technology

Two main groups of energy storage devices can be identified according to their power or energy supply ability, as in Ragone's plot [START_REF] Kuperman | Battery-ultracapacitor hybrids for pulsed current loads: A review[END_REF]: sources with high power density, able to supply high power for a short period of time, with fast dynamic characteristics and high own frequency (e.g., electrochemical double-layer capacitors, ultracapacitors, electrolytic capacitors, and flywheels) and sources with high energy density, able to provide power over long periods of time, with slow dynamic characteristics and low own frequency (e.g., fuel cells and long-time batteries).

The choice of energy storage technology depends on the desired service; in the case of the primary frequency control it relies upon a frequencydomain analysis of the transfer function between the MG frequency deviation ∆f grid (s) and the aggregated load active power variation ∆P dif f (s) = ∆P P V (s) -∆P load (s). The most critical situation of the frequency variation -the largest frequency deviation consequent to the load active power variation -is first studied, then a suitable interval around this critical frequency is defined for participation of the storage device.

Details about this analysis can be found in authors' article [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF] and in [START_REF] Mongkoltanatas | Participation d'un système de stockage à la stabilité des réseaux insulaires[END_REF]. Usually, such an analysis indicates that the search for storage technology should ideally have its own frequency placed in a frequency interval between 0.02 Hz and few Hz, which thus indicates the supercapacitor as the most suitable storage technology, according to Ragone's plot. 

Laboratory-scale prototype system

A schematic diagram of the test bench implemented and completed during this paper is depicted in Figure 2. The test bench comprises two main subsystems: a subsystem that concerns first of all a real supercapacitor-based ESS including a PWM-controlled two-quadrant chopper and a PWM-controlled three-phase voltage-source inverter, and subsequently the emulation of the remainder of the studied MG composed of a diesel engine generator, a PV system, and an aggregated static load via a real-time digital simulator and a power amplifier. Each subsystem is divided into two entities, namely a first software layer and a second hardware layer. The term "emulation" refers to the physical simulation of a component; it is therefore not a pure numerical simulation [START_REF] Florescu | Gestion optimisée des flux énergétiques dans le véhicule électrique[END_REF].

• Real supercapacitor-based energy storage system: the first software part contains the control architecture of the test bench. The second hardware part comprises elements which allow to implement the power interface with the emulated diesel-PV-load grid.

• Emulated diesel-photovoltaic-load grid: the first software layer consists of models of the diesel engine generator, the PV system, and the aggregated load, together with the control architecture of the experimental bench. The second hardware layer includes elements which allow to realize the power interface with the real supercapacitor-based ESS environment.

The software parts which control the hardware one of the test bench are represented by real-time digital simulators, namely RT-LAB R and dSPACE R .

It should be noted here that, due to the inherent characteristics of the actual test bench, these two simulators are simultaneously employed. The models of the diesel generator, the PV system, and the aggregated load, along with the control architecture, are developed under MATLAB R /Simulink R .

Details about the control structure implemented in RT-LAB R are given in Section 3.

The power interface consists in a power amplifier. The role of the power interface is to allow the emulation of the diesel-PV-load grid, as well as the interconnection with the real supercapacitor-based ESS.

It should be noted here that the parameters and the rated apparent power of the real supercapacitor-based ESS in the test bench is much more lower than those of the initial case study presented in Subsection 2.1. Therefore, based on an analogous scaling law, some adaptations of the parameters and the rated apparent power of each unit in the emulated diesel-PV-load grid must be carried out to make this system precisely compatible with the real supercapacitor-based ESS in terms of voltage and current levels. The parameters adaptation is illustrated in Table 1.

Choice of supercapacitor's parameters is based on imposing a reasonable 

P sc rated t discharge = 1 2 C sc V 2 scmax - 1 2 C sc V 2 sc min . (1) 
Capacity of the supercapacitor employed in the test bench is C sc = 165 F.

By replacing in (1) the other supercapacitor values in Table 1 (P sc rated ≈ P r rated ≈ 1.5 kW, V scmax = 48 V, V sc min = 24 V), the discharge time is of order of several tenths of seconds, which is considered satisfactory for the experiment.

Dynamic specifications

In stand-alone MGs with high penetration of PV energy sources, the frequency is risky to be unstable or its variations can be considerable and unacceptable [START_REF] Delille | Contribution du stockage à la gestion avancée des systèmes électriques, approches organisationnelles et technicoéconomiques dans les réseaux de distribution[END_REF], [START_REF] Delille | Dynamic frequency control support by energy storage to reduce the impact of wind and solar generation on isolated power system's inertia[END_REF]. Properly designed ESSs can then be used to maintain the stability and/or improve the MG frequency transient response by absorbing or injecting instantaneous active power subsequent to disturbances. In the studied MG, the proposed coordinated strategy supposes the participation of both the ESS and the diesel engine generator in primary frequency control. The role of the ESS is to guarantee faster recovery of the MG frequency f grid consequent to a load or PV output active power variation, i.e., to improve its dynamic performances (overshoot, response time, steady-state error). A template for the MG frequency deviation in response to a load step disturbance of ± 5% of the load rated active power (± 150 W) is depicted in Figure 3; it is defined based on its time-domain response in the case where only the diesel generator participates in primary control.

