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Abstract

:

This research presents the design and simulation of a distributed secondary control based on a consensus algorithm for the efficient management of an isolated DC microgrid (MG-DC) that secures the distribution of active power according to the capacities of each storage unit, reducing duty cycles and extending its life cycle. The balance of powers is fulfilled through a photovoltaic (PV) generation unit and an energy storage system (ESS) based on batteries. The PV Boost converter has a maximum power point tracking (MPPT) controller based on the perturb and observe (P & O) method. In contrast, a Buck–Boost converter is integrated into each battery, which is bidirectionally controlled through a local controller and a primary droop control that balances the required power at the loads. It produces a voltage deviation on the DC bus. To compensate for this deviation, a distributed secondary control strategy based on consensus is proposed to restore the voltage while managing the power sharing according to the capacities of each battery. It allows for the improvement of its life cycle, which is shown in the state of charge (SOC) index, thus extending its life cycle. The controllers are evaluated for solar re-source changes, load changes, and different storage capacities.
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1. Introduction


Over the years, energy consumption has significantly increased worldwide, and the current needs facing energy supply involve a significant threat to the economic sector and sustainable development [1,2]. Therefore, new proposals for energy expansion have arisen to supply the demand, either based on fossil fuels or alternative energies [3,4].



In the last decade, a topic of interest at the societal level has been to decrease the use of fossil fuels by reducing the impact of carbon dioxide on the earth, which has led to the creation of power plants based on renewable energies [5]. The U.S. International Energy Agency forecasts that the use of clean energy resources will increase by 50% between 2019 and 2024 [6]. On the other hand, several places, such as rural areas, are affected by energy deficiency, highlighting aspects such as income level, social status, consumption level, and limited access to modern, clean, and sustainable energy. Approximately 777 million people in the world lack access to electricity, with 84% of these people correspond to geographically remote areas where the access to these territories is limited [7]. An environmentally friendly alternative that can be implemented in isolated areas are microgrids (MGs), allowing the incorporation of distributed generation sources based on renewable energies (RES). The use of this type of electrical system has a positive connotation in the reduction in environmental impact [8,9]. In general terms, an MG is a system that integrates distributed generation units (DG), usually from renewable or nonconventional sources such as solar cells, biogas, wind energy, and microturbines, among others, and supplying the demand to the load in addition to energy storage systems (ESS) that are installed near the load. [1,10]. The generation units in an MG operate autonomously or are connected to the grid and are managed through an energy management system (EMS) to improve the system’s stability involving technical and economic benefits [11]. The energy management system (EMS) is considered the coordinating unit of an MG since its work is controlling the energy flows between controllable components, i.e., generation units, loads, and storage elements, to support the MG’s operation [9,12].



Microgrids can operate in DC, AC, and hybridized systems [13]. Both hybrid systems, as well as MG-DC, are gaining increasing interest in terms of efficiency and usability, offering advantages such as a) reduced losses and a higher efficiency due to the absence of reactive power and the reduction in rectifiers, b) direct current input, which is currently used by modern devices, c) no power factor losses, d) optimal control, or in other words, no reactive power or frequency controls are required, and e) high reliability due to its ability to operate remotely [14].



In recent years, solar energy has become one of the most applied renewable resources due to its unlimited potential and easy accessibility [15]. Research has contributed advances and efficient improvement in power distribution by photovoltaic panels; for example, [16,17,18] proposed the use of DC-DC converters with high voltage gain, soft switching capability, and high efficiency. These configurations minimize parasitic capacitance effects in the photovoltaic system. In addition, it facilitates the tracking of energy required from the PV source according to the load demand. It is worth mentioning that this research work implements conventional control strategies that can be adapted to the converters proposed in [16,17,18].



Batteries in microgrids with an isolated operation support the stability of the microgrid; their charge and discharge operation allow the continuous supply of energy towards the demand depending on their proper management [19]. Traditional EMSs usually do not consider features that allow the incorporation of the proper operation of the batteries where the life cycle of these systems is contemplated [20].



