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Abstract


This paper introduces the management control of a microgrid comprising of photovoltaic panels, battery, supercapacitor, and DC load under variable solar irradiation. The battery is used to store the energy from the photovoltaic panels or to supply the load. The supercapacitor is used to reduce stress on batteries, improve their life cycle, and absorb the fluctuations in the energy produced. The generated photovoltaic power is optimized using Perturb and Observe and Incremental Conductance algorithms to extract the maximum power point tracking. The two algorithms are modified by adding an instantaneous step size to change the direction of the power, so as to reach the maximum power point tracking. The currents of the battery and supercapacitor are managed and controlled using the multi-loop proportional integral controllers. The obtained results show that the multi-loop proportionally integral controllers Perturb and Observe are better than the multi-loop proportional integral controllers Incremental Conductance in terms of stability of injected power. The storage system works perfectly for energy supply, system protection, and fluctuation absorption during the transitions in the solar irradiation. The proposed hybrid storage system can be installed in rural areas as an off-grid system for several uses.
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1. Introduction


1.1. Background


Recently, the domains of renewable energy sources and particularly photovoltaic systems have undergone rapid development and have become extremely popular. Renewable energy offers a sustainable solution for the production of inexhaustible energy and sustainability for the ecosystem [1]. Due to its lower maintenance costs and low emissions, photovoltaic system electricity production became the primary source of renewable energy and can considerably reduce the system fuel costs. The main challenges are the instability, nonlinearity, and complexity of the photovoltaic characteristics. Moreover, its production is highly dependent on the weather conditions, cable losses, dust accumulation, shading and soiling [2]. Nevertheless, the photovoltaic generator is widely used in various fields to produce the electricity in off-grid or grid connected with storage system. For instance, the photovoltaic system is used with battery and supercapacitor as off-grid hybrid photovoltaic system to store the energy and supply the load when there is no energy produced from the main source of the system as a secondary source [3]. Currently, battery and supercapacitor storage systems present a significant possibility to overcome the problems of load requirement and power generation fluctuations.



The implementation of the photovoltaic system can be classified in two main categories: grid connected and stand alone. The stand alone or off-grid photovoltaic is used for producing the energy for basic electricity needs [4]. In off-grid, the photovoltaic system cannot provide the electricity to the load at night or when a change in the solar irradiation occurs due to the shading or fault. The energy used in grid connected or in off-grid systems from the energy generated by the photovoltaic panels is optimized if the maximum power point tracker (MPPT) algorithms are used.




1.2. Literature Review


Several papers have presented the optimization of the MPPT using different techniques to inject the maximum power to the system [5]. For example, a programmable DC power supplies has been used to control the MPPT [6]. A regression method was presented to analyze and study the photovoltaic system in different weather conditions [7]. The Lagrange multiplier method is an analytical and mathematical method to optimize the current and voltage [8]. Nguyen et al. presented a linearization of the photovoltaic model using the Thevenin equivalent circuit, to optimize the operation point and to reduce the impact of rapid change in solar irradiation [9]. The system control is based on the relationship between the pulse-width modulation (PWM) duty cycle and the output of the photovoltaic using the linearization model. The results show that the linearization model improves the produced power from the photovoltaic system and reduces the impact of any change in the solar irradiation. A geometrical method based on the power–voltage curve of the photovoltaic panel combined with Lagrangian interpolation and quadratic regression was presented to improve the optimization of the current and voltage [10]. The comparison between the Perturbed and Observe (P&O) algorithm and the geometrical method shows that the latter is able to extract a stable MPPT under noise in the measurements. Balato et al. made a review and analysis of the main advantages of the distributed MPPT and reconfigurable photovoltaic system, by combining the two approaches [11]. The study presents that the combination has a positive effect in energy efficiency and increases the reliability of the photovoltaic system mismatch. A combination between fuzzy logic controller and genetic algorithm is presented in order to optimize the performance yield of photovoltaic system using the triangle fuzzy logic rules [12]. Results are compared with the P&O algorithm and show that the hybrid technique can improve the optimization of the tracking operation point in terms of output power and energy yield. Lazaroiu et al. presented the analysis comparison between fixed and sun tracking of low photovoltaic module systems connected to electrochemical battery used as a load [13]. The results presented showed that the sun tracking presents better results in the morning and evening than the fixed photovoltaic module. However, the sun tracking is limited on partially clear sky or on cloudy days, thus the author proposes more research to be conducted so as to overcome the impediment.



The sun tracking assessment has been applied to crystalline silicon photovoltaic module, so as to analyze its performance under variable weather conditions [14]. The results also showed that the tracking system is better than the fixed photovoltaic system by 25%. In the hybrid photovoltaic system, Sahin et al. presented a sensor sun tracking by using an optical design, utilizing fisheye lens with low deviation and high-resolution integrated [15]. The model can be integrated with commercial image sensor array for MPPT. In other works, in High Concentration Photovoltaics, the authors used the optical design conventional fabrication methods [16]. Ju et al. detailed a review and a comparison between the stand-alone photovoltaic system and concentrated solar power [17]. The results proved that the photovoltaic system has several advantages in comparison with the concentrated solar power in terms of better power quality and higher generating efficiency.