Another dynamic specification which must be taken into account is to

DC-bus voltage V dc (V) 150 V (100%) 180 V (120%) 120 V (80%) t t + 0.3 s t + Load step DC-bus voltage V dc (V) Time (s) 150 V (100%) 180 V (120%) 120 V (80%) t t + 0.6 s t + 1.2 s 165 V (110%) 135 V (90%)
Load step regulate the DC-bus voltage V dc at a reference value V ref dc that has been here chosen as 150 V so as to ensure secure and reliable operation of the DC-bus capacitor (chemical capacitor that can accept a maximum voltage of 250 V). However, it is noticed that -contrary to the frequency variation case where stiff grid codes must be met -there are no strict requirements to impose to this voltage variation. A performance specification on the DC-bus voltage variation, relied on the ones proposed recently in [START_REF] Sautreuil | La robustesse : Une nouvelle approche pour l'intégration des systèmes de génération aéronautique[END_REF], [START_REF] Hernández-Torres | Commande robuste de générateurs électrochimiques hybrides[END_REF], [START_REF] Lam | Robustness analysis of primary frequency H ∞ control in stand-alone microgrids with storage units[END_REF], is depicted in Figure 4; this specification is defined for any load step value and then it is not possible to translate it exactly into small-signal specifications. Nevertheless, by imposing suitable small-signal performances, large-signal standards can be guaranteed [START_REF] Sautreuil | La robustesse : Une nouvelle approche pour l'intégration des systèmes de génération aéronautique[END_REF], [START_REF] Hernández-Torres | Commande robuste de générateurs électrochimiques hybrides[END_REF].

Frequency-control-oriented modelling

In this paper, an averaged model is used for the ESS together with its power-electronic converters. The nonlinear averaged model is linearised around a typical operating point. Supposing that active power variationsdetermining in turn variations of the MG frequency -do not influence significantly the PCC voltage, then direct and quadrature components of the PCC voltage V rd and V rq respectively remain constant (i.e., ∆V rd = 0 and ∆V rq = 0). The linear averaged model can then be obtained [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF]. It is often more convenient to work with per-unit models of power systems [START_REF] Kundur | Power system stability and control[END_REF], [START_REF] Yazdani | Voltage-sourced converters in power systems[END_REF]. In particular, when it comes about designing control structures, per-unit models of power systems are generally better conditioned, especially when it is about high-order, possibly multi-scale systems [START_REF] Kundur | Power system stability and control[END_REF], [START_REF] Yazdani | Voltage-sourced converters in power systems[END_REF]. Moreover, the use of a per-unit system can improve numerical stability of automatic computation methods. Therefore, in this work, the dynamic model of the studied MG is converted from real unit into per unit in order to serve the control design procedure, which is detailed in the next section.

For the considered ESS, the base values for AC-side quantities are first selected and serve to determine the DC-side base values. Let us note a perunitized value by the underline, then the linear averaged model of the ESS can be expressed by the following per-unitized set of equations [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF] 1

ω b d∆V sc dt = - 1 C sc ∆I s - 1 R scp C sc ∆V sc , (2) 
1 ω b d∆V dc dt = 1 C dc α ce ∆I s + 1 C dc I se ∆α c - 1 C dc β de ∆I rd + I rde ∆β d + β qe ∆I rq + I rqe ∆β q - 1 R dc C dc ∆V dc , (3) 
1 ω b d∆I s dt = 1 L c ∆V sc - R sc + R c L c ∆I s - 1 L c α ce ∆V dc - 1 L c V dce ∆α c , (4) 
1 ω b d∆I rd dt = 1 L f β de ∆V dc + 1 L f V dce ∆β d - R f L f ∆I rd + ω gride ∆I rq + I rqe ∆ω grid , (5) 
1 ω b d∆I rq dt = 1 L f β qe ∆V dc + 1 L f V dce ∆β q - R f L f ∆I rq -ω gride ∆I rd -I rde ∆ω grid , (6) 
where the state variables are: the supercapacitor voltage variation ∆V sc , the DC-bus voltage variation ∆V dc , the supercapacitor output current variation ∆I s , and the inverter output current variations in d-axis and q-axis, ∆I rd and ∆I rq respectively. α c is the PWM duty cycle of the chopper, β d and β q are the average values of the inverter switching functions in d-axis and 14 q-axis respectively, ω grid is the MG pulsation.

