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Abstract

:

This paper presents a supervisory system that considers converter efficiency for local microgrids of commercial buildings to solve the uncertainty problem of the sources and loads while also optimizing local microgrid operating costs and maintaining power supply quality for commercial buildings. The supervisory system includes an energy management layer and a power management layer. In the energy management layer, a long-term optimization approach is used to reduce the operating costs by considering the dynamic converter efficiency. In the power management layer, a real-time power optimization method is structured to deal with the uncertainty problem of the sources and loads, and to ensure that the direct current bus power is balanced while also guaranteeing the power quality by considering the dynamic converter efficiency. Four cases are proposed for the supervisory system, and these cases are simulated in MATLAB/Simulink under three typical weather conditions: cloud, sunshine, and rain. The comparison of simulation results for cases 1 and 2 illustrates the impact of converter efficiency on energy coordination in microgrids. The simulation results of cases 3 and 4 verify that the performance—in terms of the power supply quality and the operating costs—of the proposed microgrid supervisory system considering dynamic converter efficiency outperforms that of the microgrid supervisory system considering fixed converter efficiency.
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1. Introduction


1.1. Context


The world is striving to achieve net-zero greenhouse gas emissions by 2050 [1]. Renewable energy sources such as photovoltaic (PV) and wind energy, with characteristics that include environmental friendliness, sustainability, low carbon generation, and potential for energy savings [2,3], provide an effective boost to the net-zero emission aims and are showing explosive growth at unprecedented speeds [4]; however, this poses severe challenges for power regulation and control of the power grids [5,6,7,8,9].



A microgrid is a small power generation and distribution system that comprises distributed power sources, energy storage systems, energy conversion devices, loads, supervisory systems, protection devices, and other components that can promote integration and consumption of local renewable energy, ensure the reliability of the power supply, and optimize grid operation [10,11,12,13]. Microgrids can be viewed from a triple perspective in terms of energy, economy, and society. From the energy perspective, the proposal of a microgrid is intended to realize flexible and efficient application of distributed power and to solve the problem of grid connection of large numbers and various forms of distributed power generation sources [14,15]. From an economic viewpoint, the development and extension of microgrids can form multi-microgrid architectures [16,17], can fully promote large-scale access for distributed power sources and renewable energy sources, and can realise a highly reliable supply composed of multiple energy forms [18,19], thus providing an economical and effective way to transition from conventional power grids to smart grids [20,21,22]. From the social perspective, microgrids represent the concrete embodiment of a green and low-carbon energy production method and lifestyle, and they provide effective assistance for ecological and environmental protection [23,24].



However, the intermittency and uncertainty of renewable energy sources and the complexity of the load demand pose serious challenges for energy management in microgrids [25,26]. Many researchers have been working on energy management approaches for microgrids. Cheng et al. [27] proposed a novel multi-time-scale dynamic robust optimal scheduling strategy to deal with the performance uncertainties of renewable energy sources and the variations in load demands, while also effectively reducing the microgrid’s operating cost and improving the robustness of its coordinated operation. Dashtaki et al. [28] proposed an energy management system to determine the balance required between the total electricity generated and the associated demand. Zia et al. [29] proposed a two-stage supervisory energy management system for optimal operation of a PV/wind/tidal islanded direct current (DC) microgrid that used one-time communication to avoid excessive use of the communication bandwidth during real-time operation. Ferahtia et al. [30] proposed an optimal energy management strategy that considered various techno-economic challenges, including power quality, system stability, fuel consumption, and system efficiency. In [31], a load-shifting mechanism was considered. Chen et al. [32] proposed a decision-making strategy to consider the uncertainties involved in both use of renewable energy sources and the load demand. Erol and Başaran Filik [33] proposed a Stackelberg game approach to reduce the dependency of microgrids on the utility grid (UG) by considering the flexibility of the prosumers. Alabdullah and Abido [34] proposed a deep reinforcement learning-based approach to enable optimal management of the different energy resources by considering the stochastic behaviour of the load-generation profile and the pricing signals to achieve optimal cost-effective actions. In [35], a mimosa pudica-based energy management scheme was proposed to reduce production overheads. In [36], an energy management strategy to maintain stable and reliable operation of a microgrid was proposed. Guo et al. [37] proposed a robust optimization algorithm that considered the uncertainty of the renewable energy sources and industrial loads. The research above on energy management for microgrids mainly focuses on the uncertainties of the renewable energy sources and the loads, the supply–demand balance, the excessive pressure being placed on the power grids, and the reliability of the local power supply, but ignores the problems caused by converter efficiency.




1.2. State-of-the-Art


Microgrids integrate large numbers of bidirectional converters, which will cause problems in terms of energy efficiency, power stability, operating costs, and other factors. These problems can be resolved in two ways. The first way is to mitigate the problems using hardware, i.e., by improving the materials or the topology of the converters to reduce their negative impact on the microgrid. By replacing the clamp-insulated gate bipolar transistor (IGBT) of the SiC metal-oxide-semiconductor field-effect transistor (MOSFET) in the converter, the switching losses can be reduced, and thus the system efficiency and the harmonic performance will be improved. Van den Broeck et al. [38] evaluated the power conversion efficiency of a three-level buck DC–DC converter when operating in unbalanced bipolar DC microgrids. A modelling and design topology for a bidirectional DC–DC converter was developed which improved the efficiency of the converter, enabled efficient usage of renewable energy sources, and reduced the switching losses [39]. Rai et al. [40] proposed the use of converter arrays in place of centralized converters to improve the converter efficiency in a DC microgrid. In terms of efficiency, two-level rectifiers generally offer higher operating efficiency than modular multilevel converters because they have lower switching and conduction losses. Diode rectifiers have the highest efficiency because they have no switching losses or power losses in their gate driver circuits. The second method involves solving the problems using software algorithms, i.e., by considering the converter efficiency in energy management algorithms, and an appropriate energy management strategy can improve the performance of a microgrid by compensating for the power of the converter [39,41,42,43,44,45,46]. With the aim of promoting the transmission efficiency of the converters, a deep reinforcement learning optimization scheme with a triple-phase shift was proposed [41]. A higher switching frequency will lead to higher switching losses, and thus reduction of the switching frequency represents a fundamental method to improve the converter efficiency [44,45]. A distributed optimal control algorithm was also presented for DC microgrids to minimize operating losses, including converter losses and distribution losses [47]. However, the energy optimization period was very short. In [43], a multi-objective optimization dispatch method was proposed for microgrid energy management, which considered the power losses of converters by defining the converter efficiency as 98%. Because of the high cost issue associated with advanced converters, this paper preferred a software approach to alleviate the problems caused by the converter. However, the efficiency of the converters that were commonly used in the cases above is fixed.