From the point of view of controllers focused on the storage management system, different solutions are proposed in the literature. In [11], a fuzzy logic control in an isolated microgrid is proposed, where its management strategy employs generation and load forecasts that provide the future action of the microgrid, where its primary objective is to extend the battery lifetime by predicting the excess of photovoltaic energy and dispensing this energy to avoid overloading the SOC, so that it oscillates at a value of 75% of its load. While a Takagi–Sugeno (TS) fuzzy controller approach is proposed by dividing the nonlinear system into local linear subsystems, by subsequently employing the fuzzy combination of the local rules, the general fuzzy model is obtained; this ensures the response is stable, reducing the MG oscillations with multiple constant power loads. The main problem with these techniques is that being knowledge-based, they require accurate information about the system operation. In [21], intelligent energy management that was control oriented in combined methods of fuzzy logic and a fractional-order proportional-integral-derivative (PID) controller (FO-PID) was proposed to adaptively adjust its gains, increasing its robustness considerably and improving the quality of the energy distributed to the MG-DC by regulating its reactive power and the DC bus voltage. In [22], an adaptive control method for MG-DC applications was proposed that satisfies both the current distribution and good voltage regulation, depending on the load condition, i.e., the load is directly proportional to the output current of the generation units, thus seeking to share the current accurately.



In [23], a two-level voltage and power drop control method was presented for the distribution of adequate power and voltage in the DC bus, which produces voltage deviations that increase with high loads. To solve this problem and improve its stability, the authors proposed a secondary control that is responsible for restoring the voltage derivative. Note that these control strategies use a centralized control architecture, which can produce that against the disconnection of a generation unit, and the power distribution can present deviations. On the other hand, [24,25], based on the virtual voltage drop parameter, presented a new distributed secondary control strategy with event-triggered signal transmissions, ensuring current sharing as well as voltage regulation on the bus, and the charging and discharging management of the batteries with a renewable energy source was not analyzed.



Reference [26] presented the SOC-based adaptive droop control in an MG-DC, which is responsible for balancing the state of charge in each energy storage unit, while [27] used a dual-quadrant state-of-load (SOC)-based adaptive control strategy to extend the lifetime of distributed energy storage units (DESUs); these proposals are based on decentralized architecture and require a tuning parameter to adjust the SoC-balancing speed. On the other hand, [28,29] provided an analysis and classification of the control structure and the topology of DC-DC converters, whereby different control methods were applied to an MG-DC, mainly for the primary and secondary level of hierarchical control, to study important points and evaluate them critically. In the control strategies described above, although voltage restoration was proposed and droop control was used as a control strategy, the active power sharing was not analyzed according to its capabilities.



This research proposes a control scheme for managing an isolated MG-DC composed of a photovoltaic system that takes advantage of the solar resource generated during the day and two batteries with different energy storage capacities that store the energy generated by the photovoltaic module. The units in the MG-DC are connected to the DC bus along with a DC load. The PV system is connected to the bus via a Boost configuration converter, which uses an MPPT based on the perturb and observe (P & O) method. On the other hand, the storage system consisting of two batteries is connected to the load in parallel with a bidirectional Buck–Boost topology converter. The batteries are controlled by three levels of control. The first one corresponds to the local PI cascaded voltage and current controllers. The second one corresponds to a primary voltage droop controller, which guarantees battery power sharing. Finally, secondary control is proposed to efficiently correct the voltage deviation caused by the primary control and share power. The designed controllers are validated for different radiation scenarios, different capacities of the storage units, and load changes. The performance of each control level is analyzed.



The main contribution of this work is to propose a battery management strategy that prolongs their life cycle through the correct distribution of power, respecting their capacities, and ensuring a constant nominal voltage on the DC bus. The traditional droop control techniques allow the power sharing. However, there is a voltage deviation in the MG, for which the conventional secondary control supports in its compensation, but at the same time, they can cause the power sharing to be affected, making the batteries of a lower capacity degrade rapidly. Therefore, a consensus-based distributed secondary control is proposed to guarantee the nominal voltage in the MG-DC without affecting the efficient power sharing between the units in the face of load and irradiance changes.




2. System Description


The isolated direct current microgrid (MG-DC) shown in Figure 1 is composed of a photovoltaic (PV) panel and two energy storage units, with different capacities, connected to a DC bus through converters arranged for different configurations, either an unidirectional Boost-type converter for the PV or a bidirectional Buck–Boost topology for the storage units, where the power converters coupled to the MG-DC can stabilize a voltage of 48 V on the DC bus. The DG unit, which is the PV array, oversees injecting energy both to supply the demand and to provide the ESSs that enter a continuous state of charge when there is a power surplus.



The photovoltaic (PV) panel comprises a combination of solar cells in series and parallel, which distribute the required voltage and current under normal conditions. The current and voltage properties of a solar panel are nonlinear and depend on the solar radiation, and for a set amount of solar radiation, there is a maximum power point corresponding to the voltage at which the PV can provide its maximum energy. This study uses a disturb and observe method for MPPT control [30]. The general scheme of the proposed controller is shown in Figure 2.