Since frequency control is aimed at, it is sufficient to only consider the mechanical dynamic of the diesel generator in the modelling (whereas, for example, its local voltage regulation is much faster and not intervening in the frequency control). The time derivative of the mechanical power variation of the diesel generator for only primary control participation can be expressed as follows [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF] 

d∆P diesel dt = - 1 T diesel ∆P diesel - 1 T diesel s diesel ∆f grid , (7) 
where s diesel is the droop value, T diesel denotes the time constant of the diesel generator.

Under small-signal conditions, the time derivative of the MG frequency deviation can be written as follows [START_REF] Kundur | Power system stability and control[END_REF], [START_REF] Delille | Contribution du stockage à la gestion avancée des systèmes électriques, approches organisationnelles et technicoéconomiques dans les réseaux de distribution[END_REF], [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF] 

d∆f grid dt = 1 2H I se ∆V sc + V sce -2R sc I se ∆I s + ∆P diesel + ∆P P V -∆P load - D load 2H ∆f grid , ( 8 
)
where H is the MG equivalent inertia constant and D load is the load damping constant.

Subscript e shows the steady-state operating point. Steady-state real-unit values represented by the laboratory prototype are given in Table 2. For H ∞ control design, note that the chosen steady-state value of the supercapacitor voltage V sce corresponds here to the midrange between its minimum and maximum values. In this case, V sce = 36 V, where 24 V (SoC sc = 25%) is regarded as the minimum value of V sc and 48 V (SoC sc = 100%) is the maximum value of V sc . 

Control design

This section details a robust control design approach used to achieve the aforementioned control objectives in Subsection 2.4. Here the basic idea is to consider the current variations ∆I s , ∆I rd , and ∆I rq in (4), [START_REF] Delille | Contribution du stockage à la gestion avancée des systèmes électriques, approches organisationnelles et technicoéconomiques dans les réseaux de distribution[END_REF], and (6) as control inputs for the linear system (2), ( 3), [START_REF] Florescu | Gestion optimisée des flux énergétiques dans le véhicule électrique[END_REF], and [START_REF] Gholami | Robust multiobjective control method for power sharing among distributed energy resources in islanded microgrids with unbalanced and nonlinear loads[END_REF], which should result from the disturbance rejection requirement ∆P load -∆P P V . In particular, as the quadrature current I rq does not participate to frequency control, its variation is set to 0, i.e., ∆I rq = 0, hence only two control inputs are effectively used: ∆I s and ∆I rd . Therefore, a hierarchical control strategy consisting of two levels is adopted in this work, where the outer control loop deals with output regulation imposing low-frequency dynamics (e.g., ∆V sc , ∆V dc , ∆P diesel , ∆f grid ) and the inner loop concerns current reference tracking of high-frequency dynamics (e.g., ∆I s , ∆I rd , ∆I rq ). This allows the output circuit regulation, meanwhile preserving the internal variables within specified safety limits [START_REF] Bacha | Power electronic converters modeling and control[END_REF]. Moreover, in this way, the H ∞ upper-level controller com-putes current references to track by the PI low-level controllers, such that load disturbances to be rejected in an optimal manner, while all dynamic performance and constraints are met. MATLAB R /Simulink R closed-loop time-domain simulations and real-time experiments are then performed and discussed to show the effectiveness of the proposed robust control strategy.

Proposed cascaded two-level control structure

As can be seen in most energy management systems and according to control objectives, it is preferred -from the application point of view -to consider power sources acting as current sources [START_REF] Nwesaty | LPV/H ∞ contrôle utilisé à concevoir des gestion énergétique à bord des véhicules électriques[END_REF]. Therefore, a cascaded two-level control structure -where an H ∞ -based multi-variable controller is considered like an upper control level and provides references to classical PIbased current tracking controllers placed on a low control level -is developed to ensure the previous dynamic specifications. The proposed global control structure is illustrated in Figure 5 [START_REF] Lam | Frequency robust control in stand-alone microgrids with PV sources : design and sensitivity analysis[END_REF].

From the control viewpoint, note that V dc appears as a gain in the lowlevel current control loops, such that V dc being constant is an assumption making that classical PI controllers to be sufficient as this level (if V dc is not kept within admissible limits, classical PI controllers would not be able to ensure stability and the required tracking performance).

