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Abstract

:

Prosumers’ electrical installations (PEIs), as nanogrids and low-voltage microgrids, have gained importance in recent years following the development of standards such as the IEC 60364-8 series. In these systems, all distributed energy resources (DERs) are usually integrated using dc bus coupling. The IEC 60364-8-3 predicts an electrical energy management system (EEMS) for power-sharing. The overall research framework of this paper is the nanogrid power management, where complex algorithms are required, as well as the conventional state machines and hierarchical controls. However, the addition of new DERs in such systems is not straightforward due to the complicated parameter settings for energy usage optimization. A different control strategy, named price-based power management, has been conceived to make the EEMS scalable to include new sources and simplify parameterization. Since it is analogous to economic markets, most users understand the concepts and feel comfortable tuning parameters according to their own cost/benefits goals. This paper proposes a price-based power management algorithm for EEMS to automatically design the price-response matrices (PRMs). The PRMs are a way to organize power management, considering new DERs and variable price of energy. The main contribution is the methodology to design the PRMs. Experimental results are carried out to demonstrate the effectiveness of the proposed strategy. The results were obtained with a 1.5 kW prototype composed of a PV generator, battery energy storage, loads, and grid connection.
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1. Introduction


Prosumers’ electrical installations (PEIs) are usually defined as systems with more than one power source and managed loads [1,2,3]. In these systems, the energy is interchanged between sources, energy storage, and loads using ac links, dc, or both [4,5,6,7,8]. AC links are commonly used in microgrids, where the system is distributed in some places, and higher power levels are required [9,10]. However, when the system is concentrated in a single area for individual prosumers, the dc coupling reduces the power processing losses [8,11,12,13]. It is understandable since, in hybrid power generation systems with battery energy storage (BESS) and photovoltaic (PV) generation, some power processing stages can be suppressed with dc coupling [8]. Examples of individual PEIs with dc bus energy coupling are the dc nanogrids installed in a single building and in households and commercial buildings [3,14,15,16,17].



Individual prosumer’s low-voltage electrical installations are standardized by the IEC 60364-8 series, where in addition to the installation requirements, the power management is predicted [2]. The automation of PEIs can be split into some layers [18,19,20,21]. One common approach is to consider at least three layers: layer zero is the dynamic control of power converters; layer one is the power management, and layer two is the energy management [22]. In the IEC 60364-8-3, these control layers are called electrical energy management (EEMS) [2].



Energy management is commonly employed for long-term energy optimization. Therefore, power management and energy management are different concerning their objectives. While energy management is related to user goals, power management ensures instantaneous power balance [23,24,25]. The focus of this paper is dc nanogrids power management because this control layer is responsible for system stability. Also, for the DERs, power-sharing, complex algorithms, conventional state machines, and hierarchical controls are necessary.



Power management of PEIs with dc bus energy coupling can be centralized or decentralized [8]. According to the energy available, one central controller commands all power converters in a centralized approach, defining their operation modes or power references according to the energy available [22]. This approach is usually based on state machines because one single power element must control the dc bus voltage [26]. In this case, the system flexibility is reduced since state machines must be redesigned to add new sources, energy storages, or loads [27,28,29,30,31]. In decentralized power management, a power balance strategy is necessary to ensure the system’s stability without a centralized controller. The most commonly power-sharing approach, in this case, is the droop controllers [10,27].



In droop control, the converters act as controlled voltage sources in series with virtual impedances. Independent reference currents are set for each power element, stabilizing the dc bus voltage. However, there is a compromise between power-sharing and dc bus voltage regulation. When the virtual impedances are increased, better power-sharing can be achieved since the voltage regulation is reduced [28,32].



One way to reduce the dc bus voltage deviation with droop control is to use a communication link in the hierarchical control approaches. In these cases, another control layer is added to improve the dc bus voltage regulation [19,21]. On the other hand, for concentrated installations, such as hybrid PV systems and single nanogrids, low-cost local power management is interesting.



A low-cost and simple communication strategy among different energy resources in small and concentrated PEIs is the dc bus signaling (DBS) [31,33,34]. No communication link is required in DBS because the power management is based on a local voltage measurement [30,31,32,33]. In this case, different operation modes can be defined for the power converters [30,31]. For example, PV systems can operate with maximum or limited power point tracking; bidirectional dc-dc converters manage the battery charging or discharging process, and dc-ac converters can act as an inverter or as rectifier [30]. In the DBS, the instantaneous dc bus voltage defines the operation modes of the power converters. Consequently, it is possible to specify the instantaneous voltage controller without a droop strategy [23,30,31].