The meta-heuristic algorithms, such as cuckoo search algorithm [18] and particle swarm optimization [19], are also used to optimize the output power of the photovoltaic panels in extracting the operation point or to optimize the injected energy from the boost converter. However, any method has limitations and disadvantages, such as slow convergence and perturbation in the operation point. The meta-heuristic algorithm and artificial intelligence approaches are computationally demanding, and their implementation is not easy. Among all the existent techniques, the P&O and Incremental Conductance (INC) algorithms are the most widely used for their simple implementation, few parameters being required and convergence [9]. These two algorithms are still working under several conditions even though they have several disadvantages and researchers are still proposing different modifications to improve them. The simple implementations of the two algorithms offer an easy manipulation and modification in the program to improve the convergence time and the efficiency of the system.



Commonly, the integration of the storage system with renewables energy source has been widely used in several locations under different weather conditions. Jing et al. presented a systematic comprehensive study review of the integration of the battery/supercapacitor and their feasibility for an off-grid photovoltaic system in rural electrification [4]. Jing et al. presented a numerical simulation and the control management of the storage system under varying solar irradiation to analyses the effectiveness in mitigating battery stress. The diesel source can also be added to the hybrid photovoltaic system. This system is controlled and discussed in [20] for Shipboard Microgrids. A proportional integral (PI) controller and low pass filter were used to control the energy management to eliminate the fluctuations. Tofighi et al. presented the management control of the photovoltaic system and battery storage system using the PI and passivity-based controllers [21]. This control manages the power between the components of the hybrid system. In other research, Luta et al. optimized the sizing of the fuel cell to the photovoltaic system and supercapacitor for commercial load [22]. The appropriate design is implemented on the basis of its technological reliability and cost-effectiveness. Usually the hybrid system is connected to load via a DC capacitance, considering that the battery has a high storage capacity and the supercapacitor can provide high levels of power. In this context, an analysis and evaluation management control of the DC voltage is presented, in order to reduce stress on batteries and improve their life cycle [23]. On the other hand, the power management in hybrid system is optimized using Mine-Blast Optimization algorithm to optimally manage the distribution of the energy in the system [24]. However, the integration of a storage system into a photovoltaic system offers an opportunity to improve the responses of voltage and current, particularly during changes in solar irradiance and variations in the demand for energy. Then, the battery and the supercapacitor are used specially to store the unused energy, protect the system, absorb the fluctuation, and provide stable electricity to the loads. Battery is the conventional storage system integrated to the photovoltaic system for its high energy density. However, the battery has several problems, like weak dynamic response and low charge/discharge rate [25]. On the other hand, supercapacitors can provide significantly higher currents than batteries and lower power density [26]. In comparison, the charging and discharging speeds of the supercapacitor are far too high compared to the battery. To overcome the several problems in off-grid hybrid energy systems, such as the nonlinear characteristics of the photovoltaic panel, the variation of solar irradiation, low power density and charging/discharging speed, the integrations of the battery and supercapacitor are suitable to provide the stable electricity to the load [4]. The photovoltaic system is optimized to inject the maximum power to the load and to charge the battery and supercapacitor. The storage system is controlled to manage the use of the energy, and to protect the system from overcharge and over discharge.




1.3. Contributions


Therefore, this paper aims to present a hybrid system by combination of the supercapacitor, battery, and photovoltaic array under varying fluctuation in the solar irradiation. A modification in the P&O and INC algorithms is introduced to optimize the photovoltaic system, by using the instantaneous step size from the slope of the power–voltage curve. A multi-loop control was designed in order to control the current in the battery and supercapacitor, and the voltage of the load. The control is designed and composite from the PI controller connected in series and parallel to minimize the errors and maintain the current and voltage to the desired value. Generally, the objective of this paper can be designed and implemented in the following six conditions:




	
Optimization of the power generated by photovoltaic system,



	
Balancing the voltage of the DC voltage to the appropriate value,



	
Control and management of the currents to their corresponding values in the supercapacitor and battery,



	
Reduce the stress in the battery by using the supercapacitor,



	
Protect the system from charge/discharge or surcharge and maintain it to the global stabilization,



	
Regulate the transfer of the energy between the hybrid system and DC-link.








The energy produced by the photovoltaic array mainly depends on solar irradiation, which introduces several problems in the power transformed to the load. In order to overcome the changes in the solar irradiation, an optimization algorithm is used to extract the maximum power point (MPP) of the photovoltaic array. To reach the operation point without perturbation or fluctuation of the photovoltaic array, an optimization using P&O and INC algorithms is used to inject the maximum power to the storage system and to the load under varying fluctuation of the solar irradiations. The two algorithms are modified in order to improve the fast convergence for finding the operation point around the operation point without oscillation to ensure more stability to the transformed energy. The improvement modification of the P&O algorithm is the use of the small instantaneous perturbation step in the ΔV to perturb the slope dP/dV in order to modify the direction of the ΔP to be around the operation point. The small instantaneous step size with scaling parameter is given based on the value dP/dV taken from the power–voltage curve to modify the perturbation step in ΔV. In addition, the duty cycle is perturbed when the ΔP in the P&O step changes the direction in the power–voltage curve to locate the operating point around the maximum power point. The step instantaneous size with the scaling parameters is automatically adjusted throughout the initialization process at start-up to maintain adequate operation under all initialization conditions. The duty cycle is modified to start with small values for automatic adjustment of the scaling parameter. The scaling parameter is determined in function of ΔV, ΔP from the power–voltage curve of the photovoltaic panel and Δd, the duty cycle of the boost converter.