Classical PI-control-based low level

The current variations ∆I s , ∆I rd , and ∆I rq must be controlled and prevented from exceeding admissible limits. All current control loops have fast closed-loop dynamics compared to the H ∞ control loop, therefore, they are grouped together. ∆I rq (or ∆I rq ) in ( 5) appears as a high-frequency perturbation; the same applies for ∆I rd (or ∆I rd ) in [START_REF] Delille | Dynamic frequency control support by energy storage to reduce the impact of wind and solar generation on isolated power system's inertia[END_REF]. Their reciprocal influence is significantly reduced by the d -q decoupling structure. ∆V dc (or ∆V dc ) and ∆ω grid (or ∆ω grid ) in ( 4), [START_REF] Delille | Contribution du stockage à la gestion avancée des systèmes électriques, approches organisationnelles et technicoéconomiques dans les réseaux de distribution[END_REF], and ( 6) are regarded as low-frequency perturbations that are rejected by the upper-level control. The supercapacitor voltage V sc is regarded as a time-invariant parameter in the PI controller synthesis, i.e., ∆V sc = 0 (or ∆V sc = 0). Hence, first-order transfer functions relating the current variations with the duty ratio variations (inner plants) are computed straightforwardly from (4), ( 5 In this work, the supercapacitor voltage V sc is considered in a first place as a time-invariant parameter in the H ∞ controller synthesis, i.e., ∆V sc = 0 (its dynamic equation ∆ Vsc = f ∆V sc , ∆I s in (2) being neglected). In fact, note that the supercapacitor voltage is dependent on its current; a robustness analysis subject to the variation of this parameter is detailed in Section 5. Thus, the linearised system (3), [START_REF] Florescu | Gestion optimisée des flux énergétiques dans le véhicule électrique[END_REF], and [START_REF] Gholami | Robust multiobjective control method for power sharing among distributed energy resources in islanded microgrids with unbalanced and nonlinear loads[END_REF] is the load and PV active power variation. Detailed modelling of the PV source and its control system is out of the scope of this work, therefore, ∆w = ∆P load -∆P P V is considered here as an aggregated load variation, globally uncontrollable and hence modelled as the disturbance input. Under this assumption, influences of irradiance and temperature on the PV power are not explicitly modelled; instead, step variations of the PV power will be considered as the most unfavourable case, as they have the richest spectrum 

= 0)    ∆ ẋ = A∆x + B 1 ∆u + B 2 ∆w ∆y = C∆x + D 1 ∆u + D 2 ∆w , (9) 
A =        - ω b R dc C dc 0 0 0 - 1 T diesel - 1 T diesel s diesel 0 1 2H - D load 2H        , B 1 =       ω b C dc α ce - ω b C dc β de 0 0 1 2H V sce -2R sc I se 0       , B 2 =       0 0 - 1 2H       , C =   1 0 0 0 0 1   , D 1 =   0 0 0 0   , D 2 =   0 0   .

Control configuration in P -K form

The multi-variable H ∞ control used in this work provides a methodological framework for designing an optimal and robust control subject to uncertainties of the studied system. Inspired from the general control configuration in [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF], the control problem is cast into an H ∞ formalism, as depicted in Figure 6 [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF]. In this case, focus is on rejecting disturbance due to the load and PV active power variation. Moreover, it is assumed that the measurement noise is relatively insignificant. Tracking is not an issue and therefore the S/KS mixed-sensitivity optimization in the standard regulation form must typically be solved [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF]. It is important to include KS as a mechanism for limiting the size and bandwidth of the H ∞ controller, and hence the control energy used. This design method requires an appropriate choice of weighting functions W perf (s) to formalize the disturbance rejection objec-Small-signal state-space model G(s)

_ + P _ + H ∞ Controller K(s) K ∆w ∆u ∆z ∆v grid f  0 ref grid f   1 e  2 e  3 e  4 e  1 ( ) u W s  2 ( ) u W s  1 ( ) perf W s 2 ( ) perf W s load PV P P    ref s I  ref rd I  dc V  0 ref dc V  
Figure 6: Control configuration in the so-called P -K form, where P denotes the plant together with the weighting functions and K denotes the H ∞ controller [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF].

tives (performance specifications) and weighting functions W u (s) to translate the constraints imposed to the control inputs.

The generalized plant P has three inputs, namely, the active power variation ∆P load -∆P P V acting as a disturbance input ∆w and the current reference variations ∆I ref s , ∆I ref rd , which are the control inputs ∆u. The measured output vector ∆y is composed of the DC-bus voltage variation ∆V dc and the MG frequency variation ∆f grid . The desired performances are expressed in the form of weighting functions on the chosen performance outputs. ∆V dc , ∆f grid , as well as ∆I ref s , ∆I ref rd , are chosen as performance outputs. Its vector is noted ∆z in Figure 6.

Weighting functions selection

Linear time-invariant weighting functions selection is the key to cope with the performance requirements. The DC-bus voltage variation ∆V dc and the MG frequency variation ∆f grid are bounded by first-order weighting functions W perf (s) of the following form [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF] 1

W perf (s) = s + ω b A ε s/M s + ω b . ( 10 
)
The function 1/W perf (s) can be representative of time-domain response specifications, where the high-frequency gain M s has an influence on the system overshoot, whereas the cut-off frequency ω b tunes the desired response time and the low-frequency gain A ε allows limiting the steady-state error [START_REF] Hernández-Torres | Commande robuste de générateurs électrochimiques hybrides[END_REF].