In this research, the storage system was assembled by two lead acid electrochemical batteries. They are the most used batteries in stationary applications, due to their operation in a wide temperature range and low cost. The batteries work in two modes of operation: charge and discharge; the discharge is performed at a constant current, causing a decrease in voltage and taking positive values in power, while the charge mode is the opposite. This is shown in the state of charge (SOC). The SOC represents the energy stored in a battery and is expressed as a percentage between 0% and 100%. The preservation of battery life measured in cycles can be achieved through the behavior of the SOC, i.e., the number of times the battery operates in its two modes (charge and discharge). Consequently, the battery decreases its properties in each cycle, i.e., the more cycles there are, the faster its degradation accelerates.



In this research, three control architectures were designed and evaluated: the first one was a local voltage and current control, the second one was a primary control based on voltage drop, and the third one was a distributed control based on a consensus algorithm that encompassed voltage restoration and power compensation; the configuration diagram of an MG-DC is visualized in Figure 2.




3. Design of System Control Strategies


This section describes the control levels implemented in the system, as shown in Figure 3. At the bottom are the local controllers; in the case of the solar panels, they are responsible for making the most of the natural resources to generate power that will be used to supply the demand and the power required to charge the batteries. In the case of the batteries, the controllers allow operation in charge and discharge mode. A voltage droop control is included for the power sharing. The primary control produces voltage deviations in the MG, which can be corrected by a secondary control level, where the energy management system has been included for the operation of the batteries considering their storage capacities. The distributed control architecture based on voltage restoration and power compensation is designed and analyzed in this research work. It is important to note that the batteries are managed as dispatchable units for the energy management system, while the PV power is considered input to the management system. The description of each level of control is detailed in the following sections.



3.1. Design of Local Controllers


3.1.1. Design of an MPPT Control Strategy for the Photovoltaic Panel


In this section, the photovoltaic panel controller algorithm is designed (Figure 1). The control objective is to maximize the solar resource using an MPPT control based on the perturb and observe (P & O) technique [31]. The implementation of the controller is shown in Figure 3, where the duty cycle    D    is obtained from the algorithm described in Figure 4, sending this signal to the PWM that controls the converter.



Figure 5 consists of comparing the PV voltage      V  p v       and PV power      P  p v       with those obtained at a previous instant    P  p v   ( k − 1 )   and    V  p v   ( k − 1 )  . The instantaneous power is calculated by Equation (1) where      I  p v       represents the PV current. It is worth mentioning that, depending on irradiance and temperature, the maximum power point may oscillate, considering that these physical conditions are not constant and fluctuate significantly.


   P  p v   ( k ) =  V  p v   ( k ) ⋅  I  p v   ( k )  



(1)







Subsequently, the conditions entered in the flow diagram of Figure 5 are checked. If the power    P  p v   ( k )   is greater than that obtained in a previous instant    P  p v   ( k − 1 )  , the direction of the perturbation    Δ    around the duty cycle is maintained   D ( k )  ; otherwise, it will change direction; its equation can be represented as (2):


  D ( k ) = D ( k − 1 ) + Δ D  



(2)







Figure 5 shows the algorithm flowchart, which is based on obtaining the voltage and current for the power calculation. A voltage and a current power minus a previous sample are evaluated. When a power difference equal to zero is achieved, the maximum power point will be reached; otherwise, we have to evaluate the values in the voltage difference to modify the behavior of the disturbance     Δ D     for both its decrease and increase to achieve the maximum power point.




3.1.2. Design of a Local Control Strategy for the Storage System


The control of the storage systems determines the appropriate duty cycle for the converters shown in Figure 1B1,B2, where there are two modes of operation, either Buck for battery charging and Boost for discharge. This change can be shown in the voltage of each battery. If the voltage is reduced, the battery is discharged, and the duty cycle of the converter increases as the system requires energy to regulate the nominal voltage on the DC bus. Conversely, when there is excess power from the PV, the batteries are charged, increasing the voltage and reducing their duty cycle. This is achieved by controlling the PWM signal of gates   G 2   and   G 3   for battery 1, and   G 4   and   G 5   for battery 2 (Figure 1). Figure 6 shows the block diagram of the controllers for B1 and B2, where two proportional and integral (PI) control loops are identified: an external one to control the battery voltage keeping the bus at a reference value, and the internal current control that defines the operation mode of the batteries for both charging and discharging.    V  d c i     represents the output of the droop controller,    V  b u s     represents the reference voltage on the DC bus,   i B _ r e  f i    represents the reference current output of the PI control,   i  B i    represents the battery current, and  i  represents the storage unit.   G 3   or   G 5   represents the trip to the converters when it is in charge mode (Buck); on the other hand,   G 2   or   G 4   represents the opposite action, meaning the converter is in discharge mode (Boost).