On the other hand, the INC algorithm is similar to the P&O algorithm, and based on comparing the instantaneous values I/V and the dI/dV from the power–voltage slope by supposing that the second value is zero in the MPP [27,28]. The direction of the operation point is also dependent on the value of dI/dV, which is taken from the derivation of the power where P = V.I. A step size is used based on the scaling parameter in function of power, voltage, and duty cycle of the boost converter to change the direction of the operation point to reach the MPP. The scaling parameter determines the convergence time of the algorithm.



The DC-link voltage and the energy management strategy between the storage system and load are controlled trough a bidirectional converter using the multi-loop using 3-PI controllers. The objective from the multi-controller is to set up the supercapacitor as a complementary energy storage source in order to increase the dynamic charge/discharge stress on the battery. Additionally, the currents of the battery and supercapacitor are controlled to maintain the global system stabilization. The DC voltage is controlled and managed to its desired value. The management control regulates the transfer of the energy between the photovoltaic array, battery, supercapacitor, and the DC-link of the load. This planned control technique uses a supercapacitor throughout rapid changes and avoids the charge/discharge of the battery. The battery is used to store the unused energy from photovoltaic system and to support the load if there is no solar irradiation or the photovoltaic cannot supply the desired energy. This method eliminates the unwanted charge/discharge of the battery, stops the battery from being drained and, as a result, decreases the operating costs of the off-grid photovoltaic system and improves the battery life. As a result, the P&O algorithm is better than the INC algorithm in terms of the efficiency of the injected energy and in the integral absolute error under varying change in solar irradiations. The hybrid system under study can be a solution for the domestic applications in rural areas or for other applications.



The remainder of the paper is structured as follows: Section 2 presents and illustrates the hybrid energy storage (HES) system configuration and modelling of the photovoltaic panel, battery, and supercapacitor. Section 3 presents the optimization of the MPP of the photovoltaic, and demonstrates the control management of the DC-link voltage in the battery and supercapacitor. Section 4 presents the simulation results and comparative analysis of the P&O and INC optimization in terms of the injected energy to the load. Finally, the conclusion has been drawn in Section 5.





2. Hybrid Energy Storage System Configuration and Modelling


For this study, a DC–DC microgrid configuration is considered. It consists of a photovoltaic system as its main energy source and battery, both interfaced directly at DC-link and connected to the load, as shown in Figure 1. This configuration is considered as the best solution which uses multiple converters using double bidirectional buck converters separately connected to the battery and supercapacitor. The microgrid is supported by a HES comprising a battery and a supercapacitor (SC) directly connected to a DC-link capacitor through bidirectional DC–DC converters. The HES is connected to DC-link capacitor which generates and transfers the energy to a DC load under change in solar irradiation. The photovoltaic system is connected to the boost converter which controls the maximum power point, and the HES supports simultaneously steady-state and intermittent power generation and load demand adjustments. The photovoltaic system generates and delivers variable energy to the load influenced by the weather fluctuation. SC is used to support and absorb the transient/fluctuating as well as oscillatory power shifts, however, according to its limited power capacity. It is unable to supply/absorb continuous power shifts (long-term) because of the low internal resistance and low voltage. SCs are described by their highly particular power. SCs are effective in very rapid charging and discharges and have a very significant number of cycles with great performance and without degradation. The battery is used to store the generated energy from the photovoltaic generator and used later if needed. Additionally, it appears to support the continuous power changes due to its high-power density and supply transient power only under critical conditions [3]. A bidirectional inverter is used to transmit and receive energy from the charging storage system through a DC-bus interface. This source has a substantial mass energy and offers energy storage and weak system dynamics and is considered an important way to reduce the fluctuations in energy.



2.1. Photovoltaic Modelling


In this paper, a Waaree energies WU-120 photovoltaic array, manufactured by Waaree Energies Ltd with 6 parallel strings and 2 series-connected modules per string, is utilized as a case study [29]. Each photovoltaic module generates 120.7 W and contains 72 cells per module. Figure 2 presents the electrical characteristics current-voltage and power–voltage curves, which is connected to DC–DC converter to adjust the required DC power based in the load. A DC-link capacitor (CDC) is used to connect the boost converter to the load. The mathematical modelling of solar cell and photovoltaic model is given with detailed description and parameters extraction in [2,30,31,32,33]. Mutarraf et al. implemented the Waaree Energies photovoltaic module connected to diesel, battery, and ultra-capacitor systems for a control management of shipboard microgrids [20]. The current output of the photovoltaic module characteristic of photovoltaic is non-linear and is given as:


  I =  N p   I  p h   −  N p   I s   (   e     N p  V +  N s  I  R s    n  N p   N s   V T      − 1  )  −    N p  V +  N s  I  R s     N s   R  s h      



(1)




where, Vpv, and Ipv represent the voltage and current generated by the photovoltaic, Iph is the photo-current, Is is the saturation current of the diode, Rs and Rp are the parallel and series resistors, respectively. The Ns and Np are the number of solar cells connected in series and parallel, respectively, n is the ideality factor of diode and VT is the thermal voltage.