The converter efficiency changes in real time with the voltage, current, time, and environmental conditions, and thus it is necessary to consider the dynamic converter efficiency to improve the effectiveness of microgrid multi-time-scale power and energy management. Pachanapan [48] presented a dynamic model of the grid-tied inverters used in battery and PV systems. Kong and Nian [49] proposed a transient modelling method for DC microgrids that considered the control effects of different DC/AC and DC/DC converters; their results showed that the proposed method can not only improve the accuracy of transient analysis of the DC microgrids, but can also enhance the calculation efficiency. To mitigate the effects of multiple uncertainties and realize economical operation of an AC/DC hybrid microgrid, a temporally coordinated energy management strategy was proposed for the AC/DC hybrid microgrid which considered the dynamic conversion efficiency of the bidirectional AC/DC converter in [50]. However, this strategy only considered the dynamic efficiency of a single converter connecting the AC and DC buses, and other converters, including the converter connecting the PV sources and the DC bus and the converter connecting the wind turbine with the AC bus, were ignored. Both AC/DC converters and DC/DC converters are present in the microgrid, and the advantages of the energy management system can only be exploited fully by considering the efficiency characteristics of multiple converters.




1.3. Paper Aim


Microgrids have the capacity to be isolated. While conventional microgrids emphasize their role in improving local energy independence and resilience, commercial building microgrids must typically maintain a power supply for at least the time required to cope with UG outages without damaging the system, and in some cases, these microgrids may even be able to power the system indefinitely [51,52]. This paper is dedicated to a study of a supervisory system for commercial building microgrids with multiple sources, multiple storage types, and a series of interruptible appliances, for consideration as part of long-term energy planning, while also maintaining the real-time supply–demand balance, with high converter efficiency. The microgrid topology of a commercial building, as illustrated in Figure 1, comprises roof-top PV sources, the UG, a battery storage (BS) system, a diesel generator (DG), a supercapacitor (SC), the commercial building itself, and five bidirectional converters. The proposed supervisory system uses a long-term optimization approach to deal with the uncertainties in the PV power generation and the load demand. Errors in the long-term optimization process can be rescheduled at the power management level of the supervisory system.




1.4. Contribution


Overall, based on the facts discussed above, the main contributions of this study can be summarized as follows:




	
In this study, a microgrid-based smart power supply system that has multiple sources and multiple storage types is constructed to ensure reliable operation and handling of a commercial building’s load demand. In the commercial building microgrid, local PV sources provide green energy; controllable sources, represented by the BS system and the UG, are used to balance the power of the DC bus. The DG is used as a long-term backup source, and the SC is used to support the power deficiency that occurs while the DG starts up.



	
A two-layer microgrid supervisory system comprising an energy management layer and a power management layer is designed in this paper to consider long-term energy planning while also maintaining the real-time supply–demand balance. The supervisory system takes the dynamic characteristics of the efficiency of the bidirectional converter fully into account, and observes the physical constraints of the microgrid components.



	
Four cases are analyzed comprehensively and compared under three different weather conditions for the supervisory system. Case 1, in which the converters are idealized to realize an ideal conversion efficiency of 100%, provides a baseline. Simulations show that case 3, which involves a dynamic converter efficiency model, is effective in reducing the operating costs and improving the power supply quality of the commercial building microgrid.








The remainder of this paper is organized as follows. Section 2 describes the DC microgrid and the converter efficiency modelling process. Section 3 presents the proposed supervisory system, which comprises an energy management level and a power management level. The supervisory system is then validated in Section 4. Finally, conclusions are drawn and directions for future work are discussed in Section 5.





2. DC Microgrid


The commercial building microgrid with a DC bus can be structured as shown in Figure 1, with a supervisory system and several physical components. All components are connected to the common DC bus of the microgrid via power converters. The loads of the commercial building, which include the emergency lighting, a stair lift, multiple personal computers, multiple printers, and other electrical equipment, are assumed to be connected directly to the DC bus. The roof-top PV sources, a BS system, the UG, a DG, an SC, and five converters, including a DC/DC converter and a DC/AC converter consisting of an IGBT, are proposed to support the loads of the commercial building microgrid.



The PV sources consist of several PV panels, and the power generated supplies the load demand directly through the DC bus for the maximal renewable energy usage rate. If the power generated by the PV sources cannot fully support the DC loads, the BS and the UG will then supply these loads. If the PV sources, the BS, and the UG cannot provide sufficient power for the loads, the noncritical loads will then be shed, including the heating, ventilation, air conditioning, and water heater loads. If the critical loads are at risk of being shed, the DG would then start up as a back-up source. If there is PV power in excess of that required to support the loads, the BS and the UG would absorb this excess PV power. If the BS and the UG cannot absorb the excess power, the PV will then be shed to maintain the power balance of the DC bus. The power converter is as the key component that enables power transfer between these components, and thus the conversion efficiency of the power converters has a significant impact on the energy and power management processes in the supervisory system. However, the conversion efficiency of the power converters is constantly varying, and thus accurate modelling of the conversion efficiency of these converters is essential for energy and power management in the commercial building microgrid.



2.1. Microgrid Modelling


To maintain the power balance and keep the DC bus voltage stable, a power balance constraint is used:


      p  P V   ( t ) +  p  D G   ( t ) −  p  C V _ L O S S   ( t ) =      p L  ( t ) +  p  B S _ C H   ( t ) −  p  B S _ D C H   ( t ) +  p  S C _ C H   ( t ) −  p  S C _ D C H   ( t ) +  p  U G _ I   ( t ) −  p  U G _ S   ( t )    ,  



(1)




where    p  P V   ( t )   is the power of the PV sources at time step  t ;    p  D G   ( t )   is the power supplied by the DG;    p  C V _ L O S S   ( t )   represents the total loss of the converters;    p L  ( t )   is the load power;    p  B S _ C H   ( t )   and    p  B S _ D C H   ( t )   are positive variables that denote the BS charging and discharging powers, respectively;    p  S C _ C H   ( t )   and    p  S C _ D C H   ( t )   are the SC charging and discharging powers; and the positive variables    p  U G _ S   ( t )   and    p  U G _ I   ( t )   are the UG powers supplied to and injected from the commercial building microgrid, respectively.