3.2. Droop (V-P) Controller Design in Batteries


The voltage droop control by the conventional method has presented favorable results in MG-DC by orienting the power distribution according to the variation in the available capacity in each source. Considering a unidirectional or bidirectional voltage-controlled power electronic converter, the conventional droop method is expressed by Equation (3):


   V  d c i   =  V  n o m   −  m p  ⋅  P  f c i    



(3)






   m i  =   Δ  V  max      P  max     i     



(4)






  Δ  V  max   =  V  n o m   −  V  min    



(5)




where    V  d c i     is the output of the droop controller,    V  n o m     is the nominal value of the microgrid,    m i    is the droop coefficient, and    P  f c i     is the power obtained at the output of the filter.    m i    obtained by Equation (4) results from the maximum power in the battery    P    max  i      concerning the variation in the maximum acceptable voltage   Δ  V  max    , and   Δ  V  max     is obtained by Equation (5), where    V  min     is obtained from the difference between the nominal voltage and 5% of the nominal voltage    V  n o m    .



As can be seen in Figure 3 the output of the droop control      V  d c i       modifies the reference voltage of the local controller to distribute power between the batteries when operating in discharge mode.



As shown in Figure 2, the ESSs are connected in parallel, and it is essential to distribute the power according to each unit’s SOC and capacity. Usually, the output power is inversely proportional to the droop coefficient, and by selecting a value to the droop coefficient that is inversely proportional to the SOC, the output power of each converter will be proportional to each SOC. Ideally, the storage unit with a higher SOC will deliver higher power versus a storage unit with a lower SOC, which will deliver a lower power.



The primary control strategies produce a voltage deviation, so a secondary control is necessary. The secondary control oversees restoring the voltage to MG-DC nominal values and managing the batteries’ operation, respecting their capacities. The description of the secondary control design is detailed in the following section.





4. Distributed Secondary Controller for Efficient Battery Management


Although the droop controller implemented in the batteries (Equation (3)) allows power sharing between the units, to achieve this objective, the voltage of each battery is modified; therefore, the voltage on the DC bus presents deviations. So, it is necessary to implement an extra control loop called secondary control, which is responsible for restoring the global variables of the system to their nominal value, but because there is a tradeoff between restoring voltage and active power sharing to implement a traditional secondary control based on a voltage restorer that causes a negative effect on the power sharing in the batteries, which is shown as a deterioration in its life mainly in those of lower capacity because they will present greater charge and discharge cycles. To overcome this issue, in this research, a distributed secondary control is proposed. The controller meets two control objectives, the first one is to restore voltage and the second one is to share active power between the batteries respecting their capacities. Figure 3 at the top shows the architecture of the proposed secondary control, where a PI controller is implemented to restore the voltage with a traditional approach      Ψ i     . In addition, to guarantee active power sharing between the batteries respecting their capacities, a PI controller based on consensus theory [32] is integrated where the common objective is to share power      ξ i     . These two control actions add up      λ i      and cause a change in the primary droop which in turn is shown in the local controls.



The distributed control architecture allows the control effort to be distributed in all the dispatchable units of an MG. This type of architecture has a communication network where each unit has at least one link line, so that information can be shared among all units, which has allowed the implementation of consensus-based control algorithms [13].



Under this control architecture, applications have been realized as a distributed secondary control for MG AC MG-AC, where the consensus objective is to restore frequency and share active power between all generating units [33]. In addition, applications have been made to mitigate imbalances for three-phase three-wire isolated microgrids (MG) [34]. For share imbalance and harmonics problems, distributed control strategies in MG-AC are also used [35], as well as mining-industry microgrid applications [36]. In more complex applications, a distributed control strategy for frequency control, congestion management, and optimal dispatch (OD) in isolated AC microgrids has been proposed [37]. These works are applications to MG-AC, and do not consider storage units. Thanks to the distributed control architecture, consensus algorithms can be implemented; the general description is shown below.



Consider the graph   G =   N , E , A    , where  N  is the set of vertices,   N =   1 , … , n     represents the DG units in the microgrid,  E  represents the set of edges of the communication links     i , j   ∈ E  , and  A  is the adjacency matrix   n × n   of the graph  G .  A  is a symmetric matrix with elements    a  i j   =  a  j i   ≥ 0  . If the node  i  receives information from the node  j , then   E   i , j   = 1   and    a  i j   = 1  , otherwise    a  i j   = 0  .