The dynamical behavior of photovoltaic module connected to the boost converter can be modelled as [34]:


    d  V  p v     d t   =  1 C   (   I  p v   −  I L   )   



(2)




where C is the input capacitor and IL is the current passing through the load, given as:


    d  I L    d t   =  1 L   [   V  p v   −  V c   (  1 − d  )   ]   



(3)




where L is the inductor in the boost converter, Vc is the voltage across the capacitor, and d is the switching duty cycle of the boost converter.



The voltage (Vdc) of DC-link capacitor is given as:


    d  V  d c     d t   =  1   C  d c      [   I L  −    V  d c      R L     (  1 − d  )   ]   



(4)




where RL is the resistance of the load.



It is observed that the energy generated from the photovoltaic system depends on the solar irradiance, cell temperature, and efficiency of the system components, so there is always a specific point recognized as MPP (or MPPT if using a tracking method) at which the maximum power is available from photovoltaic system to supply the load with the required energy power. Hence, in certain circumstances, the maximum power must be available. Otherwise, the MPP and MPPT should be controlled via the MPP method (MPPT inverter control) to control the power yield from the photovoltaic array. In particular, the DC–DC boost converter is the most important element of MPP control, as it controls the duty cycle (d).



The equivalent resistance Requ of the boost converter can be written as:


   R  e q u   =  R L     (  1 − d  )   2   



(5)







According to Equation (5), the maximum quantity of energy will be delivered to the load when Requ is equal to the Thevenin resistance of the photovoltaic system [6,35].




2.2. Lithium–Ion Battery Modelling


The battery banks are electrochemical structures that store the energy for later possible usage from several other AC or DC renewable energy or fossil sources [1]. The battery model is a regulated voltage source with a series resistor and power conditioning system, as presented in Figure 3 [36]. Lithium–ion batteries are widely used for their advantages in comparison to other battery types because they have high capacity of storage, high concentrations of functioning voltage and long cycle life [21]. During the off-peak hours, batteries usually absorb power from the grid and discharge power at peak demand.



The equivalent circuit model depicted in Figure 3 has a main reaction circuit that defines the charging/discharging cycle, and an alternative reaction circuit that is responsible for long-term battery degradation. The resistor R0 presents the ohmic resistance, which includes the resistance of contacts and electrodes. The double pair RC captures the transient battery dynamics such as the charge transfer kinetics and lithium ion diffusion [37]. The VOC is the open circuit voltage which depends mainly on the battery state-of-charge (SOC) [38]. The SOC curve is nonlinear and approximated by VOC = a+b × SOC with a and b are constant in the ith SOC interval.



In addition, the battery SOC ϵ (0%,100%) could be determined using the conventional Coulomb counting method [39].


  S O C  ( t )  = S O C  (   t 0   )  − η    ∫   t 0   t      I  b a t    ( τ )     C n       d τ  



(6)




where, η is the Coulombic efficiency; Cn (Ah) is the battery usable capacity; SOC(t) is the required SOC at time point t based on its initial value SOC(t0).



Whereas the dynamic operation of the battery can be represented by the corresponding interpretation of state-space:


     [      d  V 1    d t         d  V 2    d t         d s o c  ( t )    d t      ]  = M  [     V 1   ( t )       V 2   ( t )      s o c  ( t )     ]  + N  I  b a t    ( t )       V  b a t    ( t )  =  V  o c    (  s o c  )  −  V 1   ( t )  −  V 2   ( t )  −  R 0   I  b a t    ( t )     



(7)




where,


  M =    [      − 1    R 1   C 1      0   0     0     − 1    R 2   C 2      0     0   0   0    ]  ,   N =  [     1   C 1         1   C 2          − η    C n       ]   



(8)




where Vbat is the battery output voltage, V1 and V2 are the voltages across the capacitors C1 and C2, respectively; Ibat is the battery input current.



The battery capacity Cbat is the quantity of energy that can be extracted from the battery under specified conditions. Equation (9) presents the expression of the Cbat in function of the accumulator temperature ΔT and the nominal capacity C10 after 10 hours of charging.


   C  b a t   =  C  10     1.67 ∗  (  1 + 0.005 ∗ Δ T  )    1 + 0.67 ∗    (  10    I  b a t      C  10      )    0.9      



(9)







The value of the state of charge (SOC) can be determined from the quantity of the charge Q = Ibat × t in discharge time t by:


  S O C  ( % )  =  (  1 −  Q   C  b a t      )  ∗ 100  



(10)








2.3. Supercapacitor Modelling


Supercapacitors (or electric double-layer capacitors, electrochemical double layer capacitors or ultra-capacitors) store the energy on two parallel plates isolated by an insulator [22]. It has a large capacitance, with capacitances of several thousand farads with energy density. In renewable energy technologies, particularly in photovoltaic power systems, the combination of supercapacitor and battery generated an outstanding match which will accommodate a wide variety of renewable energy and energy demands [23]. The supercapacitor is used to reduce and absorb the peak current in the battery when the irradiance is very highly fluctuated [24]. Figure 4 presents the supercapacitor simplified circuit with two-branch model [40]. It has two sections, the first of which is labelled fundamental, in which the energy is accumulated rapidly in a few seconds, and corresponds to a distributed constant model’s first R1C1 cells, and Rf presents the leakage current.