The first weighting function W perf 1 (s) is designed such that to ensure a bandwidth for ∆V dc two hundred and forty times smaller than the ∆I rd (or ∆I rd ) inner closed-loop one, i.e., ω b 1 = 1/ 240T 0 rdq = 5.22 rad/s (or a response time of approximately t r 1 ≈ 0.6 s). M s 1 = 0.05V dce / 0.05P loade = 3.125 is chosen to limit the DC-bus voltage overshoot at 5% of its rated value V dce (i.e., 7.5 V) in response to a load step of 5% of the load rated active power P loade (i.e., 150 W). Similarly, one imposes A ε 1 = 0.025V dce / 0.05P loade = 1.563 to ensure a desired steady-state error being less than or equal to 2.5% of V dce (i.e., 3.75 V).

The parameters of the second weighting function W perf 2 (s) designed for ∆f grid are chosen to improve the transient response of the MG frequency compared to its performance specification in Figure 3. 

ω b 2 = ω b 1 = 1/ 240T 0 rdq = 5.
1 W u 1 (s) = A u 1 M u 1 ω bc 11 s + 1 A u 1 ω bc 12 s + 1 A u 1 ω bc 11 s + 1 M u 1 ω bc 12 s + 1 , ω bc 11 A u 1 < ω bc 12 M u 1 . (11) 
M u 1 = I smax -I se / 0.05P loade = 33.425 is chosen to prevent the supercapacitor output current reference from exceeding its admissible limit I smax consequent to a load step of 5% of P loade (i.e., 150 W). A small value of

A u 1 = 0.1M u 1 = 3.
343 is imposed. In our case study, the own frequency of the selected supercapacitor technology is f p = 0.48 Hz (or ω p = 3.04 rad/s) [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF],

therefore, one chooses ω bc 11 /A u 1 = 3.04 rad/s resulting in ω bc 11 = 10.17 rad/s.

Additionally, ω bc 12 /M u 1 = ω cmax /2 = 4.11 rad/s is chosen (with ω cmax = 8.21 rad/s being the computed high cut-off frequency of the storage device [START_REF] Lam | Systematic multi-variable H ∞ control design for primary frequency regulation in stand-alone microgrids with high penetration of renewable energy sources[END_REF]), which leads to ω bc 12 = 137.21 rad/s.

The DC-bus voltage is regulated via I rd . The direct component of the inverter output current reference variation ∆I ref rd is bounded by the following first-order weighting function [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF] 1

W u 2 (s) = A u 2 s + ω bc 2 s + ω bc 2 /M u 2 . ( 12 
)
M u 2 = I rdmax -I rde / 0.05P loade = 9.99 is imposed to limit the current reference below its maximum value I rdmax consequent to a load step of 5% of P loade (i.e., 150 W). A small value of

A u 2 = 0.1M u 2 = 1 is chosen. ω bc 2 = 1/ (400T P W M i ) = 25 rad/s, where T P W M i = 1/f P W M i , is chosen to impose a
bandwidth four hundred times smaller than the PWM switching frequency of the three-phase inverter f P W M i .

H ∞ controller synthesis

According to the system modelling and the selected weighting functions, a full-order H ∞ controller is designed using the MATLAB R software environment and especially the robust control toolbox. The obtained result corresponds to the minimization of the norm [31]

W perf S W u KS ∞ < γ, (13) 
where the sensitivity functions S 1 (s), S 2 (s) and complementary sensitivity functions KS 1 (s), KS 2 (s) are defined as follows

         S 1 (s) = ∆V dc (s) ∆P load (s) -∆P P V (s) , S 2 (s) = ∆f grid (s) ∆P load (s) -∆P P V (s) KS 1 (s) = ∆I ref s (s) ∆P load (s) -∆P P V (s) , KS 2 (s) = ∆I ref rd (s) ∆P load (s) -∆P P V (s) . ( 14 
)
Design procedure may yield unstable controllers. In this case, the value γ min must be slightly increased to relax the constraint on the control and result in stable controllers. Using the robust control toolbox in the MATLAB R software environment, the LMI algorithm yields a solution after eight iterations for a multi-variable full-order H ∞ controller which has 8 states, with an optimal value of γ = 2.1 and an H ∞ norm = 0.47. This optimization quality allows the designed H ∞ controller to ensure stable and robust performance in case of a load step of 5% of P loade (i.e., 150 W) in the system, which is further proved.

Effectiveness of the proposed frequency robust control strategy

In order to validate the effectiveness of the proposed frequency robust control approach, MATLAB R /Simulink R closed-loop time-domain simulations using topological (switched) and nonlinear averaged models, as well as real-time experiments are now performed. The topological model refers here to the complete model of the ESS considering the ideal PWM switching functions of the chopper and of the three-phase inverter as control inputs.