Let us suppose that information flows between the vertices  i  and  j . Consensus on the  x  variable is said to be achieved if    x i   t  −  x j   t  → 0  , and this consensus is achieved according to the first-order consensus shown in Equation (6) [32]:


    x ˙  i  = −   ∑  j ∈ N j ≠ i     a  i j      x i  −  x j       



(6)







Figure 7 shows a communication network topology in a distributed control architecture; it can be seen that each node has at least one communication line, and the matrix  A  represents the fact that the connection between nodes is made up of    a  i j     elements, where  i  is the local node and  j  the neighboring node. As can be seen in the matrix  A , those nodes that are not connected have a value of zero. This communication matrix is dynamic, meaning if any node  x  is disconnected, it can change its state to a value of zero. In this research, each represents a battery [13].



Distributed Control Design


The proposed distributed secondary control      λ i      defined by Equation (7) fulfills two control objectives, the first one restoring the      Ψ i      voltage, and the second one distributing power respecting the capacity of the      ξ i      batteries.



In the primary control Equation (3), a second control action      λ i      is added, and the modified droop equation is shown in (8):


   λ i  =  Ψ i  +  ξ i   



(7)






   V  d c i   =  V  n o m   −  m i  ⋅  P  f c i   +  λ i   



(8)







The voltage restoration control      Ψ i      is based on a traditional secondary control strategy that aims to correct the voltage deviations caused by the primary control (Figure 3) where a nominal voltage    V  n o m     required on the DC bus is compared with a droop voltage    V  d c i    . The error is corrected through a PI controller (Figure 8) where it maintains a constant voltage on the DC bus.



The action to restore voltage is defined by Equation (9), which considers tuning the gains of the control    K p   , which is the proportional gain, and    K i   , which is integral gain; in turn, this controller can be rewritten as in Equation (10), where    K T    is the joint gain of    K p  +  K i   :


   Ψ i  =  K p  (  V  n o m   −  V  d c i   ) +  K i    ∫  (  V  n o m   −  V  d c i   )     



(9)






    Ψ ˙  i  =  K T  (  V  n o m   −  V  d c i   )  



(10)







This controller is efficient regarding voltage regulation on the DC bus. However, the restoring voltage produces an inadequate power sharing as the capacities of each unit are not respected, i.e., the lower capacity battery has a higher number of duty cycles and, therefore, an accelerated degradation.



To correct the power sharing among batteries while respecting the voltage restoration, the controller in      ξ i      is included in      λ i      based on the consensus algorithms described in Equation (11). Its specific design is presented in Figure 9, where    ξ i    is the control action generated by the PI controller described in Equation (11). This control action is incorporated into the control levels already described (Figure 3), in which (11) can be rewritten as Equation (12), where    K t  =  K p  +  K i   .



As can be noticed, the process is represented by the summation that seeks the power in a unit that is equal to the power of its neighbors, but it respects its capacity, so its maximum power is added to each power in its denominator. In Equation (12),  i  represents the battery where the algorithm is being programmed, while  j  is the neighbor battery,    P  max i     represents the maximum power in the battery, and  i  and    a  i j     are the elements of the adjacency matrix that takes a value of one if there is a connection and zero if there is no communication line.


     ξ i  = −  K p      ∑  j ∈ Ν , j ≠ i       a  i j        P  f c i      P  max   i     −    P  f c j      P  max   j         −  K i        ∫    ∑  j ∈ Ν , j ≠ i       a  i j        P  f c i      P  max   i     −    P  f c j      P  max   j                    



(11)






    ξ ˙  i  = −   ∑  j ∈ Ν , j ≠ i       a  i j        P  f c i      P  max   i     −    P  f c j      P  max   j              K t     



(12)







Figure 10 shows the flowchart on the Distributed Secondary Controller for an Efficient Battery, which is based on voltage restoration and power sharing. In secondary control development, it is necessary to implement and design the primary control (conventional droop control) to modify the reference voltage. In the first instance, the values of the primary control are evaluated and incorporated in the distributed control in order to have a communication link between the storage units. When evaluating the voltage on the DC bus, it should remain in the 48 V regime, which allows the analysis of the appropriate power sharing; otherwise, if this factor is not complied with, a control action based on a consensus algorithm    ξ i    is added to compensate for this power deviation. If the voltage does not remain in the 48 V regime, a control action is incorporated    Ψ i    to allow voltage regulation; when this parameter is satisfied, it is checked if the power is distributed correctly according to its capacities. Since it does not have a correct power distribution, a control action    λ i   , which is the joint value of the regulatory action    Ψ i   , and a consensus algorithm    ξ i    is incorporated.