C1 is the main capacitance or differential which depends on the voltage V1 and contain C0 and Cv which represents the constant capacity and parameters, respectively, and is given as:


   C 1  =  C 0  +  C V  .  V 1   



(11)







The current and voltage characteristics of the corresponding electrical circuit of the supercapacitor are presented by the following equation, through ignoring the leakage current:


   U  S C   =  N  S s c    V  S C   =  N  S s c    (   V 1  +  R 1     I  S C      N  P s c      )   



(12)




where USC and ISC are the supercapacitor pack voltage and current, respectively, Vsc is the elementary supercapacitor voltage. NPsc and NSsc are the numbers of parallel and series branches of the supercapacitor connections, respectively.



The voltage V2 is presented as:


   V 2  =  1   C 2      ∫   i 2  d t =     1   C 2      ∫   1   R 2     (   V 1  −  V 2   )  d t     



(13)







The current through the main capacitor is given in function of the instantaneous charge Q1 in the following equation:


   i 1  =   d  Q 1    d t   =  (   C 0  +  C V  .  V 1   )    d  V 1    d t    



(14)







The charge Q1 is determined from Equation (13) and then the voltage V1, the two equations being given as:


   {     Q 1  =  C 0  .  V 1  +  1 2   C v  .  V 1 2       V 1  =   −  C 0  +    C 0 2  + 2  C V   Q 1       C V         



(15)









3. Operation Point Optimization


The control management of the hybrid system is meant to control the photovoltaic panels, battery, and supercapacitor. The energy generated by the photovoltaic module mainly depends on weather conditions, which introduce several problems in the power transformed to the load. According to various research papers and experimental studies, the photovoltaic module has a single maximum point [41]. Two algorithms, P&O and INC, are modified and used to ensure that the photovoltaic generator provides the maximum of power to the load. Battery storage was designed under conditions where the loading power approaches the photovoltaic system’s producing power. In addition, the multi-loop PI controllers are used in the bidirectional converter to control the current of the battery and supercapacitor. In the DC-link side, the voltage is controlled and maintained to the reference voltage by three PI controllers.



3.1. Perturb and Observe (P&O) Formulation


In this section, we propose the improvement of the P&O algorithm to track the maximum power from the photovoltaic array under varying solar irradiation. The P&O is the best and most widely used algorithm to track the MPP of the photovoltaic panel under varying dynamic conditions [9]. This algorithm is centered on their comparative perturbation parameter of voltage by ΔV based on the change of power (P) by the following rules [42].


   {     V  n e w   =  V  o l d   + Δ V ×   d P   d V     i f   P >  P  o l d        V  n e w   =  V  o l d   − Δ V ×   d P   d V     i f   P <  P  o l d        



(16)







The equation indicates the orientation of the perturbation, and the size of the ΔV is crucial to determine the convergence of the algorithm. The orientation of new perturbation depends on the value of the calculated power; if higher power is calculated at new voltage, the perturbation might go in the same direction, otherwise it will move in the opposite direction, as seen in Figure 5. The convergence speed depends highly on the perturbation sizes. In the high and low perturbation, the operating point oscillates around MPP and differs in the speed of convergence.



The operating voltage will be perturbed by small increment only if the operating point is far from the maximum power point of the photovoltaic array and then the change in ΔP is noticed. Generally, the steps of the P&O algorithm to finding the operating point can be summarized in four operations depending on the value of the perturbed voltage, as shown in Table 1 [42].



When ΔP is positive, it indicates that the operation point moves towards MPP, then, in order to drive it near MPP, the voltage will be perturbed in the same direction. Otherwise, when ΔP is negative, meaning that the MPP is far from the operating point and the voltage needs a perturbation in the reverse direction so as to move the operating point much nearer to the MPP.



In this paper, we use a small instantaneous perturbation step in the delta P&O algorithm in the slope dP/dV in order to modify the direction of the ΔP to be around the MPP. In delta P&O step, the duty cycle is perturbed to locate the operating point around to the MPP. The value dP/dV is used in order to evaluate the variable step size with scaling parameter, as given in the following equation:


  d  (  k + 1  )  = d  ( k )  ± M    |  P  ( k )  − P  (  k − 1  )   |     |  V  ( k )  − V  (  k − 1  )   |     



(17)







The parameter M is essential to decide the performance of the MPP system. It is necessary that M is automatically adjusted throughout the initialization process at start-up to maintain adequate operation under all initialization conditions. The Duty cycle dstart is configured to a small value for automatically adjusting parameter M. Eventually, the duty cycle is modified by adjusting the maximum safe step ∆dmax and the resulting values of generalized ∆Pmax and ∆Vmax are determined. The value of the parameter M is determined from Equation (17) and given as:


  M =    |  Δ  V  max    |     |  Δ  P  max    |    × Δ  d  max    



(18)







The flowchart of P&O is presented in Figure 6.