Without loss of generality, load step changes of ± 5% of the load rated active power P loade (i.e., ± 150 W) are applied as disturbances. The supercapacitor voltage V sc , initially considered as a time-invariant parameter in the H ∞ controller synthesis to ensure a prerequisite for the robust performance analysis of this controller in the sequel (i.e., V sc must be considered as a parametric uncertainty), is regarded now as a time-variant one, i.e., ∆V sc = 0 (its dynamic equation Vsc = f (V sc , I s ) being taken into account in the simulation models and experiments) in order to make the physical representativeness of these models closer to the reality. ence between the experimental result and simulation results can easily be explained due to some unavoidable reasons (e.g., measurement error and/or noise, slight parameter difference between the model and the real system, unknown and/or neglected (unmodelled) dynamics of the real system).

Robustness analysis

Robustness analysis configuration

The robustness analysis in the presence of modelled parametric uncertainties is carried out using µ-analysis. This technique is detailed in [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF] and applied to practical problems in [START_REF] Han | Robust control for microgrid frequency deviation reduction with attached storage system[END_REF] and [START_REF] Bevrani | Robust frequency control in an islanded microgrid: H ∞ and µ-synthesis approaches[END_REF] for example. In this paper, the robust performance test is considered to answer the question whether the closed-loop system remains robust or not (from a performance point of view) to a given parametric uncertainty level in the steady-state value of the supercapacitor voltage V sce around its design value, 36 V.

In order to ensure the best operating strategy of the ESS, an accurate estimation of SoC sc is required. SoC sc is approximately defined as the ra- tio between the stored energy W * sc depicted in Figure 9 and the maximum storable energy W * scmax as follows (with the internal resistances R sc and R scp being neglected)

V s I s R sc C sc V sc p sc R
SoC sc = W * sc W * scmax = 1 2 C sc V 2 sc 1 2 C sc V 2 scmax = V sc V scmax 2 , (15) 
where V scmax = 48 V is the maximum possible supercapacitor voltage. In reality, SoC sc is preserved within the admissible range of [START_REF] Lopes | Defining control strategies for microgrids islanded operation[END_REF]100] % to guarantee reliable, efficient, and safe operation of the supercapacitor and prolong its lifespan. The limited variation range, corroborated with [START_REF] Howlader | A robust H ∞ controller based frequency control approach using the wind-battery coordination strategy in a small power system[END_REF], points out that the V sc value must be controlled between 24 V and 48 V. The midrange between these two values, i.e., V sc = 36 V, is a convenient choice for designing the nominal H ∞ controller whose robustness is further assessed.

In the H ∞ control framework, the extended general control configuration in the so-called N -∆ form for robust performance analysis is considered in Figure 10 [31], [START_REF] Lam | Robustness analysis of primary frequency H ∞ control in stand-alone microgrids with storage units[END_REF]. Since µ-analysis will be carried out for the closedloop system, N (s) should be defined as the connection of the plant together with the weighting functions and the previously designed H ∞ controller. The linear time-invariant uncertain matrix ∆ (s) = diag ∆ f (s) ∆ s (s) , where ∆ f (s) is the fictive full block complex uncertain matrix representing the H ∞ norm specifications and ∆ s (s) is the block diagonal real uncertain matrix which represents the parametric uncertainty in V sce .

Let us remark that the robust performance analysis is quite conservative and needs a tight definition of the weighting functions that do represent the performance objectives to be fulfilled by the uncertain closed-loop system.

Hence, it is essential to distinguish the weighting functions used for the nom- 
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Figure 10: Configuration in the so-called N -∆ form for robust performance analysis [START_REF] Skogestad | Multivariable feedback control: Analysis and design[END_REF], [START_REF] Lam | Robustness analysis of primary frequency H ∞ control in stand-alone microgrids with storage units[END_REF].

inal design from the ones used for the robust performance analysis. Here all the weighting functions of the uncertain closed-loop system W perf CL (s) and W u CL (s) are taken into account in the robust performance test, where they have been modified by the coefficient γ compared to the nominal weights, i.e., W perf CL (s) = W perf (s) /γ and W u CL (s) = W u (s) /γ, as illustrated in Figure 10.

µ-Analysis result

Note that the structured singular value µ cannot be explicitly determined, so that the method consists in computing an upper bound and a lower bound, as close as possible to µ. In µ-analysis, V sce appears as a parametric uncertainty in the matrix B 1 of ( 9). The robust performance µbounds plot for several uncertainty levels in V sce is shown in Figure 11 whole SoC sc variation range, i.e., [START_REF] Lopes | Defining control strategies for microgrids islanded operation[END_REF]100] %.

The singular value plots of the sampled uncertain sensitivity functions S(s), complementary sensitivity functions KS(s) obtained with 37% uncertainty in V sce , and corresponding templates of the closed-loop system are depicted in Figure 12. The results show how the shaping of H ∞ performance is straightforward for the full-order H ∞ controller using the template weights. Irrespective of the parametric uncertainty in V sce , one can see that the imposed overshoot performance weights are well respected since the sensitivity functions are placed below the corresponding templates regardless of the frequency value. V). The time-domain response of the supercapacitor output current I s taking into account the uncertainty in V sce is given in Figure 14 and Figure 16.