For the PV sources,    p  P V   ( t )   is restrained to the maximum PV power    p  P V _ M P P T   ( t )   under the current weather conditions at the time step  t , which is expressed as follows:


   p  P V   ( t ) =  p  P V _ M P P T   ( t ) −  p  P V _ S   ( t ) ,  



(2)




where    p  P V _ S   ( t )   is the PV shedding power.



The load demand power    p  L _ D   ( t )   comprises the noncritical load    p  L _ D _ N R   ( t )   and the critical load    p  L _ D _ C R   ( t )  ;    p  L _ S _ C R   ( t )   is normally zero, and represents critical loads operating in an orderly manner;    p  L _ D _ C R   ( t )   directly reflects the microgrid’s ability to maintain the key operations that must be kept running during a power outage. The load constraints are described as follows:


       p L  ( t ) =  p  L _ D   ( t ) −  p  L _ S   ( t )      p  L _ D   ( t ) =  p  L _ D _ N R   ( t ) +  p  L _ D _ C R   ( t )      p  L _ S   ( t ) =  p  L _ S _ N R   ( t ) +  p  L _ S _ C R   ( t )      p  L _ D _ C R   ( t ) =  k  L _ C R   ( t ) ⋅  p  L _ D   ( t ) ,    k  L _ C R   ∈ [ 0 % , 100 % ]     ,  



(3)




where    p L  ( t )   is limited by the load demand power    p  L _ D   ( t )   at the time instant  t , and    p  L _ D _ C R   ( t )   is calculated by multiplying the pre-defined critical load coefficients    k  L _ C R   ( t )   and    p  L _ D   ( t )  .



Because of its low cost and high recycling rate, the BS is organized using a set of lead-acid batteries, which are commonly used in small-scale microgrids. To maintain normal BS system operation, the following constraints are given:


      0 ≤  p  B S _ C H   ( t ) ≤  p  B S _ C H   M A X   ( t )     0 ≤  p  B S _ D C H   ( t ) ≤  p  B S _ D C H   M A X   ( t )      p  B S   ( t ) =  p  B S _ C H   ( t ) −  p  B S _ D C H   ( t )     s o  c  B S   ( t ) = s o  c  B S   ( t − Δ t ) +    p  B S   ( t ) Δ t    V  B S _ R   ⋅  C  R E F         S O  C  B S   M I N   ≤ s o  c  B S   ( t ) ≤ S O  C  B S   M A X       ,  



(4)




where the charging and discharging powers of the BS are limited to its maximal charging and discharging powers    p  B S _ C H   M A X   ( t )   and    p  B S _ D C H   M A X   ( t )  , respectively, at time instant  t . Each cell in the BS system is assumed to exhibit one of the two behaviours per time step  t , i.e., charging or discharging, and thus the BS power    p  B S   ( t )   is defined as the difference between    p  B S _ C H   M A X   ( t )   and    p  B S _ D C H   M A X   ( t )  . The state of charge (SOC) of the BS at time instant  t , denoted by   s o  c  B S   ( t )  , is assumed to be the accumulated    p  B S   ( t )  ,    V  B S _ R     is the BS’s rated voltage, and    C  R E F     is the BS’s capacity. To mitigate the aging of the BS, overcharging and over-discharging of the BS should be avoided, and thus   s o  c  B S   ( t )   is limited to its maximal value   S O  C  B S   M A X     and its minimal value   S O  C  B S   M I N    .



The microgrid is designed to operate within an on-grid/off-grid model, and the UG can exchange power and information with the microgrid. The UG is assumed to receive the following constraints in real time:


      0 ≤  p  U G _ I   ( t ) ≤  p  U G _ I   M A X   ( t )     0 ≤  p  U G _ S   ( t ) ≤  p  U G _ S   M A X   ( t )      p  U G   ( t ) =  p  U G _ I   ( t ) −  p  U G _ S   ( t )     ,  



(5)




where    p  U G _ I   ( t )   and    p  U G _ S   ( t )   are bound to    p  U G _ I   M A X   ( t )   and    p  U G _ S   M A X   ( t )  , respectively, and the UG power    p  U G   ( t )   is defined as the difference between    p  U G _ I   M A X   ( t )   and    p  U G _ S   M A X   ( t )  .



The DG is used as a long-term backup source for the DC microgrid while respecting the following constraints:


  0 ≤  p  D G   ( t ) ≤  p  D G _ O N   M A X   ( t ) ,  



(6)




where    p  D G   ( t )   is limited by the DG’s maximal output power    p  D G _ O N   M A X   ( t )  . Because the DG start-up stage represents slow dynamic behaviour, an SC is suggested to compensate for the power balance during the DG’s start-up period, because of its fast response and high power density [53]. The relevant constraints are given as follows:


      0 ≤  p  S C _ C H   ( t ) ≤  p  S C _ C H   M A X   ( t )     0 ≤  p  S C _ D C H   ( t ) ≤  p  S C _ D C H   M A X   ( t )      p  S C   ( t ) =  p  S C _ C H   ( t ) −  p  S C _ D C H   ( t )     S O  C  S C   M I N   ≤ s o  c  B S   ( t ) ≤ S O  C  S C   M A X        E  S C   ( t ) =    C  S C   ⋅  v  S C  2  ( t )  2      s o  c  S C   ( t ) =    E  S C   ( t )    E  S C _ R a t e d     =    v  S C    ( t )    v  S C _ R a t e d      100 %     ,  



(7)




where the SC energy    E  S C   ( t )   at time step  t  is calculated using the SC capacitance    C  S C   ( t )   and the SC voltage    v  S C    ( t )  ; therefore, the calculated SOC of the SC, denoted by   s o  c  S C   ( t )  , translates to the proportion of    v  S C    ( t )   to the SC’s rated voltage    v  S C _ R a t e d    ( t )  .




2.2. Converter Efficiency Modelling


The converters used in the commercial building microgrid are DC/DC converters and DC/AC converters, as shown in Figure 1. These converters are formed by connecting the IGBT to the surrounding inductors and capacitors directly [46,54,55]. The converter has an input port and an output port, and the ability to transfer power bidirectionally between physical components and the DC bus. Because of the limitations of the microgrid topology, the measured variables, including the voltage and current, can only be measured on the source side.