3.2. Incremental Conductance (INC) Formulation


The proposed technique in this section is using the INC algorithm to generate the maximum power from the photovoltaic array. The INC is an extension of the Hill-Climbing method, with the same principle of use and implementation as the P&O [27]. It is based on comparing the instantaneous conductance I/V and the incremental conductance dI/dV to identify the operation point of the photovoltaic in power–voltage curve, assuming that the incremental conductance at MPP is zero [28]. INC controls and tracks the maximum power rapidly under dynamic change in the solar irradiation or temperature. From the power–voltage curve of the photovoltaic, the INC tracks the operating point when the dP/dV is zero. The direction of the operating point depends on the value of dI/dV, as given in the following equation:


    d I   d V   = −  I V   



(19)







In the varying solar irradiation, the operating point needs to be controlled by a powerful algorithm. However, the INC can be modified depending on the situation and working conditions of the photovoltaic array. A step size is used in the INC algorithm, as proposed in [27], which is able to increase the tracking speed of the operating point in order to move around the MPP. Equation (20) presents the used variable step size adopted to track the MPP, where N is the scaling factor.


  d  ( k )  = d  (  k − 1  )  ± N ×  |    d P   d V    |   



(20)







The parameter N is essential to determine the performance of the MPP of the photovoltaic array. According to several research papers, a high value of ∆dmax is chosen for fixed step size in an attempt to ensure the convergences of the algorithm [43]. Around MPP, the value of the dP/dV is the lowest. In order to ensure the fast convergence of the MPP, the parameter N of variable step rule must obey the following:


  Δ  d  max   > N ×    |    d P   d V    |    f i x e d   s t e p = Δ  d  max      



(21)




where dP/dV at fixed step ∆dmax is the dP|/|dV| at fixed step size operation of ∆dmax, and the scaling factor N is given as:


  N <   Δ  d  max    /     |    d P   d V    |    f i x e d   s t e p = Δ  d  max        



(22)







The flowchart of the INC is illustrated in Figure 7.




3.3. Control and Management of Storage System


This section is dedicated to controlling DC-link voltage, and current of the battery and supercapacitor, respectively. DC-link voltage is commonly included as a balancing power indicator for DC microgrids. Droop control method is the standard technique to managing the common DC-link voltage to the desired value. The DC-link voltage in controlled dynamic load depends on the power absorbed by the load and given as Pload = VDC-link.Iload. However, for controlling the overall system, a multi-loop PI control was designed, which consists of a first current loop and second voltage loop corresponding to the battery, supercapacitor, and to the DC voltage of the load. The first PI loop most the DC voltage loop set the VDC-ref corresponding to the load input DC link voltage. The second loop sets the Ibat-ref and Isc-ref for the faster inner PI loop which finally controls the current of the battery and supercapacitor and the DC link voltage with respect to the references. Generally, the controller has been structured in this segment in order to achieve the following control strategic objectives:




	
Balancing the voltage of the DC link voltage to the appropriate value,



	
Controlling the battery and supercapacitor currents to their corresponding values,



	
Maintaining global system stabilization.








The main control aim is to manage the voltage of the DC bus to its required value. The multi-loop PI controller estimates the reference current Idcref at the designated voltage Vref to maintain the DC-link voltage. This control technique regulates the transfer of the energy between the hybrid system and DC-link. In addition, the multi-loop PI controller regulates the energy between the supercapacitor and the DC-link and between the DC-link and the battery by employing a switch attached to them. It also decides when to deliver energy to the load, or when to charge the battery and supercapacitor.



Figure 8 presents the block diagram of the used control strategy in the DC-link. The DC-link voltage Vdc-link is correlated to the voltage Vref and the error is given to the multi-loop PI controller. The multi-loop PI controller determines the required cumulative current Iref from the microgrid.



The DC-link voltage can be modelled by:


   C  d c     d  V  D C     d t   =  I  s c   +  I  b a t   +  I  P V   −  I  l o a d    



(23)







Both currents of the battery Ibat and supercapacitor Isc are delivered by a multi-loop PI controller. These currents guarantee DC-link voltage permanence irrespectively of the load behavior and the nature of the power generated from the photovoltaic array. When a problem occurs on an element, the batteries and/or supercapacitors maintain that the DC-link voltage is controlled. Figure 9 presents the multi-loop control of the battery and supercapacitor.



Generally, and by definition, the charging and discharging mode mainly depends on the reference storage current. The battery is charging if the reference current is positive and discharging if it is negative. Figure 10 describes the functionality of the energy management strategy by supplying the batteries and supercapacitors with comparison currents for various charging conditions.



During the control, the DC-link voltage is compared to the DC voltage of the photovoltaic array, and then transformed to an external loop voltage PI controller to produce the error. The controller minimizes the error to generate the current reference Iref. The reference current should be regulated by the operation of battery current regulating to the maximum appropriate charging and discharging currents [Ibatmin, Ibatmax]. The present limitations are based on the ratings of the batteries. The existing comparison is related to the real battery existing Ibat and the error can be adjusted again. On the other side, the supercapacitor is renowned for its higher power density and faster reaction.



The photovoltaic hybrid system has several possible modes of operation depending on the switches that are operated:



Mode 1: If the photovoltaic array provides energy more than requested, then the current of the battery is negative and the state of charge (SOC) of the supercapacitor is more than 95%. Otherwise, the SOC is less than 95%.



Mode 2: If the photovoltaic array cannot provide the requested energy, then the current of the battery is positive, and the SOC of the supercapacitor is less than 95%. Optionally, the supercapacitors start charging. The battery and the supercapacitor supply the needed energy to the load.



Mode 3: If the photovoltaic array generates and supplies exactly the requested energy to the load, then the received current of the battery bus must be equal to zero.