It can be observed that the admissible limit is guaranteed for this current (i.e., maximum value of approximately 32 A), which means that its imposed dynamic performances are met. 

Conclusion and future work

This paper has proposed an H ∞ -based multi-variable robust control design approach for frequency regulation in stand-alone MGs with high penetration of renewable energy. A diesel-PV-supercapacitor hybrid power generation system operating in stand-alone mode has been considered as a sufficiently representative example of such MGs, with at least two power sources, either classical or renewable, and an energy storage unit, to be coordinated so as to satisfy the primary frequency ancillary service. The considered problem has been formulated and solved in a systematic manner, where the following remarkable results have been obtained: Other possible further directions may concern study of methods to reduce complexity of the resulted controllers, the scalability of the approach and opportunity to apply it in the case of more complex MGs, under various scenarios, including those of considering parameters' variations and/or variable topology.
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 3 Figure 3: Performance specification on the MG frequency variation in response to a load step disturbance of ± 5% of the load rated active power (± 150 W) in the time domain.
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 4 Figure 4: Performance specification on the DC-bus voltage variation in response to a load step disturbance in the time domain.
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 5 Figure 5: Block diagram of the proposed global control structure [21].

  ), and (6). PI controllers with prefilters are effectively used to ensure both the zero steady-state error and the desired closed-loop bandwidth. Current reference variations ∆I ref s and ∆I ref rd are generated by the outer H ∞ control loop, whereas ∆I ref rq = 0 (since it is about frequency control, the output reactive power reference variation ∆Q ref r of the three-phase inverter is assumed to be equal to 0, therefore, ∆I ref rq = -∆Q ref r V rde = 0). 4.3. H ∞ -control-based upper level 4.3.1. Linear state-space representation The current variations ∆I s and ∆I rd are controlled by the very-fastdynamic control loops tracking the current reference variations generated by the H ∞ controller; therefore, the outer H ∞ plant "sees" ∆I s ≡ ∆I ref s and ∆I rd ≡ ∆I ref rd .

  where per-unitized values are denoted by the underline. The state vector ∆x = ∆V dc ∆P diesel ∆f grid T comprises the DC-bus voltage variation, the diesel generator active power variation, and the MG frequency variation. The control input vector ∆u = ∆I ref s the supercapacitor output current reference variation and the d-component of the inverter output current reference variation. ∆w = ∆P load -∆P P V

-

  theoretically infinite in relation to band-limited spectrum of irradiance time variation -and thus remain representative from the point of view of challenging the control system. ∆y = ∆V dc ∆f grid T is the measured output vector. Matrices A, B 1 , B 2 , C, D 1 , and D 2 in (9) are given as follows
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 7 Figure 7 and Figure 8 present a comparison of the experimental result and simulation results obtained with topological and nonlinear averaged modelling for the time-domain responses of the MG frequency f grid and DC-bus voltage V dc , respectively. It should be noted here that f grid has been estimated via the dynamic model of the MG. A good concordance of these results can be observed in the sense that, despite high-frequency noise seen in the experimental result of V dc , the averaged model approximates very well the
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 7 Figure 7: (a) MG frequency time-domain response f grid under small load step disturbances of ± 5% of the load rated active power (± 150 W) with respect to the rated operating point. (b) Temporal zoom in the time interval t ∈ [143.7, 145.2] s.

Figure 8 :

 8 Figure 8: (a) DC-bus voltage time-domain response V dc under small load step disturbances of ± 5% of the load rated active power (± 150 W) with respect to the rated operating point. (b) Temporal zoom in the time interval t ∈ [143.7, 145.2] s.

Figure 9 :

 9 Figure 9: Schematic diagram of the supercapacitor.
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 12 Figure 12: Singular value plots of the sampled uncertain sensitivity functions S 1 (s), S 2 (s); complementary sensitivity functions KS 1 (s), KS 2 (s) obtained with 37% uncertainty in V sce ; and corresponding templates.
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 13 Figure 13: (a) Experimental result performed with RT-LAB R real-time digital simulator for the MG frequency time-domain response f grid under small load step disturbances of ± 5% of the load rated active power (± 150 W) with respect to the rated operating point, where SoC sce = 25% or V sce = 24 V. (b) Temporal zoom in the time interval t ∈ [230.8, 232.3] s.

Figure 14 :

 14 Figure 14: (a) Experimental results for the time-domain responses of the supercapacitor voltage V sc (channel 1, 20 V/div), the supercapacitor output current I s (channel 2, 2 A/div), the DC-bus voltage variation ∆V dc (channel 3, 2.5 V/div), and the chopper PWM duty cycle α c (channel 4, 0.2/div) under small load step disturbances of ± 5% of the load rated active power (± 150 W) with respect to the rated operating point, where SoC sce = 25% or V sce = 24 V. (b) Temporal zoom in a time interval.