5. Results


For the validation of the efficient management of the storage units, a distributed control scheme based on a consensus algorithm is proposed. An isolated MG-DC was considered, consisting of storage units and a generation unit which were designed and modeled using MATLAB/Simulink by simulation; the system consisted of a PV and two batteries of different capacities connected in parallel to a DC bus, which supplied the demand to a load. It is worth mentioning that the storage units’ full charge and discharge response would take several hours; however, to verify the charge and discharge cycles, the operating range of the SOC was restricted. Therefore, the simulated results were run for 155 s, with a smooth transition from a cloudy to clear sky, meaning the loading and unloading of the ESS could be appreciated for further analysis based on the SOC. The controllers were subjected to different radiation scenarios to verify the correct and efficient operation of charging and discharging the batteries. The analysis was performed using batteries with different capacities that allowed us to visualize the appropriate charge distribution according to the different capacities without overcharging the battery with a lower capacity. The system parameters for both the batteries and the PV are shown in Table 1 and Table 2, respectively. The parameters of the converters, A, B1, B2, filters, and load are given in Table 3.



This section analyzes the performance of the three control levels (Figure 3), the local control, the primary control, and finally, the proposed secondary control. The efficient management of the ESS in an isolated MG-DC was analyzed, and it was verified that the power balance was fulfilled at all times in the MG-DC.



5.1. Power Balance


The power balance was analyzed considering that, regardless of the generation and load units, the power generated will always be equivalent to the power consumed, ensuring the system’s stability; its equation can be represented as (13):


   P  p v   +  P  B 1   +  P  B 2   =  P L   



(13)




where    P  p v     is the power of the photovoltaic panel and    P  B 1     and    P  B 2     are the power received or injected by the batteries. Equation (13) can be rewritten according to the operating state of the ESS, shown in the sign. When the battery operates in discharge mode, it injects or delivers power to the MG-DC (Boost mode) and its sign is positive, and when the batteries operate in charge mode, they consume energy (Buck mode) and its sign is negative, whereby    P L    is the power demanded to supply the MG-DC load.



The power balance must be met at all control levels; however, how it is met may change depending on the control level and architecture.




5.2. Primary Control (Local Control and Conventional Droop Control)


To study the conventional droop control, several parameters were determined, such as a DC load, a nominal voltage of 48 V, and an operating voltage variation of approximately 5% for each source, whereby a value of 2.4 V was consequently established, and the calculation of the maximum power of the battery was performed. This led us to obtain the droop coefficient, which was expressed in minimum values of 0.0013 for battery 1 and 0.01 for battery 2. Figure 11 shows an irradiation profile used for the photovoltaic panel in a specific time interval. Figure 12a shows the power distribution to supply the demand (red line), where it was determined that battery 1 (green line) delivered more power because of its higher capacity compared with battery 2 (purple line) with a lower capacity. Therefore, with this premise, it was demonstrated that the power distribution was adequate since no battery was demanded or competed for the higher distribution; this could also be verified with the behavior of the SOC in Figure 12b, where its discharge was proportional to the delivered power that differed in a slight value, whereby the purpose of implementing the droop concept was the adjustment between load sharing. However, this task became a tradeoff with the voltage control in the MC-DC, as shown in Figure 13, where the voltage was stabilized at the Set Point (SP); therefore, although there was reasonable control, this did not remain constant at its nominal reference value, so this method was deficient. Therefore, to compensate for the voltage deviation on the DC bus, we implemented a control action      Ψ i     , which was responsible for restoring the voltage.




5.3. Distributed Secondary Control


The objective was to correct the voltage deviation of the conventional droop control by incorporating a traditional distributed secondary control that considers only voltage restoration. Figure 3 shows that the battery converters connected in parallel were controlled by a conventional droop function, and subsequently a voltage control action      Ψ i      was designed and implemented in the droop function of Equation (3) at the main control level. Figure 14 shows the performance of the traditional secondary controller to restore the voltage, where the voltage problem that was the deviation from the nominal value on the DC bus produced by the primary control was compensated (Figure 13). However, by incorporating this control, the battery powers were not adequately distributed (Figure 15a), and it was found that the power in battery 1 (green line) was similar to the power delivered through battery 2 (purple line) even though they were of different capacities. This could also be validated in the SOC analysis in Figure 15b, where it shows a hurried discharge of the lower capacity battery 2 versus a slow discharge of the higher capacity battery 1, which induced a higher number of duty cycles of the lower capacity battery, degrading it in an accelerated way. Therefore, this method was deficient, and to compensate for the power distribution in the MG-DC, a control action was implemented with a consensus algorithm      ξ i      that oversaw restoring the powers.