Mode 4: If the photovoltaic array does not supply any energy (at night or the photovoltaic disconnected by any fault shading), that means the batteries and supercapacitor supply the requested energy to the load.



Mode 5: If the photovoltaic array provides enough energy and the batteries are completely charged, the battery should be disconnected for their protection.



Mode 6: If the photovoltaic array does not generate any energy and the batteries are discharged, the supercapacitor supplies the load until discharging and then the load will be turned off.





4. Simulation Results and Analysis


In order to evaluate the performance of the proposed hybrid storage system and validate the used algorithm and the multi-loop control, the simulation measurements are implemented for various solar irradiation and constant temperature in the MATLAB/Simulink.(2019a, MathWorks, Natick, MA, USA) The simulation is done using the Waaree Energies array, the battery and supercapacitor supposed charging at 50% and 100%, respectively, at the beginning of the simulation. In the proposed hybrid system, the lead–acid battery type is used and sized to supply the load in the absence of the sunlight radiation.



Figure 11 shows the solar irradiation received by the photovoltaic array during the simulation, each value of the solar irradiation being simulated for a step size 0.2 second from 0 seconds to 1.6 seconds. Further, the power production of the photovoltaic array mainly depends on the total solar irradiation received by the surface of the module and solar cells, meaning that any change in the power implies that solar irradiation changes. The change in solar irradiation during partially cloudy situations was found to cause a significant oscillation in system current, especially battery and supercapacitor current. This oscillation affects the lifetime of the storage system and can infect it by surcharge or a discharge in the photovoltaic.



Firstly, the photovoltaic is optimized to track the maximum power point using modified step size instantaneous P&O and INC algorithms compared to standard algorithms. Then the generated energy is injected in the boost converter and transformed to the load through the DC-link voltage. Figure 12 presents the comparison between the generated voltage and current from the photovoltaic array, using the modified P&O and INC algorithms. This current/voltage is transformed to the DC load through boost converter and DC-link voltage. A management control using the multi-loop PI controller is used to control the current of the battery and supercapacitor, while in the load side a voltage is controlled.



Figure 13 and Figure 14 present the variation of the voltage, current and power of the photovoltaic supercapacitor and battery, respectively. The first simulation starts at 500 W/m² solar irradiation and the supercapacitor is fully charged at 100%, while the battery is at 50%. The variation in the current, voltage and power (of the photovoltaic array, supercapacitor, and battery) are related to the solar irradiation variation, as given in Figure 11.



The negative energy in the battery indicated that the photovoltaic array generated enough energy to the load to charge the battery. This leads to say that the DC load is supplied only by the photovoltaic array and disconnected from the battery. During the battery charging, the voltage increases to its nominal value depending on the solar irradiation variation (Figure 13a). Given that the photovoltaic array generated enough energy, the control of the command module goes into power compensator mode which is explained by a negative current to protect the battery.



The generated energy from the renewable energy source is stable and shows a small fluctuation when the solar irradiation changes from one value to another only at the beginning. This fluctuation is eliminated by the supercapacitor discharge.



Figure 13a shows the evolution of the battery and supercapacitor voltage versus time. It is observed that the voltage of the supercapacitor drops from an initial value of 32 V to a final value of 30.6 V, while the voltage of the battery starts from 25.5 V to the final value of 28 V.



However, the battery and the supercapacitor power waveforms represented in Figure 14b show that the power delivered by the battery has transient peaks during all the backup time. Additionally, it is observed that the storage system charge and discharge follow the solar irradiation and depend on the injected energy by photovoltaic system. Furthermore, if the battery discharges, that means power is supplied to the load, then the supercapacitor discharges for the protection of the system and it absorbs the fluctuation.



The SOC of the supercapacitor and battery are presented in Figure 15. The supercapacitor discharges, and the battery immediately starts charging. The supercapacitor absorbs the fluctuation in the transformed energy to the load, when the battery supplies sufficient power to the DC load depending on its desired need. The SOC of the supercapacitor discharge is stopped at 95% and the battery more than 50%. That means the photovoltaic array is able to provide the requested energy from the solar irradiation to the DC load, and another part is stored in the battery for use when there is no solar irradiation or if the photovoltaic is not able to provide the desired energy.



In this work the photovoltaic array generates more energy than requested for the load, and thus the management control and distribution of the energy can be:




	
The photovoltaic panel supplies the load with Pload and the other power is stored in the battery as presented in Figure 15.



	
The discharge in the supercapacitor presented in Figure 15 is explained by the protection of the system and absorption of the fluctuation.








Figure 16 illustrates the provided and managed energy from the photovoltaic array, supercapacitor, and battery to the DC load. As shown in the modified P&O algorithm, it is better than the modified INC algorithm in terms of stability and eliminating the fluctuation. The hybrid system under instantaneous step size modified in the P&O algorithm generates more stable energy than the system which uses the INC algorithm. Moreover, the multi-loop PI controllers manage the elements current of the battery and supercapacitor and managed DC load voltage in the desired value.



The efficiency (ηpv) and the dynamic performance using the integral absolute error (IAE) are calculated using Equations (24) and (25) in order to evaluate the quality of the injected power by the photovoltaic array by the proposed algorithms.