The main drawbacks of this strategy are the dependency of the power management performance on: (i) a fast and accurate voltage measurement system, and (ii) low voltage drop in the cables that interconnect different energy resources [8,22]. Moreover, the DBS is inversely related to energy scarcity: when the dc bus voltage increases, this means the consumption shall be increased, or the power generation be reduced, and when the dc bus voltage reduces, more energy shall be produced, or the consumption must be reduced. It is analogous to an economic market, where power-sharing is related to the buying and selling transactions [30,35,36,37].



The use of state-machines is proposed in [28,29] to control the dc bus voltage without a droop control. It improves the control system performance. However, when new power elements are added, all the system must be remodeled since all possible situations need revision to ensure stable operation [28,29].



In [30], a fictitious internal price was proposed to describe a price-based DBS (PBDBS) to control an off-grid PV system. In this case, a hybrid centralized/decentralized power management system is used. It is a hybrid system because the fictitious price is centrally calculated and sent to all power elements such as sources and loads. These power elements then independently respond to the price, “selling” and “buying” energy, analogous to an energy market. This approach has successfully achieved power balance without a complex state machine.



When compared to strategies based on state-machines [28,29], PBDBS [30] shows improved results. Moreover, no complex model is required because the power converters’ operation modes are simplified due to the internal price idea. On the other hand, in [30] the operation modes are predefined arbitrarily for each power converter (DERs). Without a systematic approach, power management based on PBDBS cannot be scaled to add new sources or new loads. In [30] only one PV generator, a battery bank, and a single load are evaluated in an islanded PV system. Considering the addition of new DERs, in PBDBS [30] cannot reconfigure the power management. Also, no user presets can be used since the power management design is made for a specialized engineer.



The main contribution of this paper is the price-response matrices (PRMs) method. The PRMs are proposed to automatically design the power management of PEIs with a centralized dc bus coupling. It results in a methodology to adapt the PBDSB for any system architecture, considering the price-based power management (PBPM). It is similar to a state-machine. However, no complex modeling is required since the PRMs unifies the state-machines and PBDBS idea. In this proposal, the price-response matrices are automatically calculated from user data inputs such as the loads’ priority levels and energy selling and buying prices. It allows the user, instead of a specialized engineer, to configure the system. Also, the proposed methodology is systematic and can be automatically designed by a computational algorithm. It allows adapting the power management for architectures with more elements, which is not possible in [30]. It simplifies the power management design and provides control of larger systems. Therefore, this paper has clear advantages compared to [30]. While [30] presented the general concept of the PBDBS, this manuscript presents the basis for making it useful for industrial applications.



Experimental results are carried out to demonstrate the effectiveness of the proposed strategy. The experimental setup includes a PV generator, battery bank, three loads with different priorities (high, medium, and low), and a dc-ac converter for the grid interface. In addition, the results include off-grid and grid-tied operation modes, and the power balancing is achieved for all system operating modes. The proposed price-based power management (PBPM) algorithm is fully provided in the Supplementary Material available at 10.5281/zenodo.4576565.




2. Price-Based Power Management


Figure 1 shows an example of PEI when the dc bus is an intermediate energy storage that allows the interaction between all power elements: electrical power grid, loads (ac or dc), power generators, and energy storage systems. The power elements connected to the dc bus can be classified according to their interaction with the dc bus:




	(i)

	
Regulator elements: can act controlling the dc bus voltage in a specific reference when it is necessary.




	(ii)

	
Non-regulator elements: can be only connected or disconnected and cannot control the dc bus voltage.









Also, considering the power flow, the system elements can be classified into:




	(i)

	
Sources: supply positive power to the dc bus. Sources can operate in three possible operation modes: 0 (off), +1 (regulating dc bus), and +2 (not regulating dc bus voltage).




	(ii)

	
Loads: demand power from the dc bus, defined as negative power. Loads can operate in three possible operation modes: 0 (off), −1 (regulating dc bus), and −2 (not regulating dc bus voltage).




	(iii)

	
Bidirectional elements: may operate both as source or load. They can operate in all operation modes (−2, −1, 0, +1, +2). An example of a bidirectional element is the battery energy storage system (BESS). The utility grid also is a bidirectional element when the dc-ac converter can operate as a rectifier (source) or inverter (load to dc bus).