5.4. Distributed Control Based on a Consensus Algorithm


The power bad distribution limitations at the DC load supply were corrected by incorporating the power compensation component in the distributed secondary control based on a consensus algorithm. This method ensured that the batteries distributed their power according to the parameters that characterized each battery. Figure 3 shows that the converters connected in parallel were controlled by a conventional droop function together with a secondary control; then, a distributed control action was designed based on a consensus algorithm    ξ i   , which was implemented in the droop function at the primary control level. Figure 16a shows the appropriate power distribution for each storage unit, verifying that the unit with a higher capacity delivered a higher power (green line) and the unit with a lower capacity provided a lower power (purple line). The SOC of the ESS presented a minimum deviation between the two batteries in their discharged state; this means that the two batteries experienced a similar discharge condition regardless of their capacities, which made the batteries degrade equally (Figure 16b). While in the charging mode, the lower-capacity battery presented a sharing adequate to its capacities, i.e., its charge was faster (Figure 16b). An efficient MG-DC’s performance in preserving battery life was validated.



Figure 17 shows the results of the voltage control for the distributed secondary control integrating a consensus algorithm, where the DC bus voltage maintained its stable values in the SP, with overshoot values of 0.76% at different time intervals. Therefore, the voltage restoration and power sharing were effectively achieved.





6. Conclusions


To ensure the efficient management of an isolated MG-DC with storage units oriented toward power sharing respecting the capacities of each battery, this research proposes a distributed secondary control based on a consensus algorithm to avoid the gradual deterioration of the storage units of different capacities. To ensure power distribution and a nominal operating voltage, as well as stability in the DC bus, a control architecture composed of three levels was proposed for the efficient management of the MG; the first one corresponded to the local control of the current and voltage for the operation in charge and discharge mode of the batteries, while for the photovoltaic generator, an MPPT control based on the P & O technique was incorporated to take full advantage of the available solar resource. The second level of control corresponded to a voltage drop control which modified the reference voltage of the local controller to share power between the batteries. However, the voltage on the DC bus differed from the nominal voltage, and the power in the local load was affected, causing the power distribution in the load to not be constant. Finally, to compensate for this deviation, a secondary voltage restoring control action      Ψ i      was included; although it acted as a correct voltage regulator in the DC bus, it did not distribute the power properly because the batteries, regardless of their capacity, dispatched energy uniformly, attributing to the accelerated degradation of the lower-capacity battery. Based on this analysis, a distributed secondary control was integrated based on a consensus algorithm      ξ i      that allowed the efficient distribution of power by batteries of different capacities. The advantages and impact of the proposed distributed secondary control based on a consensus algorithm were the correct voltage control in the DC bus, significantly reducing the voltage variations presented in the primary control. The power distribution was according to the characteristics of each battery so that a battery with a lower capacity would deliver less power compared with a battery with a higher capacity showing a simultaneous discharge in the two units; this relationship was established by the efficient behavior of the SOC while efficiently managing the MG, which preserved the life of the batteries.
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Nomenclature




	  A  
	Adjacency matrix



	    a  i j     
	Elements of the adjacency matrix ( i  is the local node and  j  is the neighboring node)



	   A h   
	Nominal Capacity



	    C  b a t 1   ;  C  b a t 2     
	Batteries Capacitor



	    C  D C     
	DC Capacitor



	    C  p v     
	PV Capacitor



	  D  
	Duty cycle



	   D  k    
	Current duty cycle



	   D   k − 1     
	Previous duty cycle



	  E  
	Set of edges of the communication links



	  G  
	Graph of the communication links



	    G 1  ;  G 2  ;  G 3  ;  G 4  ;  G 5    
	Converter gates



	  i  
	Storage unit



	   i B _ r e  f i    
	Reference current output of the PI control



	   i  B i    
	Battery current



	    I  m m p     
	Max. power array current



	    I  p v     
	Photovoltaic current



	    I  S C     
	Array current panel



	    K i    
	Integral gain



	    K p    
	Proportional gain



	    K T    
	Joint gain of proportional gain and integral gain for voltage regulator



	    K t    
	Joint gain of proportional and integral gain for the consensus-based algorithm