   η  P V   =      ∫ 0 t    P  P V    ( t )  d t         ∫ 0 t    P  Re f    ( t )  d t      ∗ 100  



(24)






  I A E =    ∫ 0 t    |   P  P V    ( t )  −  P  Re f    ( t )   |  d t     



(25)







Figure 17a illustrates the efficiency of the modified P&O and INC algorithms compared to the standard algorithms. Figure 17b presents the error in the power efficiency.



From Figure 17a, the efficiency of the photovoltaic is approximately 98% at 0.2 seconds and from 0.4 seconds it reaches more than 99% for the modified P&O algorithm. From the efficiency, it is clear that the photovoltaic array generated the maximum power from the solar irradiation. This energy is transformed to the load or stored at the storage system according to the need. Moreover, the dynamic performance of the instantaneous step size modified P&O algorithm is compared to the instantaneous step size modified INC algorithm using the integral error as shown in Figure 17b. The instantaneous step size modified P&O algorithm shows a lower error during the simulation time at different solar irradiation and better dynamic response. The standard and modified INC algorithm shows a high error at 200 W/m² and 400 W/m² (low solar irradiation) and low error at high irradiation, while the P&O algorithm shows a small error value for different solar irradiation. The P&O algorithm is the best algorithm to track the maximum power at dynamic change in weather conditions. However, the quality of the extracted energy from photovoltaic array plays a vital rule in the stability of the grid or any second load. The obtained simulation results for the proposed hybrid system demonstrate that the integration of the supercapacitor in the photovoltaic storage system leads to low rates of charge and discharge current of the battery (charge from 50% to 50.15%) and reduces the current stress levels on battery. This integration can protect the life cycle of the battery and absorbs the fluctuation in the injected energy and supplies the load as a second storage source if any fault has appeared.




5. Conclusions


Energy management and control of a battery and supercapacitor for a renewable energy source are presented. The photovoltaic array is optimized using two algorithms to track the maximum of the generated energy power, and the DC-link voltage is controlled to supply the DC load by the desired energy power. The planned HES is evaluated by simulation at constant temperature and under varying solar irradiation. The importance of using the storage system to manage the energy power transfer between the hybrid system and the load is discussed. The battery and supercapacitor are also utilized to absorb the fluctuation in the energy, provided by hybrid system to the load. The proposed two algorithms are modified by using the instantaneous step size in the voltage/current inductance, to reach the operation point when solar irradiation changes. The control management shows that when the battery charges, the supercapacitor discharges and vice versa. Therefore, the supercapacitor absorbs the fluctuation and protects the system when the battery discharges/supplies the load or when the load absorbs the energy. Moreover, when the battery charges, in turn the supercapacitor discharges, ensuring a protection of the system, and supplying the load to protect the lifetime of the battery.



The comparison of the results shows that the instantaneous step size P&O algorithm is better and provides more stable energy to the load without fluctuation, than instantaneous step size INC algorithm, and it is also better than the standard P&O and INC algorithms. The controlled and corrected energy from the storage system to the load is presented during the working photovoltaic array under varying solar irradiation. SOC characteristics of the supercapacitor and battery are illustrated to demonstrate the effectiveness of the controller. The simulation results prove the importance of the battery and the supercapacitor use for the photovoltaic array under different values of solar irradiation and prove the effectiveness of the proposed control and energy optimization management strategy. For high and low irradiance levels, the efficiency of the transformed energy from photovoltaic array achieves more than 99%.



The presented simulation results showed that the battery charges slowly from 50% to 50.15 while in parallel the supercapacitor discharges from 100% to 95%. Further, the modified P&O algorithms using the instantaneous step size optimize the power with error under 0.01 (approximately 0.005). The proposed hybrid system injects 200 watts to the load, which can be installed in the rural area for domestic applications or for other applications, such as telecommunication station antenna or water pumping system.
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Figure 1. Microgrid photovoltaic storage system configuration. 
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Figure 2. (a) Current-voltage and (b) power–voltage characteristics of photovoltaic module (Waaree Energies WU-120). 
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Figure 3. Battery equivalent circuit model with the double RC network. 
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Figure 4. Supercapacitor simplified circuit: two-branch model. 
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Figure 5. Operating point according to the sign of dP/dV. 
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Figure 6. Flowchart of perturb and observe (P&O) algorithm. 
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Figure 7. Flowchart of incremental conductance (INC) algorithm. 
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Figure 8. Schematic diagram of the proposed multi-loop proportional integral (PI) controller of VDC. 
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Figure 9. Schematic diagram representation of battery and supercapacitor multi-loop PI controller. 
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Figure 10. Overview in the energy management flowchart. 
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Figure 11. Solar irradiation. 
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Figure 12. Photovoltaic (a) voltage and (b) current. 
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Figure 13. (a) Voltage and (b) Current the supercapacitor and battery. 
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Figure 14. Generated power, (a) photovoltaic module, (b) Supercapacitor and Battery. 
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Figure 15. State of charge (SOC) of supercapacitor and battery. 
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Figure 16. Transformed energy to the DC load at different solar irradiation. 
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Figure 17. (a) Efficiency of the modified P&O and INC algorithm, (b) error. 
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Table 1. P&O techniques [42].






Table 1. P&O techniques [42].





	Old Perturbation Voltage
	Slope of Power
	New Perturbation





	Positive
	Positive
	Positive



	Positive
	Negative
	Negative



	Negative
	Positive
	Negative



	Negative
	Negative
	Positive
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