According to their specifications, Table 1 shows the most common power elements founded in household applications and their possible operation modes. A personal computer, e.g., operates turned-off or turned-on. However, an air conditioner can operate with limited power if the available energy is low. Also, alternative sources can be connected in the nanogrid, such as fuel-cels, battery banks, and others. A supercapacitor, for example, can be connected directly to the dc bus. It is a bidirectional element, which cannot control the dc bus voltage. On the other hand, a battery connected with a bidirectional dc-dc converter can act in many operation modes, including their charging/discharging operation and dc bus voltage regulation [16,38,39,40,41,42].



In the proposed power management, the dc bus is considered a market environment where all elements interact. A fictitious price variable is calculated according to the dc bus signaling. This internal price is an integer variable ($0, $1, $2, …) not directly related to real prices, but it is a control signal employed in the power management algorithm.



The internal price is increased only when the dc bus voltage drops below comparison setpoints vl1, vl2, …, lower than the reference voltage vdc*. On the other hand, the internal price is reduced only when the dc bus voltage exceeds setpoints vh1, vh2, …, higher than the reference voltage. Therefore, the price becomes inversely related to the dc bus voltage variation.



Also, it is necessary to mention that the dc bus variations occur when the power management must signal an event. These events are related to power balancing and system operation conditions. For example, when a load is connected to the dc bus, the dc bus voltage is reduced. On the contrary, when a source increases its power generation level, the dc bus voltage increases. As an example, Figure 2 depicts how the price is increased or reduced when the dc bus voltage changes.



Figure 3 shows how the internal price is integrated into the hybrid system control and automation. The price is sent to all elements, which individually respond to this price, switching between possible operation modes (−2, −1, 0, +1, +2).



In this proposal, the power management can be classified as centralized/decentralized because the price is calculated (centralized) according to the dc bus signaling. However, each power converter has its own primary controllers. It increases the system flexibility because no centralized controller is needed. The main drawbacks of this strategy are the dependency on a fast and accurate voltage measurement system because it is based on the DBS strategy.



Each power element has its price response matrix to define its operation mode. In this power management approach, no power reference is specified to the converters because the power balance is achieved at an internal price that leads a converter to regulate the dc bus within its power limits, with no power saturation. When a power saturation occurs on the dc bus voltage controller, the voltage variation signaled a change of the nanogrid operation mode because a new voltage controller must be defined.



The instantaneous operation mode of each element is obtained by accessing the Price Response Matrices (PRM) at the column index related to the current price. The PRM is a matrix that relates prices to operation modes. The PRM of a PV generator, e.g., can be represented by a vector where each column is related to a different price, as shown in Figure 4a. In this case, when the price signalized by the dc bus is $0, the PV generator is in operation mode 0 (off). The PV generator controls the dc bus on mode 1 when the price is equal to $1 and operates in Maximum Power Point Tracking (MPPT) on mode 2 when the price is equal to or higher than $2.



When the power element has different operation conditions (OC) with different energy values, the PRM has more than one row. For instance, the energy of a discharged battery is considered more valuable than a completely charged battery due to the relation between value and energy scarcity. Therefore, a BESS PRM can have different OCs (rows) depending on its state of charge (SoC), as depicted in Figure 4b. For example, the battery OCs can be defined in the High SoC, Intermedium SoC, and Low SoC, resulting in a three-row PRM.



In the following, a methodology is presented to determine the PRMs from user data input systematically. The data inputs are simple parameters related to the real energy price. The maximum energy buying price is defined to the loads, while the minimum energy selling price is defined to the sources.



This is a simple way to allow a user interface because the nanogrid owner can reset the power management parameters when necessary, without specialized knowledge in power electronics/management.




3. Price Response Matrices Determination Method


System users are usually not specialized in power management and programming languages. However, they are generally familiar with market prices, buying, and selling concepts. In this sense, the proposed algorithm to calculate the Price Response Matrices starts from user input. Figure 5 shows a hybrid system example with a PV generator, diesel generator, load, and a battery bank with three operating conditions.



In Figure 5, the first horizontal axis is the real price (US$/kWh), which is the default currency used for the user parameterization. The input data for the PRM determination is the user definition of maximum buying price and minimum selling prices with real currency (US$/kWh). For example, the maximum buying prices are defined to loads and the minimum selling prices to sources.



In this paper, the power-based power management relates the real price (US$/kWh) with a discrete fictitious price ($/kWh) represented in the second horizontal axis of Figure 5, which are used as indexes of the PRMs. The third row is the PRMs indices related to the prices. The following steps are applied to define the PRMs and will be detailed in what follows:




	(i)

	
Definition of the fictitious price range, according to the real prices relevant to the power management.