	    L  b a t 1   ;  L  b a t 1     
	Batteries inductance



	    L  p v     
	Inductance at PV



	    m i    
	Droop coefficient



	  N  
	Set of vertices



	    P  B 1   ;  P  B 2     
	Battery power



	    P  f c i     
	Power obtained at the output of the filter



	    P L    
	Power demanded to supply the MG-DC load



	    P  max i     
	Represents the maximum power in the battery



	    P  p v     
	Photovoltaic power



	    P  p v     k − 1     
	Photovoltaic power in a previous instant



	  V  
	Nominal voltage batteries



	    V  b u s     
	Reference voltage on the DC bus



	    V  d c i     
	Output of the droop controller



	    V  m i n     
	Acceptable minimum voltage



	    V n    
	Voltage nominal Load



	    V  n o m     
	Nominal value of the microgrid



	    V  O C     
	Array tension panel



	    V  p v     
	Photovoltaic voltage



	    V  p v     k − 1     
	Photovoltaic voltage in a previous instant



	  x  
	Represents the battery in a communication link



	   Δ D   
	Perturbation around the duty cycle



	   Δ  V  m a x     
	Variation in the maximum acceptable voltage



	    Ψ i    
	PI controller is implemented to restore the voltage with a traditional approach



	    ξ i    
	PI controller based on consensus theory



	    λ i    
	Joint value of regulatory action and a consensus algorithm



	   D E S U s   
	Distributed energy storage units



	   D G     
	Distributed generation



	   E M S   
	Energy management system



	   E S S   
	Energy storage system



	   F O − P I D   
	Fractional order proportional integral derivative



	   M G − A C   
	AC microgrid



	   M G − D C   
	DC microgrid



	MPPT
	Maximum power point tracking



	OD
	Optimal dispatch



	PID
	Control proportional integral derivative



	PV
	Photovoltaic



	PWM
	Pulse width modulation



	P & O
	Perturb and observe



	RES
	Renewable energy sources



	SOC
	State of charge



	SP
	Set point



	TS
	Takagi–Sugeno
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Figure 1. Schematic of an isolated DC microgrid. 
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Figure 2. Configuration diagram of an MG-DC. 
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Figure 3. Control architecture. 
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Figure 4. MPPT control for PV. 
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Figure 5. Flow chart for PV control. 
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Figure 6. Bidirectional DC-DC control diagram (Buck–Boost). 
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Figure 7. Example of a graph of four agents and their associated adjacency matrix. Developed from [38]. 
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Figure 8. Distributed secondary control diagram for voltage restoration. 
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Figure 9. Centralized secondary control diagram. 
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Figure 10. Flow chart for Distributed Secondary Controller for Efficient Battery Management. 
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Figure 11. Irradiance profile. 
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Figure 12. Conventional droop control, (a) system power sharing and (b) SOC in batteries 1 and 2 at a time of 155 s. 
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Figure 13. DC bus voltage control with conventional droop for (a) battery 1 and (b) battery 2 at a time of 155 s. 
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Figure 14. DC bus voltage control with distributed secondary control for voltage restoration for (a) battery 1 and (b) battery 2 in a time of 155 s. 
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Figure 15. Distributed secondary control for voltage restoration, (a) system power sharing and (b) SOC in batteries 1 and 2 in a time of 155 s. 
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Figure 16. Distributed secondary control based on consensus algorithm, (a) system power sharing and (b) SOC in batteries 1 and 2 in a time of 155 s. 
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Figure 17. DC bus voltage control with distributed secondary control based on consensus algorithm for (a) battery 1 and (b) battery 2 in a time of 155 s. 
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Table 1. Battery 1 and 2 parameters.
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	Description
	Parameter
	Battery 1
	Battery 2





	Nominal Voltage
	  V  
	36  V 
	36  V 



	Nominal Capacity
	   Ah   
	50   Ah  
	6.5   Ah  



	Initial Charge State
	SOC (%)
	50%
	50%
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Table 2. Photovoltaic panel parameters.
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	Description
	Parameter
	Value





	Array tension panel
	    V  o c     
	36.3 V



	Array current panel
	    I  s c     
	7.84 A



	Max. Power array tension
	    V  m p p     
	29 V



	Max. Power array current
	    I  m p p     
	7.35 A
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Table 3. Characteristics of the converters.
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Description

	
Parameter

	
Value






	
Inductance at PV

	
    L  p v       

	
   5 ×   10   − 3     H   




	
Battery Inductance 1

	
    L  b a t 1     

	
   5 ×   10   − 3     H   




	
Battery Inductance 2

	
    L  b a t 2     

	
   5 ×   10   − 3     H   




	
PV Capacitor

	
    C  p v     

	
   100 ×   10   − 6     H   




	
DC Capacitor

	
    C  D C     

	
   3300 ×   10   − 6     H   




	
Capacitor Battery 1

	
    C  b a t 1     

	
   1000 ×   10   − 6     H   




	
Capacitor Battery 2

	
    C  b a t 2     

	
   1000 ×   10   − 6     H   




	
Load

	
Voltage nominal

	
    V n    

	
48  V 




	
Active power

	
    P L    

	
1000  W 
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