The converter efficiency   ξ ( t )   can be calculated using the power on the source side    p s  ( t )   and the power loss    p  l o s s _ s u m   ( t )   when the power flow is from the sources to the DC bus, as shown in Equation (8):


  ξ ( t ) =    p s  ( t ) −  p  l o s s _ s u m   ( t )    p s  ( t )    



(8)







When the power flow is directed from the DC bus to the sources,   ξ ( t )   can be calculated using Equation (9):


  ξ ( t ) =    p s  ( t )    p s  ( t ) +  p  l o s s _ s u m   ( t )    



(9)







To simplify the mathematical modelling of the converters while also highlighting the impact of the conversion efficiency on the commercial building microgrid, the power loss compensation circuit, which may include dedicated buffer circuits, phase-shifted full-bridge soft switches, and auxiliary circuits, is not taken into account. The power losses of the converters include the losses of the semiconductors, the losses of the passive components, and the losses of the control circuits [43,56]. The losses of the semiconductors comprise the conduction loss and the switching loss. The control circuit losses can be neglected because they are relatively small when compared with the losses mentioned previously.



A boost/buck converter is applied as the DC/DC converter in the commercial building microgrid. Using boost/buck converters as an example, a converter power loss model is formulated as shown by Equations (10) and (11).


        p  l o s s _ s u m    t  =  p  c o n d    t  +  p  c o m    t  +  p L   t         p  c o n d    t  =  p  c o n d T    t  +  p  c o n d D    t         p  c o n d T    t  =  V  C E 0   ⋅    i s   t    ⋅ d  t  +  r  C E   ⋅  i s 2   t  ⋅ d  t         p  c o n d D    t  =  V  F 0   ⋅    i s   t    ⋅   1 − d  t    +  r F  ⋅  i s 2   t  ⋅   1 − d  t           p  c o m    t  =  p  c o m T    t  +  p  c o m D    t         p  c o m T    t  =    E  o n      i s   t    +  E  o f f      i s   t      ⋅    V  c c    t     U n    ⋅ f        p  c o m D    t  =  1 2  f ⋅  V  c c    t  ⋅  Q  r r          p L  =  r L  ⋅  i s 2   t        



(10)




where    p  l o s s _ s u m     donates the sum of the converter power losses including the conduction loss    p  c o n d    , the switching loss    p  c o m    , and the power loss in the inductance    p L   .    p  c o n d     includes the transistor conduction loss    p  c o n d T     and the diode conduction loss    p  c o n d D    ,    V  C E 0     is the threshold voltage for the voltage drop between the collector and the emitter of the transistor,    i s    is the source side current,    r  C E     is the resistance between the collector and the emitter, which is equivalent to the resistance sum in the transistor, and  d  is the duty cycle of the transistor turn-on.    V  F 0     is the threshold voltage for the diode forward voltage drop, and    r F    is the resistance of the diode.   ( 1 − d )   represents the duty cycle of the diode turn-on,    p  c o m     includes the transistor switching loss    p  c o m T     and the diode switching loss    p  c o m D    .    E  o n    /   E  o f f     is the switch-on/off loss,    V  c c     is the direct voltage applied to the diode when opening the circuit,    U n    is the nominal voltage of the transistor, and  f  is the switching frequency.    Q  r r     is the reverse recovery charge,    r L    is the internal resistance of the inductor coil.



According to Equations (8)–(10), the conversion efficiency of the converter is not a fixed value, and this efficiency varies with the operating voltage and the transmitted power of the converter. An example of the converter efficiency and the transmission power loss for a PV boost converter is shown in Figure 2. When the converter is working in the low transmitted power and low voltage state, the converter has a low conversion efficiency and suffers high power losses. Therefore, the conversion efficiency and the power losses are influenced by both the operating voltage and the transmitted power. Five power converters are included in our study, which will lead to increased transmission power losses and affect the operation of the microgrid. Therefore, the converter loss model should be considered within the supervisory system of the commercial building microgrid.



Because    i s    and    V  c c     are proportional to the power on the source side    p s   ,    p  l o s s _ s u m     can also be formulated approximately as Equation (11), where    a s   ,    b s   , and    c s    are polynomial coefficients.


   p  l o s s _ s u m   ( t ) =  a s   p s 2  ( t ) +  b s   p s  ( t ) +  c s   



(11)









3. Microgrid Supervisory System Design


The multiple power generation sources, storage systems, and loads involved mean that the energy management of a commercial building microgrid is complex when operating under uncertain conditions, wherein the renewable energy sources and the load demand are affected separately by the weather conditions and the various user behaviours. Accordingly, a supervisory system that considers the energy and power management comprehensively should be established to handle the discrete events of the loads and continuous regulation of the commercial building microgrid.



The microgrid supervisory system has an inherent ability to handle the balance between supply and demand intelligently, based on the fact that the system is complex and that it therefore needs to couple the user-defined discrete data with the continuous data on the source side, weather data, and other data sources. The microgrid supervisory system is designed as shown in Figure 3, including the energy management layer and power management layer. The objective of the energy management layer is to optimize the cost of the energy by dispatching the sources, storage, and load demands under the constraints of the microgrid, while considering the metadata, including the PV and load demand prediction data. The core aim of the energy management layer is long-term optimization. The goal of the power management layer is to eliminate any decision-making errors from the previous layer, while also controlling the power flow in real time to achieve power balancing. The core of the power management layer is a real-time power management strategy and a component controller. Both of these layers consider the converter loss model.



3.1. Energy Management Layer


The objective of the energy management layer is to minimize the operating cost of the microgrid    C  t o t a l   D A O   ( t )   over a time horizon  H , as shown in Equation (12), while considering the constraints of the components in Equations (1)–(7), (11), and (19):


   C  T O T A L   D A O   = m i n   ∑  t ∈ H     C  t o t a l   D A O   ( t )    



(12)







   C  t o t a l   D A O   ( t )   is composed of the BS aging cost    C  B S   ( t )  , the UG power cost    C  U G   ( t )  , the DG power cost    C  D G   ( t )  , and the SC aging cost    C  S C   ( t )  , and is given as:


   C  t o t a l   D A O   ( t ) =  C  B S   ( t ) +  C  U G   ( t ) +  C  D G   ( t ) +  C  S C   ( t )  



(13)







The BS aging cost consists of the BS charging and discharging aging costs, which are expressed as    C  B S _ C H   ( t )   and    C  B S _ D C H   ( t )  , respectively. The BS charging and discharging states are constrained by the coefficients    x  B S _ C H   ( t )   and    x  B S _ D C H   ( t )  , respectively, as follows:


       C  B S   ( t ) =  C  B S _ C H   ( t ) +  C  B S _ D C H   ( t )      C  B S _ C H   ( t ) =  c  B S _ A g i n g   ⋅  x  B S _ C H   ( t ) ⋅  p  B S _ C H   ( t ) ⋅ Δ t      C  B S _ D C H   ( t ) =  c  B S _ A g i n g   ⋅  x  B S _ D C H   ( t ) ⋅  p  B S _ D C H   ( t ) ⋅ Δ t      x  B S _ C H   ( t ) +  x  B S _ D C H   ( t ) ≤ 1      x  B S _ C H   ( t ) ,  x  B S _ D C H   ( t ) ∈ { 0 , 1 }     ,  



(14)




where    C  B S _ C H   ( t )   and    c  B S _ A g i n g     are affected by the BS charging and discharging aging tariffs    c  B S _ A g i n g     and    c  B S _ A g i n g    , respectively;    x  B S _ C H   ( t )   and    x  B S _ D C H   ( t )   are set to be 0 or 1 to indicate that the BS is charging or discharging, respectively, and the sum of    x  B S _ C H   ( t )   and    x  B S _ D C H   ( t )   is less than or equal to 1.