	(ii)

	
Definition of trigger prices for each element and their operation modes.




	(iii)

	
Completion of the PRMs with other operation modes.









3.1. Fictitious Price Range Definition


First, the fictitious price range is defined, as shown in the highlights in Figure 5. The following steps are applied to express the price range:




	(i)

	
The fictitious price $0 is defined as the real price 0 US$/kWh.




	(ii)

	
When a fictitious price 0$ is the minimum selling price for renewable generator with production costs zero, it is necessary to include the fictitious price of $1 as a protection measure to allow all generators to turn off.




	(iii)

	
Usually, different real prices are defined as different fictitious prices, but real prices can be grouped or split into different internal prices:




	
Real price grouped: price groups are defined when certain situations never occur or are not relevant to power management. For example, in Figure 5, the battery cannot have low and intermediate SoC at the same time. So, one can group prices 0.9–2.0 US$/kWh into a single fictitious price without interfering with other power elements. Now, the fictitious price of $5 is the minimum selling value for both cases.



	
Real price splitting: this situation can be defined when more than one regulator element is supposed to regulate the dc bus at the same real price. One real price can be split into more fictitious prices to avoid a power-sharing strategy. So, only one element regulates the dc bus voltage.














The price vector (pvec) is a row vector with all possible fictitious prices in ascending order:


pvec = [$−1 $0 $1 $2 $3 … $pmax− 1 $pmax]



(1)








3.2. Definition of Price Response Matrices Dimensions


Each element has its PRM. The number of columns of all PRMs is the length of the pvec. The number of rows of each PRM is the quantity of OCs of the respective power element. In the example of Figure 5, the PV generator PRM has one row, and the battery PRM has three rows.




3.3. Trigger Price and Assignment of Operation Modes


A PRM has information about the operation mode that the element shall operate at a given OC (row) and price (column). The possible power elements modes are −2, −1, 0, +1 and +2.



These numbers are assigned inside the PRMs, and three other numbers define specific situations:



11: This number means a bidirectional operation (−1/1) of a Regulator element at a given fictitious price. For example, a bidirectional dc-ac converter connected to the utility grid can operate on this mode when the consumption and injection prices are the same.



−8/+8: These numbers signalize to latch the current operation mode (0 or −2/+2), being applied to Not Regulator elements. Number 8 is used for sources, while −8 is used for loads. The energy management system user, which is at an upper automation layer, may send a command to change this operation mode. This latching is essential to avoid cyclical switching of not regulator elements when the system available energy is not low enough to turn on sources or not high enough to turn on loads.



Number assignment inside the PRMs is done for each OC, which is the PRM row. The first number assigned is in the column related to the Trigger Prices (TP), which are the maximum buying (TPb) and/or minimum selling (TPs) fictitious prices. In Figure 5, the PV generator has TPs (selling) = $0. On the other hand, the battery of Figure 5 has a TPb and a TPs for each Operation Condition. For the OC of High SoC, we have TPb = $1 and TPs = $3, related to the PRM column indexes 3 and 5. The operation modes at the TPs depend on element features:




	(i)

	
Regulator elements: the numbers assigned inside the PRM at the TP are −1 (TPb—buying) or +1 (TPs—selling). When TPb and TPs are the same, number 11 is assigned.




	(ii)

	
Non-regulator elements: the numbers assigned inside the PRM at the TPs are 0 (TPb—buying) or +8 (TPs—selling). When TPb and TPs are the same, number 0 is assigned.









The numbers assigned for prices lower and higher than TPb and TPs are shown in Table 2. It illustrates the PRMs completion in the intervals different from the TPb and TPs.



In Table 2, it is important to highlight that Non-Regulator elements are not assigned to turn on (−2 or +2) within the PRM. These numbers could be inserted inside the PRMs with other power and energy analyses to avoid cyclical switching. Also, this can be performed by the energy management.





4. Example of Price Response Matrices Applied in a DC Nanogrid


A single-bus dc nanogrid is used to evaluate the Price Response Matrices method in a real system. This system includes a battery bank, a PV system, dc-ac converter as the interface to the utility grid, and three loads, divided according to their priority level: high priority load, medium priority, and low priority load. Moreover, the utility grid and batteries have three operating conditions. Table 3 presents all the system elements and their specifications.



Initially, the PRMs determination begins with system parameterization. Therefore, the nanogrid user/owner must define the trigger prices for the sources and loads. For the loads, the maximum buying energy price is determined according to their priority levels, e.g., the highest priority load must buy energy with the highest price. In contrast, the lower priority load can buy energy at the lowest price. For the sources, the minimum selling trigger price is defined, as shown in Figure 6.