Figure 15 :

 15 Figure 15: (a) Experimental result performed with RT-LAB R real-time digital simulator for the MG frequency time-domain response f grid under small load step disturbances of ± of the load rated active power (± 150 W) with respect to the rated operating point, where SoC sce = 100% or V sce = 48 V. (b) Temporal zoom in the time interval t ∈ [138.9, 140.4] s.

Figure 16 :

 16 Figure 16: (a) Experimental results for the time-domain responses of the supercapacitor voltage V sc (channel 1, 20 V/div), the supercapacitor output current I s (channel 2, 2 A/div), the DC-bus voltage variation ∆V dc (channel 3, 2.5 V/div), and the chopper PWM duty cycle α c (channel 4, 0.2/div) under small load step disturbances of ± 5% of the load rated active power (± 150 W) with respect to the rated operating point, where SoC sce = 100% or V sce = 48 V. (b) Temporal zoom in a time interval.

•

  Frequency-control-oriented modelling of the diesel-PV-supercapacitor hybrid power generation system has first been detailed. Then, a systematic design of a cascaded two-level control structure -where classical PI-based current tracking controllers are placed on a low control level and receive references from an H ∞ -control-based upper level -has been proposed to ensure the desired dynamic specifications; • Based on real-time digital simulators, namely RT-LAB R and dSPACE R , a rapid-prototyping test bench composed of a real supercapacitor-based ESS -including its DC/DC converter and three-phase inverter -and an emulated diesel-PV-load grid, has been implemented for the experimental validation of the proposed control strategy under realistic operating conditions. The case study chosen for the real-time validation corresponds to a real-world MW-sized MG, whose replication in laboratory conditions has thus required scaling-down operations. The emulated interesting further point to investigate.

Table 1 :

 1 Parameters adaptation based on scaling down.

	Symbol	Description	Simulation Experiment
		Supercapacitor-based ESS	
	S r rated	Rated apparent power	600 kVA	≈ 1.75 kVA
	P r rated	Rated active power	500 kW	≈ 1.5 kW
	U r rated	Rated output phase-to-phase voltage	400 V	80 V
	V ref dc	Setpoint value of the DC-bus voltage	1000 V	150 V
	V sc	Supercapacitor voltage	390 ÷ 780 V	24 ÷ 48 V
		Diesel-PV-load grid		
	S b	MG power base unit	2 MVA	5 kVA
	P diesele	Diesel initial active power	≈ 1 MW	≈ 2.5 kW
	P P Ve	PV initial active power	0.2 MW	0.5 kW
	P loade	Load initial active power	1.2 MW	3 kW

time of discharge -noted by t discharge -from "completely full" state of charge -that corresponds to the maximum voltage value, V scmax -to the state of charge corresponding to the minimum voltage value, V sc min , according to

Table 2 :

 2 Steady-state real-unit values of the linearised system represented by the laboratory prototype.

	Variable V sce ≈ V se	V dce	V rde	V rqe	I se
	Value	36 V	150 V	80 V	0 V	2 A
	Variable	I rde	I rqe	α ce	β de	β qe
	Value	0.68 A	0 A	0.24	0.535 0.01
	Variable	P se	P diesele	P P Ve	P loade f gride
	Value	0.07 kW 2.43 kW 0.5 kW 3 kW 50 Hz

  [START_REF] Lam | Robustness analysis of primary frequency H ∞ control in stand-alone microgrids with storage units[END_REF] rad/s is chosen to ensure a response time of approximately t r 2 ≈ 0.6 s.

Imposing M s 2 = [(50.08 -50) /f b ] / 0.05P loade = 0.053 allows limiting the frequency overshoot at 0.08 Hz in response to a load step of 5% of P loade (i.e., 150 W). A ε 2 = [(50.04 -50) /f b ] / 0.05P loade = 0.027 is chosen to ensure a desired steady-state error being less than or equal to 0.04 Hz. The active power injection or absorption of the ESS is controlled via I s . Thus, the supercapacitor output current reference variation ∆I ref s is bounded by a band-pass weighting function W u 1 (s) written as follows
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  . It can be observed that the closed-loop system remains robust in performance up to 37% uncertainty in V sce around its design value, 36 V, which corresponds to µ ∆max (N (jω)) = 0.994 ≈ 1. This variation range corresponds theoretically to[22.7, 49.3] V, knowing that SoC sc cannot exceed 100%, i.e., 48 V. Thus, this result suggests that the designed control is robust in performance for the
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The use of H ∞ robust control approach may not guarantee the desired dynamic performance specifications in the presence of large disturbance or operating point variation in the system. In this situation, a linear parametervarying control approach could be a feasible solution for addressing various operating conditions (e.g., changes in ESS capacity, PV system output power, load power, system parameters, MG topology, etc.). The advantage of linear parameter-varying control is that the stability and performance of a closed loop can be guaranteed not only for all possible values of parameters, but also during the variations of the parameters. Design of an H ∞ -based linear parameter-varying controller ensuring overall stability and performance is an