The SC aging cost in Equation (15) has the same formulation that was used for the BS.


       C  S C   ( t ) =  C  S C _ C H   ( t ) +  C  S C _ D C H   ( t )      C  S C _ C H   ( t ) =  c  S C _ A g i n g   ⋅  x  S C _ C H   ( t ) ⋅  p  S C _ C H   ( t ) ⋅ Δ t      C  S C _ D C H   ( t ) =  c  S C _ A g i n g   ⋅  x  S C _ D C H   ( t ) ⋅  p  S C _ D C H   ( t ) ⋅ Δ t      x  S C _ C H   ( t ) +  x  S C _ D C H   ( t ) ≤ 1      x  S C _ C H   ( t ) ,  x  S C _ D C H   ( t ) ∈ { 0 , 1 }     ,  



(15)







The UG cost considers the costs of selling and buying UG electricity to and from the microgrid, as denoted by    C  U G _ S   ( t )   and    C  U G _ I   ( t )  , respectively, as:


       C  U G   ( t ) =  C  U G _ S   ( t ) −  C  U G _ I   ( t )      C  U G _ S   ( t ) =  c  U G _ S   ( t ) ⋅  x  U G _ S   ( t ) ⋅  p  U G _ S   ( t ) ⋅ Δ t      C  U G _ I   ( t ) =  c  U G _ I   ( t ) ⋅  x  U G _ I   ( t ) ⋅  p  U G _ I   ( t ) ⋅ Δ t      x  U G _ I   ( t ) +  x  U G _ S   ( t ) ≤ 1      x  U G _ I   ( t ) ,  x  U G _ S   ( t ) ∈ { 0 , 1 }     ,  



(16)




where    C  U G _ S   ( t )   and    C  U G _ I   ( t )   are calculated using the tariffs for selling and buying UG electricity    c  U G _ S   ( t )   and    c  U G _ I   ( t )  , and the selling and buying are constrained by the coefficients    x  U G _ S   ( t )   and    x  U G _ I   ( t )  , respectively.



The DG cost is composed of the DG fuel cost    C  D G _ F u e l   ( t )   and the DG aging cost    C  D G _ A g i n g   ( t )  . The DG fuel cost is calculated using the DG fuel tariff    c  D G _ F u e l   ( t )   and    p  D G   ( t )  , and the DG aging cost is calculated using the DG aging tariff    c  D G _ A g i n g   ( t )   and the DG operating time, as follows:


       C  D G   (  t i  ) =  C  D G _ F u e l   ( t ) +  C  D G _ A g i n g   ( t )      C  D G _ F u e l   ( t ) =  c  D G _ F u e l   ( t ) ⋅  p  D G   ( t ) ⋅ Δ t      C  D G _ A g i n g   ( t ) =  c  D G _ A g i n g   ⋅ Δ t     ,  



(17)







In the daytime, the UG and the BS are restricted from exchanging power with each other to prevent the BS from arbitraging only from the UG and ignoring the local load demand; this is represented by the following constraint:


  s i g n (  p  U G   ( t ) ) = s i g n   (  p  B S   ( t ) ) ,  



(18)







The modelling of the energy management problem presented above can ensure economical microgrid system operation, but the utilization of the renewable energy and that of the reliable power supply for the load demand are not taken into account; therefore, the objective of the energy management problem in Equation (12) is reformulated with a PV-shedding punishment component and a load-shedding punishment component as:


   C  T O T A L   D A O   = m i n (   ∑  t ∈ H     C  t o t a l   D A O   ( t )   + P  U  P V   ( t ) + P  U L  ( t ) ) ,  



(19)




where the PV and load-shedding punishment components are denoted by   P  U  P V   ( t )   and   P  U L  ( t )  , respectively.



  P  U  P V   ( t )   is calculated using:


  P  U  P V   ( t ) = p  u  P V _ P N   ⋅  p  P V _ S   ( t ) ⋅ Δ t ,  



(20)




where   p  u  P V _ P N     is the PV-shedding punishment coefficient.



The load-shedding punishment component includes the noncritical load-shedding punishment component   P  U  L _ N R   ( t )   and the critical load punishment component   P  U  L _ C R   ( t )  , and the punishment coefficients for noncritical and critical load shedding are   p  u  L _ P N _ N R   ( t )   and   p  u  L _ P N _ C R   ( t )  , respectively, as shown in Equation (2). In principle,   p  u  L _ P N _ C R     is infinity, because it may be related to human life and to huge economic losses, e.g., to the equipment in a hospital and to the production line of an important factory, respectively.


      P  U L  ( t ) = P  U  L _ N R   ( t ) + P  U  L _ C R   ( t )     P  U  L _ N R   ( t ) = p  u  L _ P N _ N R   ⋅  p  L _ S _ N R   ( t ) ⋅ Δ t     P  U  L _ C R   ( t ) = p  u  L _ P N _ C R   ⋅  p  L _ S _ C R   ( t ) ⋅ Δ t     ,  



(21)








3.2. Power Management Layer


The uncertainties of the PV sources and the loads result in prediction errors that mean that the energy management layer cannot be used directly to control the physical components of the DC microgrid. Therefore, the power management layer is proposed as an intermediate layer to reschedule the power flow and maintain power balances in real time, while respecting all the components’ constraints.



In the power management layer, the results from the energy management layer are converted into two optimization coefficients,    k D    and    k  D G    , as given in Equation (22):


       k D  =  p  B S   D A O   / (  p  B S   D A O   +  p  U G   D A O   )      k  D G   =      1    i f    p  D G   D A O   > 0      0      o t h e r s           ,  



(22)




where    k D    is calculated as the proportion of the powers allocated by the BS and the UG from the energy management layer, and    k  D G     indicates whether the DG is set to be on or off based on the results from the energy management layer.