The fictitious prices must be selected from the trigger prices definition as previously explained in Section 3.1. For this example, the price vector is


pvec = [$−1 $0 $1 $2 $3 $4 $5 $6 $7 $8].



(2)







Considering the price vector (2), the proposed method results in PRMs presented in Figure 7.



The numbers assigned within PRMs rows are in accordance with Table 2. Also, the PRMs (3) can be obtained from the Supplementary Material.



In Figure 8, the nanogrid power converters scheme is presented. The loads can be connected to the dc or ac side. In this paper, the ac loads are considered because they are most commonly used in the current residential applications. However, this is not significant to the power management.



In this proposal, each power converter has its own voltage and current controllers as well as its own specifications related to the rated power and control layers. In the following, the experimental setup is detailed.




5. Experimental Results and Discussions


Experimental results have been obtained with a setup implemented according to Figure 7 to corroborate the power management strategy proposal with the PRMs. The static converters control (automation layer 0) and the price-based power management system (automation layer 1) were implemented in a Texas Instruments DSP TMS320F28335.



The main prototype parameters concerning the Power Management System are shown in Table 4. Table 5 shows the main specification for the power converters control layers. In the first layer, all current loops have the same cut-off frequency and the voltage loops to simplify the control analysis. Since only one power converter controls the dc bus voltage, the nanogrid stability analysis depends on only one control loop.



The adopted dc bus voltage comparison values to calculate the internal price are shown in Table 6. The comparison voltages are not discussed in this paper because it is similar to other DBS strategies described in [28,29,30].



Four significant scenarios have been chosen to demonstrate here the efficacy of the power management approach. These results are shown in Figure 9, Figure 10, Figure 11 and Figure 12. The figures depict the most important variables, that is:




	
Subfigure (a) shows dc bus voltage and the internal price signal, which was measured as an analog signal.



	
Subfigure (b) shows PV generator power (Ppv), battery power (Pbat), and battery SoC.



	
Subfigure (c) shows dc-ac converter power (Pgi), grid power (Pge), and total loads’ power (PL).



	
Subfigure (d) shows the main ac side waveforms: ac voltage (vgi), dc-ac converter output current (igi), and the current injected into the grid (ige).



	
Subfigure (e) shows the Power Management Algorithm’s main digital signals, including the internal price and the operation modes of all power elements.








All presented results are obtained from two oscilloscopes Tektronix DPO 4034. However, considering the vast number of results, the obtained data were imported by Matlab for a better organization and to include information that it is not possible to verify in the oscilloscope, such as the operation mode (−2, −1, 0, 1, 2), price, comparison voltages, and other information.



	a. 

	
Scenario 1—Battery charging on the off-grid operation







The purpose of this result is to demonstrate the relation between the battery SoC and the stable price. It also shows loads’ turn on according to the PRMs. The low priority (LP) load consumes 100 W, medium priority (MP) load consumes 200 W, and high priority (HP) load consumes 300 W. The result is shown in Figure 9 and is subdivided into four-time intervals.



In the first interval (0.1–0.2 s), the battery is initially discharged, so its operation condition is low (L) SoC, and the price is initialized at $8. So, the loads are off. Because the system is not connected to the grid, the energy is scarce, and the price remains stable at $6. The battery is charged, controlling the dc bus (mode −1). At $6, the PV system operates in MPPT mode.



In the second interval (1.9–2.05 s), the battery’s SoC becomes intermediate (M) at 1.95 s. Initially, the battery bank with intermediate SoC cannot control the dc bus voltage at $6. This transient event causes a variation in the dc bus that modifies the price. The new stable price becomes $4, and the batteries control the dc bus again. At this price, the Load HP is turned on. In the third time interval (5.85–5.95 s), the battery’s SoC becomes high (H), so the new stable price becomes $2, and the Load MP is turned on. Finally, the battery becomes fully charged (7.4–7.6 s). So, the excess energy makes the stable price become $0. The Load LP is turned on, and the PV generator controls the dc bus.



	b. 

	
Scenario 2—Battery discharging on the off-grid operation







This result aims to demonstrate how price increases when the battery is discharged during a power outage. The Loads’ total power is 1500 W, and maximum PV power is close to zero, emulating system operation during the night when the ac grid is off. The result is shown in Figure 10 and is divided into four subintervals.



In the first interval (0.2–0.3 s), the price is initially $0, loads are disconnected, and the batteries are fully charged. Price increases after the user turn on the loads, and the battery starts to control the dc bus while discharging (+1).