The power management layer operates in real time to dispatch the power flow based on the current state of the microgrid; the problem formulation is given in Equations (23) and (24), with the constraints given in Equations (2)–(7):





    C  T O T A L   I N D   =          st . 1 :        min (    k D  ·    p  P V   R T   −  p L  R T   −  p  C V _ L O S S     −  p  B S     +           1 −  k D    ·    p  P V   R T   −  p L  R T   −  p  C V _ L O S S     −  p  U G     )            if     k  D G   = 0    and     w  S C   = 0       st  . 2 :  min (    p  B S _ D C H   M A X   +  p  U G _ S   M A X   +  p  P V   R T   −  p L  R T   −  p  S C _ C H   −  p  C V _ L O S S     )      if     k  D G   = 0    and     w  S C   = 1       st  . 3 :  min (  w  D G _ 1   ·    p  S C _ D C H   +  p  P V   R T   −  p L  R T   −  p  C V _ L O S S     )      if     k  D G   = 1    and     w  D G _ 1    = 1        st  . 4 :  min (  w  D G _ 2   ·    p  P V   R T   +  p  D G   −  p  S C _ C H   −  p L  R T   −  p  C V _ L O S S     )      if     k  D G   = 1    and     w  D G _ 2    = 1        st  . 5 :  min (  w  D G _ 3   ·    p  P V   R T   +  p  D G   −  p  B S _ C H   −  p L  R T   −  p  C V _ L O S S     )      if     k  D G   = 1    and     w  D G _ 3    = 1         ,  



(23)




where the optimization objective of    C  T O T A L   I N D     is to minimize the power balance errors in real time. The microgrid operating states include five power balance states. The first state is that in which the microgrid operation relies on a controllable BS and UG to balance the power differences between the PV and the load demand; the second state is that in which the microgrid charges the SC to ensure that the SC retains its capability of supporting the DG start-up while also maintaining the power balance set by the coefficient    w  S C     in Equation (24), and the third state, fourth state, and fifth state aim to maintain the power balance when the DG is switched on, with the three stages being selected based on the three coefficients    w  D G _ 1    ,    w  D G _ 2    , and    w  D G _ 3    , respectively, in Equation (24).


     w  S C   = B o o l e a n ( s o  c  s c   − S O  C  s c _ min   )      w  D G _ 1   = ( 0 <  t  c o u n t _ o n   ≤  T  D G _ 1   )      w  D G _ 2   = (  T  D G _ 1   <  t  c o u n t _ o n   ≤  T  D G _ 2   )      w  D G _ 3   = (  T  D G _ 2   <  t  c o u n t _ o n   ≤  T  D G _ 3   )    



(24)




where    w  S C     is the coefficient to be set if the SC needs to be charged;    w  D G _ 1     is intended to select the first stage when the DG is on, where the SC is used to compensate for the power deficiency when the DG is turned on [53]; because of the high power tariff when the DG is turned on, the DG is set to operate for a long period to charge both the SC and the BS to reduce the cost of frequent DG start-ups.    w  D G _ 2     is used to set the second stage when the DG is switched on, where the DG can provide supporting power to charge the SC and maintain the microgrid’s power balance. Finally,    w  D G _ 3     is used to set the third stage when the DG is switched on, where the DG can output power to charge the BS while again maintaining the microgrid power balance.





4. Simulation Results and Analyses


The proposed microgrid supervisory system was programmed in MATLAB/Simulink, and the optimization problem was solved using CPLEX software [57]. The hardware device used to perform the simulation was a desktop computer with an Intel Core i7 2.6 GHz central processing unit (CPU) and 16 GB of random access memory (RAM).



4.1. Simulation Cases and Parameters


The commercial microgrid model and the microgrid supervisory system that were presented in Section 2 and Section 3 were applied in a simulation. The simulation parameters listed in Table 1 are based on an existing experimental building-integrated microgrid system equipped with 1.75 kWh of roof-top PV arrays, a 12 V/33 Ah battery with 1 kW charging and discharging power limits, a point of common coupling connected to the UG with a variable power limit taken from the upper distribution network, a voltage of UG which complies with the Council Directive 93/68/EEC, a DG system with a 1.5 kW output power limit, an SC with 1.5 kW charging and discharging power limits, and a building load demand comprising a series of controllable electrical appliances. Because the microgrid system operates in the low power range, the curve of converter power loss versus converter transmitted power can be approximated as a linear function, and the approximate parameters, a and b, are shown in Table 1.



The operation of the microgrid must account for the effects of several uncertain factors: e.g., weather conditions, load demand, UG electricity prices, and power limits. Therefore, to verify the microgrid’s operating performance fully, a real weather dataset that included solar irradiation and temperature data was collected to perform a system simulation, as illustrated in Figure 4. The dataset represents three typical weather conditions, as recorded on 20 June (cloud), 8 May (sunshine), and 16 July (rain) in 2018 in France. The profiles of the PV power, the scaled-down load demand of the commercial buildings, and their predicted characteristics are shown in Figure 5.



In Table 1,    k  L _ C R     is set at 100% in the power supply valley and at 80% at all other times. The initial SOC of the BS, denoted by   S O  C  B S _ 0    , was set at 50%, and   s o  c  B S     was limited to the range from 20–80%.    p  U G _ I   M A X    /   p  U G _ S   M A X     was set at 600 W in the power supply valley and at 200 W at all other times. The initial SOC of the SC, denoted by   S O  C  S C _ 0    , was 75%, and   S O  C  s c _ min     was set at 45% to maintain the minimal energy required to support the DG start-up process. Based on consideration of the power conversion efficiency between the microgrid and the UG, the reference voltage of the common DC bus    v  D C  *    was set at 400 V.



The tariff for each physical component was predefined in Table 1 using a selected pricing mechanism, where the high load-shedding punishment tariff was set at 10 EUR/kWh, the PV power-shedding punishment tariff was set at 5 EUR/kWh, and the UG power tariff was set at 0.01 EUR/kWh in the power supply valley, at 0.7 EUR/kWh during the power supply peak, and at 0.1 EUR/kWh during the power supply shoulder, using the TOU method [35]. In addition, the BS power tariff was set considerably lower at 0.07 EUR/kWh, the BS power tariff was set at 0.3 EUR/kWh, the DG power tariff was contrastingly set high at 1.2 EUR/kWh because of the high cost of the diesel fuel, and the DG operation and maintenance tariff was set at 0.63 EUR/kWh [58].