In the second interval (1.45–1.55 s), the battery’s OC changes to intermediate (M). The price increases to $6 during the transient period due to the dc bus voltage variations and loads LP and MP are disconnected. In the third interval (24.95–24.15 s), the battery’s OC changes to low (L) and no longer control the dc bus during the transient. The price increases to $7 with the voltage variation. Finally, at (38–38.1 s), the battery is fully discharged, the price increases to $8, and the high priority load is turned off.



	c. 

	
Scenario 3—System initialization on the on-grid operation







This scenario emulates the utility grid’s return after a power outage of a long duration occurring at night, in which the battery has been discharged. PV power is zero, the loads are off, and the grid’s OC is Normal (N). Figure 11 shows the experimental results.



The initial price is $8. At 0.051 s, the grid is connected, and dc bus voltage increases, reducing the price to $5. At this price, no power element regulates the dc bus. The dc bus voltage reduces because the battery charging power is higher than the dc-ac converter’s power that operates as a rectifier.



When the dc bus voltage crosses the first comparison voltage (vl1), the price increases to $6. The battery begins to regulate dc bus voltage while charging, ensuring power balance. It is important to notice that the final price would be different from $6 if the maximum dc-ac converter power is higher than the maximum battery power. In this case, the final price would be $3, which is the price that the dc-ac converter operates in mode 11, regulating the dc bus.



	d. 

	
Scenario 4—Grid-tied operation with high SoC battery







This scenario shows how the internal price behaves when utility grid electricity OC changes. The batteries are fully charged, and PV power is 900 W. This result is shown in Figure 12 and is divided into two subintervals.



In the first interval (1.4–1.6 s), the price is initially $3, and the dc-ac converter regulates the dc bus. The utility electricity price is changed from Normal (N) to Expensive (E). At this moment, the dc-ac converter no longer controls the dc bus, and the bus voltage is reduced during the transient period. The stable internal price becomes $4. So, the batteries’ energy is injected into the utility grid. The battery regulates the dc bus because its power is higher than the maximum dc-ac converter power.



In the second interval (30–32.2 s), utility electricity price is changed from expensive to cheap. The new stable internal price becomes $1. The dc-ac converter starts to operate as a rectifier. The dc-ac converter regulates the dc bus because its maximum power summed with the PV power exceeds the battery charging power. Therefore, the power management finds a stable price to achieve power balance without having any information about elements’ power.




6. Comparison with Other DC Bus Signaling Strategies


Table 7 shows a comparison of four different DBS power management strategies considering the number of power elements, control, communication links, and modularity. Other approaches based on conventional droop controls and complex communication links are not considered to provide fair comparison criteria.



No communication link is required by Li et al. [21] due to a proposed dual window DBS. Therefore, a high-frequency disturbance is needed in the dc bus voltage. The droop control of [21] is associated with a master-slave strategy to reduce the voltage variations.



An off-grid PV system is evaluated by Schwertner et al. [29] to model an optimal state machine. This system includes a single load, a PV generator, and a battery bank. In this proposal, all possible operation modes are analyzed, considering different battery SoC conditions. The model reduces the state machine, which facilitates the implementation of power management. On the other hand, the optimal state machine of Schwertner el al. [29] requires a complex model, which becomes this proposal non-scalable to larger systems.



Bellinaso et al. [30] proposes the Price Response dc bus signaling (PBDBS), where the power converters operation modes are previously defined. The idea of PBDBS simplifies the operation modes definition. However, in PBDBS arbitrarily predefine the converters’ operation modes. As a result, it is impossible to extend this power management for other architectures since it did not provide any design methodology. Clearly, without a systematic approach, a new system’s design depends on the engineer’s experience and intuition for a practical application of the proposal presented by Bellinaso et al. [30].



This manuscript proposes a methodology for designing any system architecture, considering the priced-based power management method. The proposed approach is systematic, and a computational algorithm can automatically create the PRMs. It easily adapts the power management for larger systems that include different elements, which is not possible in references [29,30].



Compared to Li et al. [21], the state machine of Schwertner et al. [29] and the PBDBS [30] show an improved performance to control the dc bus voltage since only one element must control the bus. On the other hand, the proposed PRMs show similar results without complex models. This paper’s proposal demands little experience by the user or designer because the price-response matrices (PRMs) are automatically designed.



In the current paper, the prototype for testing the power management included a PV system, a battery bank, a dc-ac converter, and loads with different priority levels (high priority load, medium priority load, and low priority load). The computational algorithm for designing the power management, which is the main contribution of this manuscript, is fully provided in the Supplementary Material. Moreover, as previously shown, a user interface helps to define the maximum energy buying price and minimum energy selling price in the PRMs’ proposal.




7. Conclusions


The Price-Based Power Management strategy has been experimentally applied to a single PEI with three priority loads, battery energy storage, and a dc-ac converter connected to the ac grid. The experimental results showed a power balance without any knowledge of the power of each element. Even though this strategy is more sensitive to the dc bus voltage measurement, it is interesting because it demonstrates an alternative to the conventional droop controllers (decentralized) and state machines (centralized).



In the PBPM, the internal price stabilizes when a converter regulates the dc bus within its power limits. When a power disturbance occurs, this converter may saturate its power, so the stable internal price changes, and another converter starts regulating the dc bus.



This manuscript’s main contribution is a methodology to calculate the price response matrices (PRMs) of the Price-Based management applied to a dc system with DBS. A comparison with other DBS strategies showed advantages when considering system modularity and dc bus voltage regulation since no droop control is required. Without specialized knowledge, the user can set up a system with different loads or sources to automatically generate and implement the power management algorithm.
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Figure 1. The electrical energy management system of a single prosumer installation. 
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Figure 2. The dc bus voltage levels and price definition scheme. 
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Figure 3. Proposed Price-Based Power Management, in which the price is generated in the dc bus and communicated to all system elements. 
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Figure 4. Example of Price Response Matrices: (a) PV generator; (b) BEES with three SoC operation conditions. 
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Figure 5. Example of system parameterization for the price response matrices determination. 
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Figure 6. User parameterization for the price response matrices determination. 
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Figure 7. Resulted PRMs. 
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Figure 8. Power converters scheme for the proposed nanogrid. 
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Figure 9. Experimental result considering the process of battery charging: (a) dc bus voltage and internal price; (b) photovoltaic power and batteries SoC and power; (c) grid power; (d) ac loads voltage and current; (e) operation modes. 
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Figure 10. Complete discharge of batteries on off-grid mode. (a) dc bus voltage and internal price; (b) photovoltaic power and batteries SoC and power; (c) ac loads power; (d) grid voltage and current; (e) operation modes. 
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Figure 11. Initialization of on-grid mode with low energy available: (a) dc bus voltage and internal price; (b) photovoltaic power and batteries SoC and power; (c) grid power; (d) grid voltage and current; (e) operation modes. 
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Figure 12. Initialization of on-grid mode with low energy available: (a) dc bus voltage and internal price; (b) photovoltaic power and batteries SoC and power; (c) grid power; (d) grid voltage and current; (e) operation modes. 
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Table 1. Examples of power elements and their interactions with the nanogrid in the PBPM.
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	Power Element
	Power Flow
	DCBVR Type
	Operation Mode





	LED lighting
	Load
	Non-Regulator
	0 (off)/−2 (on)



	Air conditioners
	Load
	Regulator
	0 (off)/−1 (DCBVR)/−2(NC *)



	Electronic loads (TV sets, modems, computers, etc.)
	Load
	Non-Regulator
	0 (off)/−2 (on)



	PV Generator
	Source
	Regulator
	0 (off)/+1 (DCBVR) +2 (MPPT)



	Battery bank
	Bidirectional
	Regulator
	−2 (Charging NC)/−1 (DCBVR)/0 (off)/+1 (DCBVR) +2 (Discharging NC)



	Utility grid (dc-ac converter)
	Bidirectional
	Regulator
	−2 (Inverter NC)/−1 (DCBVR)/0 (off)/+1 (DCBVR) +2 (Rectifier NC)



	Supercapacitor
	Bidirectional
	Non-Regulator
	0 (off)/+2 (on)



	Diesel generator
	Source
	Regulator
	0 (off)/+1 (DCBVR)/+2(NC)







* NC: nominal condition.
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Table 2. The number assigned within PRMs rows.
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Price Related to PRM Column

	
Buying

	
Selling




	
<TPb

	
TPb

	
≥TPb

	
≤TPs

	
TPs

	
>TPs






	
Regulator

	
Load

	
−2

	
−1

	
0

	
-

	
-

	
-




	
Source

	
-

	
-

	
-

	
0

	
+1

	
+2




	
Bidirectional

	
−2

	
−1

	
0

	
0

	
+1

	
+2




	
Bidirectional

(TPb = TPs)