To study and demonstrate application of the microgrid supervisory system with consideration of the dynamic converter efficiency model to the DC microgrid, a simulation verification method was designed, as shown in the flow diagram in Figure 6. To determine the influence of the converter efficiency on the energy coordination of the microgrid, cases 1 and 2 were designed and compared. Case 1 was set to be a baseline for integration of the microgrid simulation with the idealized converter and the power management layer without consideration of converter efficiency, i.e., the converter efficiency is considered to be 100%. Case 2 is designed to be almost the same as case 1, with the difference that the converter in case 2 was not idealized.



To verify the performance of the proposed microgrid supervisory system when the dynamic converter efficiency is considered, we designed and compared cases 3 and 4. In case 3, the conventional converter efficiency model with multiple fixed converter efficiency values was implemented in the microgrid supervisory system. Case 4 represents integration of the microgrid simulation with the proposed microgrid supervisory system when the dynamic converter efficiency is considered.



As shown in Figure 6, ① and ② represent the energy management layer considering the fixed converter efficiency and considering the dynamic converter efficiency, respectively; ③ and ④ denote the power management layer that takes account of the fixed converter efficiency and the dynamic converter efficiency, respectively. ⑤ and ⑥, respectively, stand for whether the physical component model takes into account the dynamic converter efficiency. Thus, case 1 consists of ③ and ⑤; case 2 comprises ③ and ⑥; case 3 includes ①, ③ and ⑥; and case 4 contains ②, ④ and ⑥. The simulation starts when the time T is zero. The operating period of the energy management layer is 24 h. Equation (22) is applied to deal with the optimization results from the energy management layer. The power management layer then operates at time step   Δ t   to send the control signals for the PV, the BS, the UG, the SC, the DG, and the load demand.




4.2. Simulation Results and Analyses


4.2.1. Simulation Results for Case 1 and Case 2


Cases 1 and 2 were applied in the simulation to provide comprehensive comparisons of the operational feasibility, converter power loss, DC bus fluctuations, and operating costs of the two cases. The detailed operating status of the commercial building microgrid over the three typical days is shown in Figure 7, Figure 8 and Figure 9.



The total converter power loss curves for case 1 and case 2 are shown in Figure 7. This figure indicates that the total converter power loss in case 1 is zero, while that of case 2 varies with the power distribution over the three typical days. On the sunny day of 8 May, the converter power loss was significantly smaller when compared with that on the other two typical days, which reflects the fact that flat PV generation on a sunny day can reduce the variation in the power transmitted by the converter, thus levelling out the power losses of the converter.



In Figure 8, the DC bus voltage curves for case 1 and case 2 are shown. This figure shows that the microgrid of a commercial building can operate well under different weather conditions while also maintaining a stable DC bus voltage. Comparison of the simulation results for cases 1 and 2 shows that the fluctuation of the DC bus in case 2 is greater than that in case 1, which indicates that the converter efficiency causes the fluctuations in the DC bus to be more significant. Additionally, the simulation results for the different weather conditions show that microgrid operation on the sunny day makes it easier to obtain lower fluctuations in the DC bus.



Figure 9 presents the instantaneous operating costs for case 1 and case 2. The instantaneous operating costs are higher around dawn and during the peak hours of electricity consumption at night; this occurs because, during these two periods, the PV generated power is low, the UG power limit is low, and the BS cannot provide sufficient power to meet the load demand for a long time, which leads to the higher cost of turning on the DG to meet the load demand. Furthermore, the results show that the instantaneous operating costs are higher in case 2 when compared with case 1, thus indicating that the converter’s power loss leads to higher operating costs. In addition, the operating cost of the microgrid in sunny weather is lower than that under the other two typical weather conditions. This illustrates that the smaller fluctuations that occur on sunny days can reduce the system’s operating costs.



A numerical comparison of the simulation results for case 1 and case 2 is presented in Table 2, based on three quantitative metrics which are used to evaluate the influence of the converter efficiency on the energy and power coordination of the microgrid. These metrics are (1) the total converter energy loss, ECV_SUM, (2) the root mean square error (RMSE), σVbus, which is commonly used to quantify the difference between an expected signal and the real signal and is used in this paper to indicate the power supply quality of the DC microgrid, and (3) the total operating cost, CTOTAL.



In the scenario on 8 May 2018, as shown in Table 2, ECV_SUM in case 2 is greater than the corresponding value in case 1, which proves that the converters in case 2 operate with a converter power loss. Subsequently, σVbus in case 2 is observed to be worse than the corresponding value in case 1, indicating that the converter’s power loss leads to a poorer power supply quality. Additionally, case 2 is more costly in terms of its operating economics, which is evidenced by the fact that the converter’s power losses result in higher operating costs. The simulation results for the scenarios on 20 June 2018 and 16 July 2018 lead to the same conclusions.




4.2.2. Simulation Results for Case 3 and Case 4


Cases 3 and 4 were applied in the simulation to provide a comprehensive comparison of the DC bus fluctuations and the total operating costs, wherein the converters in case 3 are idealized for a fixed conversion efficiency ranging from 80 to 100%, and the converters in case 4 are modelled as having the proposed dynamic conversion efficiency. The detailed operating states of the commercial building microgrids on the three typical days in cases 3 and 4 are shown in Figure 10.



In Figure 10, the blue lines represent the results for case 3 and the dotted red lines represent the results for case 4 on each day. In case 3, the RMSE of the DC bus evolves as a result of use of the fixed conversion efficiency, and the RMSE is approximately a quadratic function of the fixed converter efficiency, with the lowest RMSE appearing at approximately 85%. The RMSE in case 4 is consistently lower than that in case 3 on all three days. Furthermore, the total operating costs in case 3 and case 4 showed results that were almost the same as those obtained for the RMSE. At the same time, the results show that the total operating cost on the rainy day is much higher than that on the days with the other two types of weather, and the total operating cost for the sunny day in case 4 is the lowest.



A numerical comparison of the simulation results for case 3 and case 4 is presented in Table 3, using two quantitative metrics comprising the average RMSE of the DC bus and the average total operating cost. The average RMSE values for the DC bus in case 4 are lower than the corresponding values in case 3, while the average total operating costs in case 4 are lower than those in case 4. Therefore, the results for the two metrics in case 4 are better than those observed in case 3, indicating that the performance of the proposed supervisory system with a dynamic converter efficiency model is better than the corresponding system with a conventional fixed converter efficiency model.