	
−2

	
11

	
11

	
11

	
11

	
+2




	
Non-Regulator

	
Load

	
−2

	
−8

	
0

	
0

	
-

	
-




	
Source

	
-

	
-

	
0

	
0

	
+8

	
+8




	
Bidirectional

	
−8

	
0

	
0

	
0

	
+8

	
+8




	
Bidirectional

(TPb = TPs)

	
−8

	
0

	
0

	
0

	
0

	
+8
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Table 3. Elements connected to the nanogrid.
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	Power Element
	Power Flow
	DCBVR Type *
	Number of OCs





	(1) Utility Grid
	Bidirectional
	Regulator
	3



	(2) PV Generator
	Source
	Regulator
	1



	(3) Load LP
	Load
	Non-Regulator
	1



	(4) Load MP
	Load
	Non-Regulator
	1



	(5) Load HP
	Load
	Non-Regulator
	1



	(6) Batteries
	Bidirectional
	Regulator
	3







* DCBVR: dc bus voltage regulation.
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Table 4. Experimental setup parameters.






Table 4. Experimental setup parameters.










	Parameter
	Description
	Value





	
	dc bus
	



	Cdc
	dc bus capacitance
	2.5 mF



	vdc*
	dc bus voltage reference
	400 V



	fs
	Switching frequency of all power converters
	24 kHz



	
	PV converter parameters
	



	Ppv
	PV maximum power
	1.5 kW



	ipv,max
	PV maximum current
	8 A



	Cpv
	PV converter input capacitor
	100 µF



	Lpv
	PV converter inductor
	1.5 mH



	
	Bidirectional dc-dc converter
	



	Pbat
	Battery bank nominal power
	1.5 kW



	ibat
	Battery nominal current
	8 A



	vbat
	Battery bank nominal voltage
	190 V



	Lb1
	Bidirectional converter inductor
	1.5 mH



	Lb2
	Bidirectional converter inductor
	15 µH



	Cb
	Bidirectional converter capacitor
	100 µF



	
	dc-ac converter parameters
	



	Pac
	dc-ac converter nominal power
	2.0 kW



	vg
	dc-ac converter output voltage
	220 Vrms



	fg
	ac grid frequency
	60 Hz



	Li1
	dc-ac converter inductor
	400 µH



	Li2
	dc-ac converter inductor
	15 µH



	Ci
	dc-ac converter capacitor
	5 µF



	
	Loads
	



	HP
	High priority load
	300 W



	MP
	Medium priority load
	600 W



	LP
	Low priority load
	600 W
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Table 5. Nanogrid control design specifications.
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	Parameter
	Description
	Value





	fsv
	Sample frequency of voltage loops
	2.4 kHz



	fsi
	Sample frequency of current loops
	24 kHz



	fmppt
	Sample frequency of MPPT
	2.4 Hz



	fcv
	Cut-off frequency of voltage loops
	24 Hz



	fci
	Cut-off frequency of current loops
	240 Hz



	PM
	Minimum phase margin of controllers
	80°
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Table 6. Comparison voltages to dc bus signaling.
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	High comparison
	vh1
	vh2
	vh3
	vh4
	vh5
	vh6
	vh7
	vh8



	Voltage (V)
	420
	430
	439
	448
	457
	466
	475
	484



	Low comparison
	vl1
	vl2
	vl3
	vl4
	vl5
	vl6
	vl7
	vl8



	Voltage (V)
	380
	370
	359
	348
	337
	326
	314
	302
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Table 7. Comparison of different DBS power managements and the proposed PRMs.
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	Parameters
	Price Based DBS [30]
	Hierarchical Droop Contol [21]
	Optimal State Machine [29]
	Proposed PRMs





	Compassion voltages levels
	8
	4
	8
	16



	DCBVR *
	High performance
	Low performance
	High performance
	High performance



	Number of power elements
	4 (only off-grid operation)
	4
	4 (only off-grid operation)
	6



	Control specifications
	Needs an accurate and fast voltage detection
	Results in high-frequency variation in the dc bus voltage
	An off-line optimization is needed to reduce the state machine
	Only the user preferences are needed to design the PRMs



	Communication links
	High bandwidth
	-
	High bandwidth
	High bandwidth



	Transmitted variables
	Only the internal price
	-
	vdc and converter power levels
	Only the internal price



	Degrees of modularity
	Intermediate (no methodology to define the operation modes)
	Intermediate (master-slave control is needed)
	Low (the system must be redesign to add new power elements)
	High (only the PRMs must be increases to add new elements)







* dc bus voltage regulation.
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