The results above demonstrate that all four cases ensure normal operation of the commercial building microgrid. Additionally, the converter’s power loss results in higher operating costs and fluctuations in the DC bus. Furthermore, case 2, case 3, and case 4 represent the three methods that can be used to resolve the drawbacks in power management caused by converter power losses. The proposed case 3 with the dynamic converter efficiency model performs well in both reducing the operating costs and increasing the power quality of the DC bus.






5. Conclusions


To minimize the operating costs for a commercial building microgrid, this paper proposes a supervision system that considers the constraints of the physical components, the uncertainties of the PV sources and the loads, and the dynamic converter efficiency; the proposed supervision system is applied to a scaled-down commercial building microgrid. This supervision system consists of two layers: an energy management layer that optimizes scheduling of the sources and loads by considering long-term optimization, and a power management layer that reschedules the power flow for power balancing in real time and also deals with the results of the problems of PV source power uncertainty and load prediction. To reflect the power losses of the converters accurately, a dynamic efficiency model of the converters was established, which provides an important basis for energy and power loss replenishment of the commercial building microgrid. The supervision system was verified in MATLAB/Simulink simulations under a dataset including three typical weather conditions: cloud, sunshine, and rain. The comparison of simulation results for cases 1 and 2 illustrates the impact of converter efficiency on energy coordination in microgrids. The simulation results of cases 3 and 4 verify that the performance in terms of power supply quality and operating costs of the proposed microgrid supervisory system considering a dynamic converter efficiency is superior to that of the microgrid supervisory system considering a fixed converter efficiency.



Multi-microgrids can increase the penetration rates for renewable energy, reduce the power system’s interactions with the high-level power grid, alleviate the impact of the system on the high-level power grid, and reduce the requirement for operation of DG units in the power system. Because the research in this paper provides a good foundation for microgrid power and energy management, a multi-microgrid energy management system can be developed in future research work.
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Figure 1. Commercial building microgrid structure. 
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Figure 2. Example of a PV boost converter. 
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Figure 3. Microgrid supervisory system design. 
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Figure 4. Real weather dataset. 
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Figure 5. Profiles of the PV power, the scaled building load demand, and their predicted characteristics. 
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Figure 6. Flow diagram representing the simulation and demonstration of the microgrid supervisory system. 
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Figure 7. Total converter power loss curves for case 1 and case 2. 
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Figure 8. DC bus curves for case 1 and case 2. 
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Figure 9. Instantaneous operating costs for case 1 and case 2. 
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Figure 10. RMSE characteristics for the DC bus and the total operating costs in case 3 and case 4. 
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Table 1. Simulation parameters.
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Title 1

	
Parameter

	
Value

	
Unit

	
Parameter

	
Value

	
Unit






	
PV

	
    P  P V _ M P P T     

	
1.75

	
kW

	
    a  P V     

	
0.013

	
-




	
   p  u  P V _ P N     

	
5

	
EUR/kWh

	
    b  P V     

	
21.376

	
-




	
Load

	
    k  L _ C R     

	
80% or 100%

	
-

	
   p  u  L _ P N _ N R     

	
10

	
EUR/kWh




	
BS

	
   S O  C  B S _ M A X     

	
80%

	
-

	
    a  B S _ b u c     

	
0.074

	
-




	
   S O  C  B S _ M I N     

	
20%

	
-

	
    b  B S _ b u c     

	
16.611

	
-




	
   S O  C  B S _ 0     

	
50%

	
-

	
    a  B S _ b s t     

	
0.083

	
-




	
    C  R E F     

	
33

	
Ah

	
    b  B S _ b s t     

	
19.859

	
-




	
    c  B S _ A g i n g     

	
0.07

	
EUR/kWh

	
    p  B S _ C H   M A X        /  p  B S _ D C H   M A X     

	
1

	
kW




	
UG

	
    p  U G _ I   M A X        /  p  U G _ S   M A X     

	
200 or 600

	
W

	
    a  U G _ i n v     

	
0.006

	
-




	
    a  U G _ r e c     

	
0.011

	
-

	
    b  U G _ i n v     

	
46.991

	
-




	
    b  U G _ r e c     

	
28.429

	
-

	
    c  U G _ S   ( t )      /  c  U G _ I   ( t )   

	
0.01 or 0.7 or 0.1

	
EUR/kWh




	
DG

	
    p  D G _ O N   M A X     

	
1.5

	
kW

	
    a  D G _ r e c     

	
0.005

	
-




	
    c  D G _ F u e l     

	
1.2

	
EUR/kWh

	
    b  D G _ r e c     

	
30.181

	
-




	
    c  D G _ A g i n g     

	
0.63

	
EUR/kWh

	

	

	
-




	
SC

	
   S O  C  S C   M A X     

	
45%

	
-

	
    p  S C _ C H   M A X        /  p  S C _ D C H   M A X     

	
1.5

	
kW




	
   S O  C  S C   M I N     

	
75%

	
-

	
    a  S C _ b u c     

	
0.141

	
-




	
   S O  C  S C _ 0     

	
75%

	
-

	
    b  S C _ b u c     

	
−15.010

	
-




	
    C  S C     

	
94

	
F

	
    a  S C _ b s t     

	
0.148

	
-




	
    v  S C _ R a t e d      

	
75

	
V

	
    b  S C _ b s t     

	
−11.260

	
-




	
    c  S C _ A g i n g     

	
0.3

	
EUR/kWh

	

	

	




	
DC bus

	
    v  D C  *    

	
400

	
V
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Table 2. Simulation results for case 1 and case 2.






Table 2. Simulation results for case 1 and case 2.





	
Condition

	
ECV_SUM (kWh)

	
σVbus

	
CTOTAL (EUR)






	
On 8 May 2018

	
Case 1

	
0

	
0.01

	
6.91




	
Case 2

	
1.73

	
0.13

	
8.82




	
On 20 June 2018

	
Case 1

	
0

	
0.04

	
8.53




	
Case 2

	
1.96

	
0.18

	
10.38




	
On 16 July 2018

	
Case 1

	
0

	
0.03

	
16.34




	
Case 2

	
2.13

	
0.17

	
18.90
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Table 3. Simulation results for case 3 and case 4.






Table 3. Simulation results for case 3 and case 4.





	
Condition

	
Average σVbus

	
Average CTOTAL (EUR)






	
On 8 May 2018

	
Case 3

	
0.09

	
9.20




	
Case 4

	
0.03

	
8.18




	
On 20 June 2018

	
Case 3

	
0.25

	
10.22




	
Case 4

	
0.07

	
9.79




	
On 16 July 2018

	
Case 3

	
0.26

	
17.30




	
Case 4

	
0.05

	
16.45
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